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Evidence for excitation of two resonance states in the isovector two-baryon system
with a mass of 2.2 GeV/c?*

D. Tsirkov!, V. Komarov!, S. Dymov!-2, A. Kulikov! for the ANKE collaboration

The pp — {pp}s7° reaction has been studied at ANKE
in the A(1232) resonance excitation region [1-3]. The
forward differential cross section do/df? and analyzing
power A, were measured at several energies from 353 to
1100 MeV. In assumption of the pion angular momen-
tum ¢ equal to 0 and 2, the data can be parametrized
as follows:

do do

10 - d—fg (1 + k sin? Qpp) ,

AT Rsin 26, (1)

Yy . 2 )
1+ ksin® 0,

where dog/d{? is the differential cross section at the zero
angle, k is a slope parameter of the angular distribution,
and A}'** is the maximal value of A, acquired when

sin®0,, = 1/(2 + x).
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Fig. 1: Energy dependences of dog/df2? (a), x (b), and
Ay* (c). e — ANKE data (combined analysis
of [1-3], A — WASA data [4].

Fig. 1 reveals the distinct features of the data: a clean
peak at 660 MeV in the doy/df2 energy dependence, a
dip at the zero angle in the angular distribution upon
the whole energy region, significant values (0.4-0.8) of
the analyzing power. Comparison of the reaction with
its spin-isospin partner pp — dm T confirms a possibility
to describe the pp — {pp}s7¥ reaction in the A exci-
tation region in terms of only two transitions, 3P»d and
3Pys. Their amplitudes can be unambiguously expressed
via doo/dS2, k, AJ* and be fitted to the experimental
values.
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Fig. 2: Energy dependences of the amplitudes squared
of the transitions 3Pyd (a), 3Pys (b) and their
relative phase ¢ (c¢). The solid curves show the
approximation of |Mf|2 and |MsP’2 by the mod-
ified Breit-Wigner.

Result of the fit (Fig. 2) shows that the amplitudes
squared of the both transitions are of the resonance
kind with a close size and a relative phase variating
smoothly in the limited interval of 125°-180°. The
corresponding Breit-Wigner resonance parameters are:
Er(®Pyd) = 2197 + 8 MeV, I'r(*P2d) = 130 & 21 MeV,
Er(®Pys) = 2201 + 5 MeV, I'r(®Pys) = 91 + 12 MeV.
The parameters of the Pyd resonance are compatible
with those found earlier in the partial amplitude anal-
ysis of a vast data set of many experiments [5]. The
3Pys one is observed for the first time. Thus, a num-
ber of the resonances established in the pp scattering
increased at present up to four ones: 'Dy(2+), 3F3(3—),
3Py(2—), 3Py (0-).
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Measurement of the spin correlation parameters in the pd — >Hen° reaction*

S. Dymov!?2, V. Shmakova'? and C. Wilkin? for the ANKE collaboration

Two-body pion production in the interaction of protons with
few-nucleon systems is of interest, both from the point of
view of studying the reaction mechanism, and from that
of determining the structure of light nuclei. The success
of microscopic models with explicit A-excitation for two-
nucleon systems suggests that these models should be tested
in the three-nucleon case, where production of A is intimately
linked to 3N forces. The phenomenological approach, using
impulse approximation with pp — dn™ cross section, as in-
put was successful near the reaction threshold but only partial
progress has been achieved at higher energies [1].

In general six invariant amplitudes are required to describe
the pd — *Hen reaction and these amplitudes will be func-
tions of the angle between the incident proton and outgoing
pion in the c.m. frame. The number of independent functions
reduce to two at threshold or in the forward/backward direc-
tions. These may be written as [2]

F(dp — *Hen’) = U p- (A€ +iB€ x &)u,. (1)

Here € is the deuteron polarisation vector, p and k the pro-
ton and pion centre-of-mass momenta and u,, and u; the ini-
tial and final fermion spinors. The amplitude should be mul-
tiplied by a v/2 factor if the pd — Hn* reaction is being
considered.

If only the two amplitudes A and B are retained, the un-
polarised c.m. differential cross section, deuteron tensor
analysing power, and vector transverse spin correlation be-
come

do kp, , » 2
B —|A]?
T = 22—
n = V2o 3)
2Re(A*B)
C,, = ———aanb 4
.y |A|2+2‘B|27 ( )

whereas iT7; and T3, , as well as the proton analysing power
Ay, must all vanish.

The pd — 3Hen® and pd — 3Hn* reactions have been stud-
ied experimentally over many decades and a wealth of data
on the differential cross sections and analysing powers has
been collected for these processes. However, the double po-
larisation observables have been explored far less and in-
formation on the spin correlations is still very scarce. The
ANKE spectrometer equipped with an internal polarised tar-
get together with the polarised deuteron beam of COSY offer
a unique opportunity to conduct measurements of the trans-
verse spin correlation coefficients in these reactions.

Two double-polarisation experiments have been performed
at ANKE with a polarised deuteron beam and a polarised
hydrogen target, at the beam energies of 363 and 600 &
1115 MeV per nucleon (COSY proposals #172 and #205).

The data at the two lower energies were analysed to obtain
the spin correlations in the pd — *Hen" reaction. These re-
sults can be used together with the existing data on the differ-
ential cross section and the tensor analysing power T»g [3] to
extract information on the forward amplitudes A and B from
eq. 2-4.
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Fig. 1: Transverse spin correlation coefficients C,, and
C,, in the d; 7 — 3Hen and d; 7 — 3Hrt reactions at
363 MeV per nucleon.

Preliminary results at 363 MeV are presented in Fig. 1. Both
3He and *H production processes could be investigated at
this energy and the results in the angular range of 60 — 140°
covered by the both reactions are completely compatible. The
ANKE detector acceptance is limited by the size of the gap in
the analysing magnet D2 and is concentrated around ¢ = 0°
and 180° regions. This leads to a better definition of the C,
coefficient as compared to Cy .

Since a clean selection of tritium by the energy loss in the
scintillation hodoscope is no longer feasible at 600 MeV per
nucleon, only data on the pd — *Hen reaction are shown at
this higher energy. The C,, and C,, coefficients measured
at small angles are presented in Fig. 2. In addition to these
spin correlation parameters, the proton and deuteron vector
analysing powers can also be extracted from these data. At
363 MeV, Aﬁ? can be compared to the data of Ref. [4] and
to the high statistics ANKE measurement with a polarised
proton beam and a deuterium cluster-jet target [5], as it is
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Transverse spin correlation coefficients Cyy and Cy
in the d 7 — 3Hen reaction at 600 MeV per nucleon.

shown in Fig. 3. The new results from the double-polarisation
experiment are completely compatible with the existing data.
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Proton  vector analysing power in the
pd —3Hen® and pd — *Hn* reactions at 7, = 353
(363) MeV per nucleon. ANKE data with a polarised
proton beam and a deuterium cluster-jet target (blue
triangles up and red diamonds), and the ANKE
double-polarisation data (black line), are compared
to the data from Ref. [4] shown with green triangles
down.
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Deuteron breakup pd — {pp}sh and the contact d-term in the pN — { pp}sTtsubprocesses

Yu. N. Uzikov! for the ANKE collaboration.

A number of spin observables for the single-pion production
reactiongpp— { pp}st® andpn— {pp}sT, where{ pp}sis

the pp pair in thelS, state, was measured at ANKE@COSY
at 353 MeV [1, 2, 3] including the unpolarized differential
cross sectiordo/dQ, the vector analyzing powedy, and

the spin correlation coefficiellyx = —C,, in the notation

of [4]. (Note thatC,y, = 1.) A partial wave analysis (PWA)

of these data was done and as a result three different solu-
tions for the set of five partial-wave amplitudes in the isosp
channelsT = 0 andT = 1 were found. The aim of that
study was to extract one low-energy constant (LEf;)as-
sociated with §NN)?Tt contact term that arises in the treat-
ment of few-nucleon reactions within chiral effective field
theory. This LEC determines the strength of the one-pion
exchange three-nucleon force and contributes also to elec-
troweak processes. It means that the amplitudes of the fol-
lowing reactions are connected with each other via this con-
tact term: single-pion productioNN — NNTT, the reaction
1T d — nny, v(V)d breakup, pion absorption on the deuteron
p-d — nnvy, ppfusionpp— d e ve, the so called hep pro-
cess®He p— “Hee" v, the triton decay, and many others
with a larger number of nucleons involved [5, 6, 7]. Once the
LEC d is determined from one process, it can be used to cal-
culate observables of any of the other reactions. However, i
is important to compare the strength of the contact term, ex-
tracted from data at higher energies, i.eTat= 353 MeV,

with that found at low energies [8] in order to check the ap-
plicability of ChEFT in different energy regions.
Unfortunately, the obtained data on the reactiqgs—
{pp}st® andpn— {pp}sIT, are incomplete because the last
nontrivial spin-correlation coefficiety ; was not measured.
As a consequence of the incompleteness of the data set it
turned out that the obtained PWA solution is ambiguous and
several solutions were found as mentioned above.

In order to put further constraints on those solutions, we
will study from theory side spin observables of the reac-
tion pd — { pp}sn measured recently at ANKE-COSY at the
same energy in the kinematics of backward elgstiscatter-

ing. The point is that the transition amplitude of the reacti

pd — {pp}sn involves the triangle diagrams with one-pion
exchange and the subprocesggs— {pp}s® and pn —
{pp}stT (see Fig.1), i.e. the amplitudes discussed above, to-
gether with other important mechanisms (see Refs. [9])[13]
The study of the deuteron breakup reaction with fast diproto
formation was initiated by the theoretical model of Ref, [9]
and then continued in Refs. [10, 11]. First data on the re-
action were published in Ref. [12]. Previously we studied
the deuteron break-up reactignd — {pp}sn measured at
higher energies 0.5-1.5 GeV [14] within two different com-
plementary approaches based on other set of triangle dia-
grams of the one-pion-exchange mechanism with the sub-
processesd — NN in Ref. [15] and also on the basis of
the SSA+ONE model [9], which includes thA-isobar §)
explicitly together with the single scattering (SS) medban

and the one-nucleon exchange (ONE) with rescattering taken
into account [13]. Within this approach the energy depen-
dence of the differential cross sectida/dQ of the reaction

pd — {pp}sn at the c.m.s. scattering angle of the final neu-
tron 07,,= 180° and its angular depedence were explained.

At lower energies< 0.5 GeV thepd — {pp}sn reaction was
not yet studied. The proposed here calculation of the spin ob
servables of the deuteron break-up at 353 MeV using trian-
gle diagrams in Fig. 1 with the subprocesggs— {pp}sT®

and pn — {pp}stt will allow us to investigate the sensi-
tivity of these observables to the differences in the olgtdin
PWA solutions for theopN — { pp}sTt process. Such a sensi-
tivity could be used to discriminate between those solgtion
by comparison with the date on the reactioth— {pp}sn.

For this aim a new data on the the reactjwh— {pp}sn is
planned to be get out at 353 MeV [16].

pp('Sq)

Fig. 1: The tiangle ddiagram for the reactiqud — {pp}sh
with the subprocesgN — {pp}sTt
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One-loop contribution of the A-isobar mechanism to the reaction pp — {pp},n° near the A-threshold region

Yu. N. Uzikov! for the ANKE collaboration.

Single pion production in NN-collision is the simplest in-
elastic process in the NN scattering which is used at rather
low energies as a testing ground for the chiral perturbation
theory of nucleon-nucleon interactions. At higher energies
the resonance structure observed in the total cross section
of the reaction pp — dn* with the maximum at about 600
MeV is explained by the A(1232)-isobar excitation in the
intermediate state via the subprocess NN — NA (see Ref.
[1] and references therein). Within the same approach based
on the method of coupled channels differential cross sec-
tion and several spin observables were explained reason-
ably [1, 2]. Another channel of this reaction is the process
pp — {pp}n° with formation of the diproton {pp} in the
final state with small excitation energy E,, < 3 MeV pro-
viding a dominance of the 'Sy state. It is interesting to con-
sider the reactions pp — dnt and pp — {pp},n° together at
similar kinematical conditions. The point is that due to zero
spin of the 'Sy diproton {pp}, the reaction pp — {pp}sn®
is described only by two independent spin amplitudes in
contrast to six amplitudes for the pp — dn™. This fact al-
lows one to perform a complete polarization experiment for
the reaction pp — {pp},n° using few differential spin ob-
servables. In part this was done at ANKE@COSY for the
pp — {pp}sn® and pn — {pp}sn~ reactions at 353 MeV.
Furthermore, the isospin T=1 of the diproton differs from
the deuteron isospin T=0. In total, the transitions allowed
by the angular-momentum and P-parity conservation are es-
sentially different in the diproton case as compared with
the deuteron channel. Therefore, the reaction pp — {pp}n°
provides a strong test for the models developed for the reac-
tion pp — dnt.

According to [3], the coupled channels approach [1] which
explains the reaction pp — dn™ semi-quantitatively, com-
pletely fails to describe the data on the reaction pp —
{pp};n° obtained by ANKE@COSY [4, 5]. A simpler model
based on the triangle diagram of the one-pion exchange with
the subprocess TN — nN turned out to be more successful
[6]. In this work we study the reaction pp — {pp}n® us-
ing (antisymmetrized) on-loop diagrams with the subprocess
N — A — pn® (Fig.1). For the coupling constants and ver-
tex form factors are used the same parameters as in [7]. The
CD Bonn model is used for the 'Sy NN. The penetrate Z-
factor is introduced to account the momentum dependence of
the A-isobar width. The numerical results show (see Fig.2)
that the energy dependence of the differential cross section
at zero angle of the pion is qualitatively explained in the en-
ergy interval 0.4 -1.4 GeV. However, the calculated angular
dependence of the differential cross section and A, is in con-
tradiction with the ANKE data at 0.35 -0.8 GeV [8]. The
partial wave amplitude analysis is performed for this mecha-
nism using the Jacob-Wick formalism. The obtained numer-
ical results show that the following three partial waves > Pys,
3P,d and 3F>d are important in the energy interval 0.35-0.8
GeV, whereas the 3F;¢ —3 Hyg amplitude and other ampli-
tudes with higher orbital momenta are negligible.
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Identification of the reactionp +d — d +1n + Psp *

D. Schréer, C. Fritzsch, A. Khoukaz, M. Rump for the ANKE-Collaboration

The reaction p +d — d + n + pgp was measured at
the ANKE spectrometer to study the m-nucleus final state
interaction (FSI) and to further investigate the question on
the possible existence of 1-mesic nuclei. Here, the deuteron
is used as an effective neutron target with the proton being
a spectator particle. The combination of the Fermi motion
inside the target with two different beam momenta, p; =
2.09 GeV/c and ps = 2.25 GeV/c, allows to extract total and
differential cross sections in a region from threshold up to
an excess energy of Q = 90 MeV.

For the two-particle p + n — d + nreaction the cross section
can be written as

da_pf

dQ_pi

|f(@)P? ()
with py and p; being the center of mass final/initial state mo-
mentum and f the production amplitude. As long as there
are no higher partial waves than s-wave, f can be rewritten
as a constant term fp,oq and a term describing the final state
interaction between deuteron and 1 meson

1
fpr0d|2

_ ‘fprod‘2

JBSIP? =
[FST| |1 —daps|?

IfW)? = | )

with the complex scattering length a [1].To pin down the
range in which this ansatz is valid the onset of higher
partial waves has to be identified. Therefore differential
cross sections will be determined to identify contributions
different from pure s-wave.
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Fig. 1: Missing Mass for both used beam momenta (p
2.09 GeV/c in black and shifted for py = 2.25GeV/c
in red) in an excess energy range from 0 MeV up to
5MeV

As the influence of the FSI term is best seen near the produc-
tion threshold, it is mandatory to extract a clean signal in its
vicinity. To identify the reaction the missing mass technique
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dN/dM

is used with the spectator proton being detected in one of
two Silicon Tracking Telescops (“STT”) and the deuteron in
the ANKE Forward System (“Fd system”). Due to the huge
proton background in the Fd system, great importance was
set on the clean separation of the protons and deuterons [2].

As the peak of the 1 meson is close to the kinematic limit
near the threshold a creative solution for background descrip-
tion is necessary.

An elegant way to substract the multi-pion background was
developed by the SPESIII Collaboration [3]. The data taken
at the second beam energy are analysed as if they were taken
at the other energy. By doing this the kinematic limits of
both data sets are identical, but the peaks of the investigated
reaction are shifted (Fig. 1).

The substraction of these two spectra results in a peak and a
dip for the shifted data set (Fig. 2).
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Fig. 2: Difference between the missing mass spectra for both
beam momenta in an excess energy range from 0 MeV
up to 5 MeV

This allows for a clean and model independent identification
of the reaction p+d — d+mn +pgp near threshold. First calcu-
lations show that the data are in agreement with the expected
count rates. The further analysis of the data is in progress and
results on the cross section will be available soon.
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High precision study on the 7-meson production channel d + p — 3He + n*

C. Fritzscht, A. Khoukaz, M. Rump, and D. Schréer for the ANKE-Collaboration

The ANKE collaboration has performed a beam time to de-
termine the n meson mass with high precision using the
d + p — 3He + 7 reaction [1] and to study the two pion
production using d + p — 3He + 7+ + 7~ [2]. In order to
determine the 7 mass, data has been studied at 18 deuteron
beam momenta in a range between 3120.17 MeV/c < pg <
3204.16 MeV/c which could be extracted very accurately
via the resonant depolarization technique with a precision of
Apa/pa < 6 % 1075 [1, 3].

Moreover, due to the high statistics of more than 1x10° 3Hen
events per energy in combination with full angular coverage
these high precision ANKE data allow to investigate the to-
tal and differential cross sections of the reaction d + p —
3He + 7. Such data are of special interest since they differ
strongly from a pure phase space behaviour near threshold.
Furthermore, analysis of the asymmetry factor

o= L In <d0>
 dcos9IGMS dQ cos 9OMS =0

of the differential cross sections show a distinct effect of s-
and p-wave interference with the » momentum, which can
be explained by a rapid variation of the relative phase. These
effects are an indication for an unexpected strong final state
interaction (FSI) between n mesons and 3He nuclei which
could lead to the formation of a quasi-bound state of the
n3He-system [4, 5].

To extract total and differential cross sections of the 7 pro-
duction channel d + p — 3He + 7 with high precision, a
careful luminosity determination was performed for each of
the 18 beam momenta of the beam time via dp-elastic scat-
tering [6]. Thereby it was possible to achieve statistical un-
certainties of Ag,r = 1% and systematic uncertainties of
Agys = 6% which leads to an improvement by at least a fac-
tor of two compared to previous measurements.
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Fig. 1: The two-dimensional distribution of the energy loss
information in the forward scintillator hodoscopes
of the first layer versus the particles laboratory mo-
mentum for a beam momentum of 3158.71 MeV/c.
A clear 3He band becomes visible consisting of the
single-, multi-pion, and 7 production.

Identification of the n production channel is achieved by
detecting the 3He-nuclei in the ANKE Forward Detection
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system ("FD system”) with the calibrated energy loss in-
formation [7] in the scintillator hodoscopes. After cutting
on the characteristical AE/p band of *He-nuclei (cf. Fig-
ure 1), missing mass analyses show a distinct 7 signal for
each beam momentum with more than 10° 3Hen events per
energy. The background description is done with data taken
below the 7 production threshold at a beam momentum of
3120.17 MeV /¢, therefore allowing a model independent ap-
proach. In order to do this, the subthreshold data will be ana-
lyzed with the desired laboratory momentum which leads to
a shift of the kinematical limit in the missing mass spectra,
using

4 q P desired bil

—desired __ beam —subth.

Pis = —subth. P beam > (2)
beam

and is then scaled to fit the data. After background subtrac-
tion a clear 7 peak is left (cf. Figure 2).
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Fig. 2: Missing mass distribution of the events passing the
energy loss selection cut for a beam momentum of
3158.71 MeV/c (blue) and for data taken below the
71 production threshold (red) as a model independent
background description (see text for more detailed in-
formation). After background subtraction a clear n
peak is left (shaded grey).

Due to the high statistics and the full geometric acceptance of
ANKE, this analysis can be performed bin-wise over the en-
tire angular range. An acceptance correction via Monte Carlo
simulations is in progress, so that first results will be avail-
able soon.
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Identification of deuterons in p + d — d + X reactions *

M. RumpT, C. Fritzsch, A. Khoukaz, D. Schroer for the ANKE-Collaboration

The interaction between 1 mesons and hadrons is an in-
tensively investigated topic. In order to get further insights
and to study the production mechanism of 1 mesons a
measurement of the reaction pd — dnpgp, near threshold
has been performed at ANKE [1]. Here the deuteron acts
as an effective neutron target while the proton is handled
as a spectator particle. The Fermi motion of these particles
combined with the two different beam momenta (p; =
2.09GeV/c and pp = 2.25GeV/c) allow to study the
reaction on a wide excess energy range from threshold up to
90 MeV.

The reconstruction of the n mesons will be accomplished
via the missing mass method. Therefore clearly identifying
the proton and the deuteron is an essential part of the proce-
dure. The spectator protons are detected in one of two Silicon
Tracking Telescopes ("STT”) [2] and can be selected with an
almost negligible background from, e.g., deuterons [3].
Contrary, due to a dominant proton background, the identifi-
cation of the deuterons in the ANKE Forward system (Fd) via
the energy loss is more challenging. In A E-p spectra the pro-
ton and deuteron bands are located very close to each other
(Fig. 1 (left)). This is also shown in the projection AE - 32
(Fig. 1 (right)) with the relativistic velocity /3, where the
deuterons appear as a small shoulder on the right tail of the
dominant proton peak. As a first step the energy loss in each
Fd counter was then calibrated based on Monte Carlo simu-
lations.
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Fig. 1: Left: Energy loss AFE versus momentum p in the
Fd system. The proton band and a deuteron band on
top of it are clearly visible. Right: AE - 32-spectrum
(right) with a dominant proton peak and a small
deuteron shoulder on the right-hand side.

In order to allow careful studies on particle identification, an
additional trigger was installed during the beam time, com-
bining the Positive detector system (Pd) and the Fd system.
By simultaneously detecting a 7t in the Pd system and an-
other particle in the Fd system one can distinguish protons
from deuterons by comparing the Time-of-Flight (ToF) dif-
ference between these two particles. The 7t can be easily
identified because of its low energy loss compared to pro-
tons. Due to the significant ToF difference the deuteron and
proton bands are clearly separated as shown in Fig. 2.

By applying an optimized cut in Fig.2 it is possible to
investigate AFE - 32 spectra individually for deuterons and
protons, as can be seen in Fig.3. With this information final
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Fig. 2: Time-of-Flight (ToF) difference of the 7t* hit and an-
other particle detected in the Fd system versus the
momentum of this particle for one combination of Fd
and Pd counter elements. The deuteron band is clearly
separated from the proton band.
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Fig. 3: Left: AE - 32-spectrum of the extracted deuteron sig-
nal by applying the Time-of-Flight method. Right:
Remaining proton background.

cuts will be identified to reduce the proton background in
the reaction pd — dnpSp drastically.

Moreover, this method can also be used to identify other
reactions that can be studied with the same dataset, e.g.
pd — dntt 7t pgp. The wide excess energy range allows to
study the low and high-mass enhancement in isoscalar M
spectra corresponding to the ABC effect as well as total and
differential cross sections [4]. The analysis of this reaction is
in progress and first results will be available soon.
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Study of the pn quasi-free elastic scattering at ANKE*

S. Barsovl, Z. Bagdasarianm, D. Chiladze? ,S. Dym0v3, A. Kacharava?, G. Macharashvili®, S. Merzlyakovz,
S. Mikirtychyants!?, R. Schleichert?, S. Trusov? for the ANKE collaboration.

As discussed in [1], the nucleon-nucleon interaction ampli-
tudes extracted by the phase-shift analysis are of general im-
portance for study of any hadronic process at intermediate
energies. The significant contribution to a small angle do-
main of the np elastic scattering has been done at ANKE
during last years by measuring the interaction of deuteron
beam with the hydrogen target [2]. However, in this case the
beam energy is limited by 1.15 GeV/nucleon. To approach
the higher energy range, where data are very scarce, measure-
ments were performed at ANKE using the polarized proton
beam and unpolarized deuterium cluster target.

The data have been taken at 6 proton beam energies of 0.8,
1.6, 1.8, 2.0, 2.2 and 2.4 GeV. The orientation of beam po-
larization (P,) was changing along Y-axis at every beam in-
jection. The polarization value was measured by the EDDA
polarimeter. Two Silicon Tracking Telescopes (STT) were in-
stalled at 3cm distance to the left and to the right from the
deuterium target to detect low energetic particles in coinci-
dence with fast particles going into the ANKE Forward de-
tector (Fd). The missing mass technique and the asymmetric
Fd acceptance were exploited for identification of the quasi-
free NN elastic scattering as described in [3].

Under the given experimental conditions the ANKE was op-
erating as a single-arm polarimeter. So, the analyzing power
(Ay) has to be derived from the asymmetry of counts corre-
sponding to different orientations of P,. Such asymmetry is
very sensitive to the relative normalization of counts mea-
sured in the experiment at different luminosity values. The
normalization procedure was verified using the pd elastic
scattering at all beam energies. In particular, at 0.8 GeV the
angular dependence of asymmetry was found to be well co-
inciding with the dependence of analyzing power measured
in [4]. Furthermore, the average beam polarization deter-
mined from this asymmetry very well agreed with the po-
larization measured by the EDDA polarimeter.
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Fig. 1: The quasi-free pn elastic scattering at 7), =0.8 GeV.

Left panel. Open points represent the A, from [5] ver-
sus @, angle. Blue solid points show the A,(®)
obtained at ANKE under conditions P, /P, < 0.5 and
P, > 0.2 GeV/c. The SAID SP07 solution is shown by
the dashed curve.
Right panel demonstrates the A, measured at ANKE
within the @, = 20° — 24° angular range as a func-
tion of the Py, /P, ratio. The dashed line indicates the
Ay (O, = 22°) predicted by SAID.

The quasi-free scenario is generally assumed to be realized
when the momentum transfer from a beam particle to a scat-
tered one (P;) is large enough as compared with the “spec-
tator” particle momentum (F;,). In contrast to other experi-

ments [5, 6, 7] where the A, of quasi-free pn elastic scattering
was measured detecting both scattered particles, at ANKE
the fast scattered proton was detected in coincidence with
the “spectator” proton. Due to the STT construction, the pro-
ton momentum must be larger than 70MeV /¢ to be recon-
structed. Since this introduced a low threshold on the Py, /P
ratio, a validity of the “spectator” model was tested. It was
found that the model can be used at Py,/P, < 0.5 (Fig. 1)
but the additional limitation of P > 0.2GeV /c turned to be
necessary. The same restrictions on the P, /P, ratio and the
momentum transfer were derived from the analysis of quasi-
free pp elastic scattering at 0.8 GeV.

Applying the determined limitations, the analyzing power
was obtained for all other beam energies. It was found to
be smoothly decreasing with increasing of beam energy. The
results in Fig. 2 illustrate the scale of the dependence. De-
spite the different experimental approach, the ANKE results
at 2.2 GeV are well consistent with data from [6, 7].

As it was mentioned, the data set on pn elastic scattering
above 1.5 GeV beam energy is very poor. Therefore, it is not
surprising that the SAID SPO7 solution does not fit to exper-
imental data in Fig. 2. But the SAID solution was recently
revised involving in the fit new experimental data measured
at WASA [8]. The new SAID solution [9] gives the prediction
which quite well fits to our data at 1.6 GeV.
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Fig. 2: The K;(®Cm) of quasi-free pn elastic scattering at
1.6 (left panel) and 2.2 GeV (right panel). Blue solid
points show the A, measured at ANKE. Open points
represent results from [6, 7]. The SAID SP07 solu-
tions are shown by dashed curves. The green dot-
dashed curve represents the updated SAID solution
at 1.6 GeV.
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Comparison of COSY-TOF and SATURNE-SPES4 Data for the Scattering Length Determination

Florian Hauenstein

The pp — pK A reaction has been measured with the
COSY-TOF detector at a beam momentum of 2.7 GeV/c.
This data has been analyzed to extract the pA scatter-
ing length from the pA final state interaction by us-
ing the method from [1]. However, the obtained result
for the spin averaged scattering length shown in [2],
a = (—1.2334+0.014gt5¢. £0.341)00. £ 0~12syst.) fm, devi-
ates by more than 1o away from the results obtained by
the HIRES collaboration [3] in a inclusive measurement.
They obtain a value of a = —2.43701% fm exploiting
the pA invariant mass spectrum together with measure-
ments of the Ap elastic cross section. Furthermore, their
extraction approach was different since they used effec-
tive range approximation together with Jost function
as described in [4]. Therefore, further studies have been
carried out to understand if the difference comes from
the measured data or the extraction methods.

Although the measurements of COSY-TOF and HIRES
have been done at the same beam momentum, a direct
comparison is not possible since HIRES measured the
pp — K X reaction in the very limited kinematic region
of Kaon laboratory angles around 0°. This is the region
in the laboratory frame where the COSY-TOF detector
has no acceptances though the detector has still full
phase space acceptance.

To circumvent this problem data from a measurement of
pp — KX at the SATURNE-SPES4 spectrometer can be
applied [5]. This data set has a compatible phase space
region with COSY-TOF. Furthermore, it has been fitted
with both above mentioned methods in the references
[1, 4]. The data SPES4 is measured at a beam momentum
of 3.5 GeV /¢ which is 800 MeV /¢ higher than the COSY-
TOF data at 2.7 GeV/c. In addition, the available Kaon
angular range is between 8° and 12° in the lab frame. For
the comparison the COSY-TOF data is restricted to the
same range. Since the SPES4 result is given in units of
do/(dmpadQ) on the y-axis it has to be scaled by 1/4x
to the COSY-TOF data which has units of do/dmpa.
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Fig. 1: my, invariant mass spectrum obtained by COSY-
TOF at 2.7GeV/c (red) and 2.95GeV/c (blue)
limited to the Kaon angular range [8°,12°]. In
black the result from [5] is shown scaled by 1/4mw.

In Fig. 1 the comparison of the m,a invariant mass
spectrum from the SPES4 measurement (black, scaled
by 1/4m) with the COSY-TOF data at 2.7 GeV/c (red)
and 2.95GeV/c (blue) is shown. No matching between
the COSY-TOF and SPES4 data is seen above the NX
threshold at about 2130 MeV/c?. For higher invariant
mass values the data sets could not match since the
opening of the N¥ channel increases the cross section in
the inclusive SPES4 measurement permanently.

Both COSY-TOF data sets matches very well below the
N3 threshold. The deviation to the SPES4 measurement
might stem from difference in the reaction mechanism
at higher energies e.g. other contributions of intermedi-
ate N* resonances. Furthermore, the SPES4 spectrum
is systematically shifted by about 2MeV/c? to higher
invariant mass values which is already discussed in the
fits of this data in the references [1, 4] where a shift of
1.7MeV /c has been taken into account in their fits.

A clear conclusion can not be drawn by the direct com-
parison of the spectra and their final state interaction
enhancement. Therefore, both COSY-TOF spectra as
well as the SPES4 data will be fitted with the methods
described in [1] and [4] to distinguish effects from the
theoretical models and the measured data.
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Investigation of meson production in proton-deuteron fusion to 3HeX with WASA-at-COSY*

N. Hiisken! F. Bergmann{ K. Demmich{ A. Khoukaz! D. Lappe! K. Sitterberg! J. von Wrangel! and L. Wélfer?

The production cross section of the pd — 3Hen reaction
has been studied in great detail in the near threshold re-
gion [I} 2 B, 4] [5], whereas at higher excess energies the
amount of available data is limited [6 [7, [8, @]. Moreover,
while the data from ANKE and WASA /PROMICE ex-
pose a total cross section plateau away from threshold,
recent results from the WASA-at-COSY experiment [10]
suggest an unexpected narrow variation of the total
cross section at (Q = 50 MeV, as shown in Figure
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Figure 1: Total cross section data for the reaction pd —
3Hen obtained by [1]-[10] as a function of the
excess energy Q. Figure taken from [10].

As the WASA-at-COSY experiment is perfectly suited
to study the energy dependence of both the total and
differential cross sections of the pd — 3Hen reaction, a
beam time was realized in May 2014 in order to exam-
ine the excess energy region of interest. The COSY sto-
rage ring provided protons with 15 different beam mo-
menta between p, = 1.60 GeV/c and p, = 1.74 GeV/c,
which results in a Q-value range from ) ~ 13.6 MeV to
Q@ ~ 80.9 MeV with a stepsize of AQ =~ 4.8 MeV.
Identification of the pd — 2Hen reaction can be done
by means of the missing mass technique. Extracting de-
tailed angular distributions, see Fig[2] will ultimately
lead to the precise determination of both total and dif-
ferential cross sections for the whole energy range stu-
died.
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Figure 2: Preliminary pd — 3Hen angular distribution
for @ ~ 61.7 MeV scaled to the data from [10]
(shown in red), the blue line is a polynomial
fit.

Alongside the investigation of 1 meson production, the
production of pions can also be studied extensively, with
the ongoing analysis work featuring studies on one-, two-
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and three-pion production. While the one-pion produc-
tion is currently being investigated as a normalization
reaction, the two-pion production is of special interest
as the famous ABC effect [I1] can be observed in this re-
action. With this high statistics dataset, the energy de-
pendence of the ABC enhancement can be examined in
great detail in both the differential distributions, e.g. the
invariant mass of both the n°-system and the Hem®-
system (see Fig7 as well as in the total cross section
of the two-pion production.
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Figure 3: Preliminary invariant mass squared of the
Her®- (left) and n°n%-system (right) for p, =
1.60 GeV/c. Red points correspond to data,
the gray shaded histograms correspond to

pure phase-space behaviour [12].

These studies will result in precise total and differential
cross sections for multiple meson production reactions of
the type pd — 3HeX. This allows us to not only inves-
tigate possible cross section variations in 1 meson pro-
duction or the influence of the recently discovered diba-
ryon d*(2380) (see [13]-[15]) on two-pion production, but
also the one- and three-pion production in great detail,
therefore contributing to the development of theoretical
models of meson production in proton-deuteron fusion.
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Studies on C-violation at WASA-at-COSY: 1 — nlete*

K. Demmich{ F. Bergmann] N. Hiisken] A. Khoukaz!

Studies on the conservation and violation of symmetries,
such as the C-parity, are a convenient way of testing the
predictions of the standard model and may give access
to particles beyond the standard model. One probe for
testing the conservation of the C-parity are decays of the
7 meson. According to standard model calculations, the
decay n — m’et e~ via two virtual photons is highly sup-
pressed — by approximately eight orders of magnitudes
compared to the decay n — 7%y~ [1] — resulting in an
expected relative branching ratio of = 107'2. There-
fore, the observation of the decay n — m’ete™ with a
significantly higher branching ratio would be a strong
evidence for the existence of another decay mechanism.
One candidate would be n = 7%y* — 7% Te~, which
is C-violating and, thus, forbidden within the standard
model. The current upper limit of the branching ratio is
quoted as 4 x 107° [2].

The WASA-at-COSY facility is perfectly suited to per-
form studies on rare and forbidden meson decays. In
the last years, several beam times dedicated for n decay
studies were performed resulting in a huge data pool
containing about 3 x 107 pd — 2Hen and about 5 x 108
pp — ppn events.

In order to extract a new upper limit for the rare n decay,
the data set taken 2010 in proton-proton-collisions has
been preselected on the reaction pp — ppn. The protons
are selected as two charged forward tracks meeting sev-
eral energy loss cuts. An additional condition on at least
one pair of opposite charge (7* and e*) and at least two
photons (assuming 7° — ~7) already produces a clear
7 signal in the missing mass spectrum of the protons,
based on a data sample with ~ 2 x 108 ppn events (see
black line in fig. 1).
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Figure 1: Fit of a Monte Carlo cocktail (red dashed line)
to the measured missing mass spectrum (black
solid line).

*Supported by COSY-FFE
TInstitut fiir Kernphysik, Westfilische Wilhelms-Universitit,
48149 Miinster, Germany

Electrons are distinguished from pions by a particle
identification rejecting a large fraction of the dominant
pion background. Further cuts are applied including the
identification of photon pairs originating from 7° de-
cays, the suppression of conversion events and cuts on
the invariant mass of all decay particles around the 7
mass.

Further optimizations of these cuts as well as an estim-
ation of the expected background from other reactions
will be based on Monte Carlo simulations. Since the de-
cay of interest is a very rare decay only a very small
amount of signal events is expected after applying all
cuts. Therefore, a very deep understanding of the de-
tector behaviour, an accurate calibration and appropi-
ate adjustments of the Monte Carlo simulations are nec-
cessary. In particular, the detector resolution has a high
impact on the shaping of the spectra. Moreover, an ad-
ditional kinematic fit relies on a careful estimation of the
resolution of the measured variables. The red dashed line
in fig. 1 shows a first test on fitting a measured missing
mass spectrum with a Monte Carlo cocktail.

Fig. 2 shows the invariant mass spectrum of the lepton
pairs after applying the mentioned cuts and a probab-
ility cut on a preliminary kinematic fit testing the hy-
pothesis n — eTe~yy. A very good background sup-
pression could already be achieved, especially at high
invariant masses.
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Figure 2: Invariant masses of the lepton pair after all
cuts based on the same data sample as fig. 1.

Studies on the angular and energy dependencies of the
detector resolution and according adjustments in simu-
lations are essential for the following analysis steps in-
cluding the optimisation of the cut boundaries and the
error parameters for the kinematic fit.

The presented results already show a large step towards
a new upper limit for the branching ratio of the decay
n — mete” and reaction models beyond the standard
model.
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Charge symmetry breaking in the dd — “Hen? reaction with WASA-at-COSY

Maria Zurek

If isospin symmetry was conserved, protons and neu-
trons would be treated equally by all types of interac-
tions. Since up and down quarks, which are the con-
stituent quarks of the proton and the neutron, have
different charges and masses, the isospin symmetry is
not an exact one. It is broken both by electromag-
netic and strong interactions [1, 2]. Probing elementary
symmetry breaking tests our understanding of the the-
ory of strong interactions — Quantum Chromodynamic
(QCD). One of the most important static isospin sym-
metry breaking observable is the proton-neutron mass
difference AM,,;,. It has electromagnetic origin AMg"
and strong one AMZTro™9 [1].

AM,, = AMED + AMgtrons

Determination of AM;;;TO"-‘? requires lattice calculations
[3] or effective field theory methods. Our approach fol-
lows effective field theory, which for low energy QCD is
Chiral Perturbation Theory. It links the static isospin
symmetry observable AMﬁZ’"O”Q with the dynamic ones,
like the 7NN production vertex and the w N scattering
length [2].

On the hadronic level, isospin breaking observables
are dominated by the pion mass difference (A7), which
is an almost purely electromagnetic effect. This makes
it difficult to get access to the term linked to the quark
mass difference. However, for a special case of isospin
symmetry breaking, namely charge symmetry breaking,
the A7 term does not contribute. Charge symmetry is a
rotation of 180° angle in isospin space, which exchanges
up and down quarks. In our analysis the charge sym-
metry breaking dd — “Hen® reaction is investigated to
obtain the total cross-section and the angular distribu-
tion, especially the contribution of higher partial waves.

In first experiment performed with the WASA-at-
COSY detector setup, the total cross section of the
dd — “Her® reaction at Q = 60 MeV has already been
obtained [4]. However, for decisive results on higher par-
tial waves, higher statistics and increased sensitivity are
needed. Therefore, an 8 week long experimental run
dedicated to the dd — “Her? reaction at a beam mo-
mentum of p; = 1.2 GeV/c was performed in spring
2014. The forward detector of WASA was modified by
removing most of the layers of the plastic scintillator
detectors. This allows the measurement of the time-
of-flight (ToF) of the outgoing *He and, as a result, a
better subtraction of the dd — *Henn® background.

Both central and forward parts of the WASA detector
setup were calibrated. In the forward part, the calibra-
tion of time-of-flight (ToF) and energy losses (dE) in
first two layers of plastic scintillators were performed.
The ToF calibration corrections were studied carefully
to obtain the best possible resolution. A run dependent
correction was needed, to address a problem of a varying
gain of the detector elements and an unstable electron-
ics readout. Additionally, a rate dependent correction
had to be applied.

For the full kinematic information of the outgoing
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Fig. 1: Preliminary *He missing mass distribution.

particles in the forward detector — apart from the
azimuthal and vertical angle from the tracking detector
— the kinetic energy Ej;, is needed. The reconstruction
procedure is based on the dependence between Fy;,, and
ToF or dF in the forward detector. It was determined
as a function of the azimuthal angle and separately for
4He and 3He. An optimization of the method was per-
formed. It included an accurate fit of the Ey;, (ToF) and
Eyin(dE) dependence. An azimuthal angle dependence
of the ToF and dF resolution was also introduced.

As a next step, a kinematic fit was performed. Two
hypothesis were tested — one for dd — *Hen~y+y, one
for dd — *Hevyy. No constraint on an invariant mass of
two gammas was put. A precise error parametrization
as a function of the kinetic energy and the azimuthal
angle for all outgoing particles was performed. A two
dimensional cut on the cumulative probability distribu-
tion was applied to subtract the dd — *Henn® back-
ground. The obtained *He missing mass distribution is
presented in Fig. 1. The peak centered of the 7° mass
originating from the dd — “Her? reaction is located on
the smooth background coming from the dd — *He~yy
reaction. The dd — 3Henn® background peak is also
visible. It is shifted in respect to the 7% mass because
of the 3He-n binding energy. Roughly estimating, the
number of the dd — “Her® events is about 3 times
bigger then in the previous measurement [4].

A luminosity calculation based on the dd — 3Henn®
reaction measurement and the missing mass spectra fit-
ting with a template obtained from Monte Carlo sim-
ulations are under the investigation. In a next step,
the energy loss information from the last plastic scintil-
lator layer of the forward detector can be introduced
to improve the *He ->He separation. With a clean
dd — *Her? signal sample, the total and differential
cross section will be extracted.
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Experimental study of few nucleon interaction dynamics in the dp collisions

B. Ktos! and I. Ciepal®

An experiment to investigate the 'H(d,pp)n breakup reac-
tion using a deuteron beam of 340, 380 and 400 MeV and
the WASA detector has been performed at the Cooler Syn-
chrotron COSY-Jiilich. The main goal was a detailed study
of various aspects of few-nucleon dynamics like the three
nucleon force (3NF), the long-range Coulomb interaction or
relativistic effects in the medium energy region. The rela-
tivistic effects and their interplay with 3NF become more im-
portant with increasing available energy in the three nucleon
system.

The analysis is continued with the aim to determine the
differential cross sections for the deuteron breakup process
in the d+p system at energies of 340, 380 and 400 MeV.
The theoretical calculations using modern realistic nucleon-
nucleon (NN) interactions, combined with a suitable model
of 3N forces [1] and the calculations within the coupled-
channel approach with the CD Bonn+A potential and with
the Coulomb force included [2]. Moreover, the calcula-
tions including relativistic effects have been prepared for the
'H(d,pp)n breakup reaction at the beam energy of 400 MeV
[3], clearly demonstrating importance of relativity for de-
scription of breakup reaction at that energy.

Currently, the analysis is focused on obtaining normal-
ized experimental results of the cross sections for different
deuteron beam energies. We hit problems, specially promi-
nent at 380 and 400 MeV. After selection of the proton-
proton coincidences and having performed the energy cali-
bration, the E; vs E; kinematical spectra of the two protons
registered have revealed very strange structures. The events
do not lie on the theoretical line of a three body kinematical
curve, calculated for the central values of the experimental
angular ranges (Fig. 1, left panel), what indicates incorrect
energy reconstruction.
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Fig. 1: The E; vs E; coincidence spectra of the two pro-
tons registered at specified kinematical configuration
(measurement at 380 MeV beam energy). The solid
line shows a three-body kinematical curve. Problems
with reconstructed energies of protons (left panel),
spectrum after correction of deposited energies (right
panel).

We have these problems between of the second (FRH2) and
third (FRH3) layers of Forward Range Hodoscope (FRH)
there is 5.2 mm of plastic, Forward Range Interleaving Ho-
doscope (FRI) not included into track reconstruction. We
found the angular-dependent functions which allow to re-
construct the energy deposited in FRH2+FRHI together, on
the basis of energy deposited in FRH1. The improvement of
kinematical spectra is clearly visible (Fig. 1, right panel).

An example of the non-normalized rates of events (obtained
for the same configuration) as a function of the arc-length
S measured along the kinematic curve, before and after cor-
recting deposited energies, are presented in Fig. 2.
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Fig. 2: An example of the preliminary non-normalized ex-
perimental breakup event rate obtained for chosen
kinematical configurations as a function of the S
value. The calculations within the coupled-channel
approach with the CD Bonn+A potential with the
Coulomb force included are shown in the insert fig-
ure.
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Fig. 3: Preliminary selection of deuterons registered in FD.
Solid curve corresponds to kinematics for elastically
scattered deuterons.

For the purpose of cross section, the luminosity should be
determined on the basis of the number of the elastically-
scattered deuterons at a given 6 angle. After preliminary
selection of deuterons registered in the Forward Detector
and similar correction of reconstructed energy, as protons,
the correct energy vs angle relation for elastically scattered
deuterons was obtained Fig. 3.
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Status of the search for n-mesic Helium in dd and pd reactions

M. Skurzok®, W. Krzemien®, P. Moskal®, O. Rundel® and O. Khreptak®

In 2010 we performed the measurement dedicated to
search for the “He-n bound states in deuteron-deuteron
fusion reaction. In 2015 we have completed analysis of
the 2010 data sample with 20 times larger statistics
with respect to the 2008 data. The n-mesic nuclei were
searched via studying of excitation function for the dd —
SHepm~ [1] and dd — 3Henn [1, 4] reactions in the
vicinity of the “Hen threshold. During the experiment
the beam momentum was changed slowly around the
threshold for the dd — “Hen reaction in each of acceler-
ation cycle. The beam momentum range corresponded
to the excess energy region @ €(-70,30) MeV.

The obtained excitation functions determined for dd —
3Hepr~— and dd — 3Henn® processes, do not show any
narrow structure which could be interpreted as a signa-
ture of the bound state with width less than 50 MeV.
Therefore, the preliminary upper limit of the total cross
section for the n-mesic “He formation and decay was
estimated for bound state production and decay in
dd — (*He-n)pouna — *HeNw processes. The obtained
results are presented in Fig. 1.
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Fig. 1: Preliminary upper limit of the total cross-section
for dd — (4He-n)bmmd — SHenr® (left panel) and
dd — (*He-n)pound — “Hepr™ (right panel) reaction
as a function of the width of the bound state. The
binding energy was set to 30 MeV. The green areas
denote the systematic uncertainties [4]. The figure is
adapted from Ref. [1].

We achieved a sensitivity of the cross section of the or-
der of few nb for the dd — (*He-n)pounda — “Hepm™
reaction that is about four times better result in com-
parison with those obtained from 2008 data [3]. More-
over, the obtained upper limit value does not exclude
the cross section o,y =4.5 nb estimated in Ref. [5]. The
excitation function for the dd — (*He-n)pound — *Henw®
reaction was investigated for the first time. The upper
limit obtained in this case is by factor of five larger than
predicted value therefore, one can conclude, that the
measurement does not exclude the existence of bound
state in this process either. The theoretical interpreta-
tion with respect to very wide (*He-1)pouna or SHe-N*
bound system [6] is in progress.

In May 2014 the measurements for searching n-mesic
3He were also performed [7] in processes corresponding
to the three mechanisms: (i) absorption of the 1 meson
by one of the nucleons, which subsequently decays into
N*-m pair e.g.: pd — (He-n)pouna — pppr— , (ii) de-
cay of the 1 -meson while it is still ”orbiting” around
a nucleus e.g.: pd — (*He-n)pound — “Heby reactions

and (iii) 7 meson absorption by few nucleons e.g.: pd —
(®He-1)pound — ppn. The statistics of the data obtained
in this experiment is better that is was measured for the
same conditions ever before.

Now obtaining luminosity value from pd — 3Hen reac-
tion is in progress. The algorithm of 3He kinetic energy
reconstruction has been implemented and conditions for
identifying the events corresponding to this reactions
have been provided.
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Fig. 2: Kinematic histograms obtained from Monte Carlo

simulation for pd — ®Hen. Horizontal axes: kinetic
energy in GeV. Vertical axes: 0 in degrees. Left plot:
data obtain from vertices. Right plot: reconstruction
of parameters from detector signals.

Even if the analysis does not show the existing of the
bound state, the upper limit that would be set for the
cross section for it’s forming will be lower than one ob-
tained in previous measurements for “He. At present the
analysis of this data is going on.
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Determination of the analysing power for the pp — ppn reaction using WASA-at-COSY detector
system

I. Ozerianska®, P. Moskal®, M. Zielinski®

Production mechanism of the n meson and meson-
nucleon final state interaction for the pp — ppn reac-
tion can be studied via measurements of the analyzing
power, A,(6). Up to now, experiments of the [1-4] in-
vestigation A, have been performed with poor statis-
tics and with large uncertainties. In November 2010 the
high statistics sample of pp — ppn reaction has been
collected using the azimuthally symmetric WASA-at-
COSY detector [5]. Measurements were taken with two
beam momentum 2026 MeV/c and 2188 MeV /¢, which
correspond to 15 MeV and 72 MeV excess energies.

Based on elastic scattering of protons the vertex po-
sition of the real experiment were measured with two
independent methods [8]. The spin flipping technique
of the beam has been used to control the effect caused
by potential asymmetries in the detector. Monitoring of
the beam polarization was based on the pp — pp re-
action. The result shown stable polarization during all
experiment [10].

Determination of the analyzing power for the 1 me-
son were done separately for spin up and spin down
mode. Additionally, analysing power were determined
for two neutral reactions n — vy and n — 37°.

After identification of  mesons the number of events
corresponding to pp — ppn reaction, have been deter-
mined for each angular bin N(6,,¢,) separately. Exam-
ple of the missing mass distribution for chosen spin mode
of the beam momentum 2188 MeV /¢ shown in the Fig. 1.
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Fig. 1: Missing mass distribution for the chosen range
70° < 60, < 90°,

—180° < ¢, < —170° and spin "up” mode. Left:
n — ~v. Right: . — 37% — 6v. Beam momentum:
Dbeam = 2188 MeV /c. Black crosses denote experimental
data. Continuous blue lines show the sum of the simu-
lated background for the 7%, 27°, 37° and 47° produc-
tion. Red lines show the result of difference between the
experimental data and simulated background. Dashed
blue lines show the region of the extraction of the num-
ber of produced 7 meson.

Collected amount of the n events significantly im-
prove the statistical uncertainty of our result of the an-
alyzing power for the  meson compare to the previous
COSY-11 experiments.

The result and the predicted theories do not over-
lap, which required new understanding of the n meson
production Fig. 2.

for the WASA-at-COSY collaboration
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Fig. 2: Analyzing power of the 7 meson as a function
of cost),. Comparison of the shape of the angular distri-
bution with the theoretical predictions (see legend) for
Q = 15 MeV (upper panel) and Q = 72 MeV (lower
panel).The dashed-dotted line shows the prediction of
the analyzing power as a function of the 7 emission
angle in the cener-of-mass for vector meson dominance
model [11]. The solid line describe vector meson model
for [13] and the doted line describe the pseudoscalar
model [12].

Fitting the result with the associated Legendre poly-
nomial can give us an answer for the partial wave anal-
ysis. Assuming that p and d waves can occur for the n
meson production, its analyzing power is given by:

4, - %(APSA}SP)sinG,] + S(AgsAL,)3cos8, sin 97,7
i

(1)

where $(ApsAp,) is the imaginary part of the in-
terference term between the Ps and Pp waves, and
S(AgsA%,) is the interference term between the Ss and
Sd waves [14]. Figure 3 shows result obtained in this
experiment with the results of the fit with the formula

ij—g = C - sinb,, + Cs - cosb,sinb,, (2)
with C7 and C5, treated as free parameters of the fit. One
can see in Fig. 3 that the associated Legendre polyno-
mials of order m =1 fully describe the existing data.

Thus analyzing power is zero for the beam momen-
tum 2026 MeV /¢, there is no interference between Ags,
Aps, App and Agq amplitudes of the partial waves.
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Fig. 3: Analyzing power of the n meson as a function of
0. The fit of A, with the sum of the two associated Leg-
endre polynomials Pl and P} is shown for the Q = 15
MeV (left) and for Q = 72 MeV (right).



Dbeam C’{mal + stat & syst Ogi"“l + stat & syst

2026 MeV/c | 0.004 + 0.003+ 0.001 | 0.004+ 0.003=+ 0.002
2188 MeV/c | -0.102+ 0.003+ 0.003 | -0.003=+ 0.003+ 0.003

Table 1: Coefficients C7""* and ™™ determined for
the momenta 2026 MeV/c and 2188 MeV/c for the as-
sociated Legandre polynomial fit to analyzing power of
the 1 meson.

For the higher beam momentum 2188 MeV/e,
C5 = —0.006£0.003, which means a very small or maybe
still negligible contribution from SsSd so we may claim
that even at such a large excess energy Sd is very small
or negligible. On the other hand, the contribution of
C is equal to —0.104 + 0.004, so PsPp is large which
means that both of these partial waves contribute at
Q = 72 MeV (see Fig. 3).

For the systematic studies of the constants C; and
Cs the analyzing power of the 1 meson as a function
of the cos#, angular distribution was used. The final

results are shown in Tab. 1, where coefficients C{ "™

and C§ " is average from calculations based on the 6,
and cos 6,, distributions.
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Final State Interactions and the Box Anomaly inn — 7™y

Daniel Lersch for the WASA-at-COSY collaboration

The decay 1 — mT ™y allows to study the chiral anomalies
of QCD [1, 2]. The decay amplitude is driven by the box
anomaly in the chiral limit [1, 2, 3]. When going to physical
masses, the triangle anomaly dominates the box anomaly be-
cause of final state interactions between the two pions. Thus,
a correct description of this decay can only be achieved by in-
cluding final state interactions [3, 4, 5, 6]. The experimental
observables to test interaction models are the relative branch-
ing ratio: %‘% and the photon energy Ey distribu-
tion [7, 8, 9].

In order to measure both quantities in one experiment, the
reaction pp — ppn[n — T Y| has been investigated. The
data have been acquired during 2008, 2010 and 2012 using
the WASA-at-COSY facility [10].

Competing processes to the m production are multi-pion
production reactions such as pp — pprtn—n® and pp —
ppr T~ which dominate the signal reaction | — 7Tt Y. In
order to reduce these background contributions a kinematic
fit as well as the rejection of low energetic satellite clusters
in the calorimeter have been implemented in the recent anal-
ysis.
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Fig. 1: Single photon energy distribution (black symbols) Ey
obtained from the analysis of the total pp — ppn
2010 data set.

Fig. 1 shows the single photon energy distribution (black
symbols) of | — Ty after the analysis steps discussed
above. The blue curve corresponds to a photon energy
distribution assuming no final state interaction bewteen the
two pions. The red curve is related to a model independent
approach using a single parameter o to describe the shape of
the Ey distribution and account for contributions from final
state interactions. The description of the pion-pion interac-
tions is done by using the pion vector form factor, which
is independent of the underlying decay mechanism [6],
modified by a factor (1 4 dsgz) [6] such that any decay
specific interaction process is related to o # 0. The dashed
black curve in Fig. 1 represents a description of the final
state interactions using the pion vector form factor only (e.g.
a=0).

The final results for the decay observables of N — T~y
are given by:

I'n—ntay)
—1 = = M 0.189+£0.001, 1
F(T] N TC+7E’7'EO) stat ( )
and:
o= (0.310 £ 0.0624/ & 0.02;0r) GeV 2 )

Both results are in agreement with theoretical models includ-
ing Vector Meson Dominance to describe the dipion final
state interactions [3, 4]. Eq. 1 is also in agreement with the
recent PDG value [11].

The investigation of systematic effects related to data analy-
sis is ongoing such that systematic errors will be included in
a next step.
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Electromagnetic transition form fator of the n meson with
WASA-at-COSY

Ankita Goswami

The aim of this work is to measure the electro-
magnetic transition form factor of the  meson. The
study of the transition form factor of the n meson is
possible through the n — yy* — vete™ Dalitz decay.
Here, the transition form factor describes the struc-
ture of the meson. The momentum transfer is equal to
the invariant mass of the ete™ pair. The correspond-
ing decay rate of a point-like particle can be calcu-
lated within QED. However, the complex structure of
the particle modifies the decay rate. The transition
form factor is determined by comparing the experi-
mental lepton-antilepton invariant mass distribution

with QED:

dr’ dr
dT]Q = [dti}pointlikc[F(qz)]z (1)
where function % is the experimently measured

transition probability,[%] pointlike 18 the theoretically
calculated transition probability for a point like par-
ticle, F(g?) is the form factor of the Particle and ¢>
is the squared four-momentum of e*e™.

Data collected in 2010 for proton-proton reaction
at a beam energy of 1.4 GeV has been used in this
study. A total of 5x10% 1 mesons have been pro-
duced. Particle identification in the forward and cen-
tral part of the detector has been done in order to
identify protons in the forward detector and ete™ry
in the central detector. The missing mass of incoming
and outgoing protons has been derived and ploted in
Figure 1.
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Fig. 1: Missing mass plot of two protons after all kine-
matic conditions used for obtaining the 7 sig-
nal.

To select good events a cut on total missing en-
ergy of £0.2 GeV and total missing momentum of 0.2
GeV has been implemented . Also kinematic condi-
tions have been implemented in order to reject the
conversion and the splitoff background. Then, the
background has been estimated by fitting a 4" or-
der polynomial multiplied with the phase space of
multipion production pp—pprt 7~ 7° outside the in-

dicated region in Figure 1. The yield is derived from
the subtracted peak. Finally approximately 2.9x10%*
7n candidates have been reconstructed from the yeTe™
channel after background subtraction.

Table 1: Background contribution from competing 7n
decay channels:

Channel Background contribution (%)
n— vy 6.6
n— '77r+7'(— 0.63
n— morta 1.2
— added MC
= ——ntoye’e
10°E —-ntoyy
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Fig. 2: Cocktail plot of invariant mass ete™.

The major sources of the background for this reac-
tion are n — vy, n = 77T~ and n = yat7~. The
n — w7~ channel is similar to the signal channel
therefore it satisfies the selection criteria as there are
two oppositely charged tracks and one neutral track
in the central detector. In n — 7% 7~ channel, 7°
decays into two photons and if one photon fails to
register in the detector then this channel also satis-
fies the selection criteria. It is seen in the simulation
studies that 8.4% background still would contribute
from the competing decay channels inside the peak
region as shown in the Table 1. The resultant in-
variant mass of the ete™ pairs without acceptance
correction is shown in the Figure 2. A study of the
relative branching ratio of the channel n — veTe™
has been performed as a first check. The study has
been done relative to 7 — <7y channel which leads
to a value of 0.164. We are trying to understood
the phase space background. A cut based analysis
approach has been used for this study. The phase
space background needs to be understand in more de-
tails. The kinematic fit (a different approach for the
analysis) would be implemented in order to supress
the background and sytematic checks has to be done.
Then the transition form factor of 7 meson would be
determined.



Double Dilepton Decay of the n Meson with WASA-at-COSY
Susan Schadmand, for the WASA-at-COSY Collaboration

At COSY, the pp—ppn reaction at 1.4 GeV beam energy was employed to produce 10° n
mesons. The data, taken with the WASA detector at COSY from 2008-2012, are being
analyzed within the IKP analysis task force for light meson decays. The analysis tools include
the WASA analysis software, based on CERN ROOT packages, and simulation software based
on the event generator PLUTO and the tracking packages GEANT3 . The task force has
developed a standard data analysis routine that is used as foundation for high-level analyses.
Data files (in the form of ROOT trees) containing calibrated information about the
reconstructed particles as well as a kinematic fit procedure are being prepared for ready-to-
go physics analyses. A high-statistics data pool for Monte Carlo simulations, used for
acceptance corrections and background studies, is being completed.

One of the physics goals of light meson decay studies is the determination of
electromagnetic transition form factors via the momentum transfer to a virtual photon in
the final state. The observable is the mass distribution of the emerging dilepton which
displays a form factor dominated by intermediate vector meson production. The Dalitz decay
n—>yee is a candidate that reveals the meson-photon coupling and the structure of the
meson itself, see contribution to this annual report by Ankita Goswami. The double dilepton
decay, where both final state photons are virtual, has only been observed in the form of an
upper limit for the branching ratio.

From the data set discussed above, a first look at the event candidates for n—eeee is
performed, on part of the data. The analysis is based on restrictive selections cuts, not yet
including kinematic fitting.
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The figure shows the invariant mass of the dilepton pair candidates along with simulations of
significantly contributing competing decays. A kinematic fit should provide better charged



pion suppression along with a handle on systematic effects. Note that neutral pions can
contribute via their Dalitz decay into yee. Further detailed simulations are necessary, in
particular on direct pion production, meaning pions not stemming from the decay of the n
mesons. In the extraction of signal counts by background subtraction, systematic effects can
be studied by implementing various models for the correlations between final state
particles.



Double Dilepton Decay of the n Meson with WASA-at-COSY
Susan Schadmand, for the WASA-at-COSY Collaboration

At COSY, the pp—ppn reaction at 1.4 GeV beam energy was employed to produce 10° n
mesons. The data, taken with the WASA detector at COSY from 2008-2012, are being
analyzed within the IKP analysis task force for light meson decays. The analysis tools include
the WASA analysis software, based on CERN ROOT packages, and simulation software based
on the event generator PLUTO and the tracking packages GEANT3 . The task force has
developed a standard data analysis routine that is used as foundation for high-level analyses.
Data files (in the form of ROOT trees) containing calibrated information about the
reconstructed particles as well as a kinematic fit procedure are being prepared for ready-to-
go physics analyses. A high-statistics data pool for Monte Carlo simulations, used for
acceptance corrections and background studies, is being completed.

One of the physics goals of light meson decay studies is the determination of
electromagnetic transition form factors via the momentum transfer to a virtual photon in
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pion suppression along with a handle on systematic effects. Note that neutral pions can
contribute via their Dalitz decay into yee. Further detailed simulations are necessary, in
particular on direct pion production, meaning pions not stemming from the decay of the n
mesons. In the extraction of signal counts by background subtraction, systematic effects can
be studied by implementing various models for the correlations between final state
particles.



Radiative Decays of the ' Meson with CLAS
Susan Schadmand, for the CLAS Collaboration

With the IKP analysis task force, light meson decays are being investigated using data from y+p
experiments performed with the CLAS detector at Jefferson Lab.

The radiative decay n(’)—m*n' y is used to study the QCD box anomaly which is driving the decay
in the chiral limit. At the physical masses, the triangle anomaly dominates the box anomaly due
to final state interactions between the two pions. The experimental observable is the photon
energy distribution or, equally, the pion pair mass distribution in the meson center-of-
momentum. The case of the 1 meson has been studied with WASA-at-COSY, see contribution to
this annual report by Daniel Lersch, and will be under study with CLAS data. The mass
distribution shows the signs of the final state interaction between the charged pions which hints
at the presence of an intermediate vector meson. The case of the " meson provides more
phase space in the final state and covers the full line shape of the vector meson. Previous
measurements were not consistent on the possibly extractable contribution of the box anomaly.
Using CLAS data, this decay is being investigated with two analyses, one at Old Dominion
University using the g11 experiment, and one at IKP using the g12 experiment. The two
experiments differ in the detector setup and other technical details. Both were identified as
useful for the analysis of light meson decays.

The g12 experiment is specifically used for conversion decays. The lepton identification is
achieved using Cherenkov detectors along with electromagnetic calorimetry, providing a
suppression factor of 10° for charged pion pairs in favor of dileptons (e*e).

Here, the interest is in the Dalitz decay of the 1" meson and the possibility of determining the
electromagnetic transition form factor via the momentum transfer to a virtual photon in the
final state. The observable is the mass distribution of the emerging dilepton which displays a
form factor dominated by intermediate vector meson production. The Dalitz decay n”—)yee isa
candidate that reveals the meson-photon coupling and the structure of the meson itself, see
contribution to this annual report by Ankita Goswami. Again, the " decay provides more phase
space in the final state than the n decay, both being dominated by an intermediate vector
meson. Thus, it is important to study the dilepton mass distribution for the heavier meson case.
The world data provides insufficient statistics for a detailed comparison to theoretical models.

A recent measurement of BESIII reports the branching ratio n’—>yee / n’'—vy to be
(2.13iO.O9(stat.)iO.O7(sys.))'10'2, derived from 864 events. Preliminarily, 89 events are
extracted from the CLAS g12 experiment. The corresponding preliminary branching ratio
n’'—vee / n’—yy would be consistent with the BESIII measurement. However, the statistics of



either BESIII or CLAS are not sufficient to determine the transition form factor over the entire

dilepton mass range.

With the newly built CLAS12 detector, electron/positron identification can be achieved with a
pion rejection of 10°-10"! while retaining an acceptance of ~ 1% - 0.1%. Using the GEant4
Monte-Carlo (GEMC) simulation suite for CLAS12, a simulation of an electron-induced
experimente+p > e’ y*p —> pmn’ — pyee was performed and is being analyzed in preparation
of the first experiment of several planned proposals for meson decays with CLAS12.



Transition form factor of the ® meson with CLAS
Susan Schadmand, for the CLAS Collaboration

With the IKP analysis task force, light meson decays are being investigated using data from y+p
experiments performed with the CLAS detector at Jefferson Lab. The g12 experiment is
specifically used for conversion decays. The lepton identification is achieved using Cherenkov
detectors along with electromagnetic calorimetry, providing a suppression factor of 10° for
charged pion pairs in favor of electron-positron pairs.

The transition form factor of the o transition is investigated in the time-like region with the
decay o—° e*e’. The form factor is extracted by dividing the dilepton mass distribution (the
momentum transfer) by the QED prediction for simple conversion of the final state photon. The
experimental results show a rise at the high-mass end that is inconsistent with measurements in
the space-like region by SND and with recent theories going beyond standard vector meson
dominance models.

The analysis strategy uses the excellent dilepton detection of the CLAS g12 experiment. The final
state pion is left as a missing particle because neutral pions decay into two photons and the
photon acceptance of this detector setup is limited. The data have been prepared including
calibration and further corrections and a kinematic fitter serving several missing particle
scenarios has been made available. The analysis procedure for the g12 experiment has recently
been approved by the collaboration and is successfully used in several meson decays analyses.

The figure shows a first missing mass spectrum as derived from the incident kinematics and the
detected outgoing proton, under the condition that a dilepton candidate is present and that the
fitter scenario of a missing pion was more probable than 10%.
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The expected peak at the ® meson mass (0.77 GeV) is prominent. Also, there is a remnant of n
meson decays visible between 0.5 and 0.6 GeV. Note that the decay of 1 into a neutral pion and
a (virtual) photon is a rare decay (C-forbidden). Thus, the contribution in the ) mass region
stems more likely from the decay n—vyee, due to overlap in mass and energy of the supposed
missing particle. Similarly, the peak at the ® mass has peaking and non-peaking background
contributions from multi-pion production, competing decays, and photon external conversion.
The next steps are further analysis for background suppression as well as detailed simulations
for background subtraction en route to determining the transition form factor.



Photoproduction of the 7° meson up to 5.5 GeV with CLAS

Michael C. Kunkel

1 Intro

In hadron physics, photoproduction of single pion is es-
sential to understand the photon-nucleon vertex. At low
energies, the photon-nucleon coupling establishes excited
nucleon resonances which has been at the forefront of
physics "missing resonances” search. At high energies sin-
gle pion photoproduction can be used to test predictions
of Regge theory [1], the hand-bag model [2] and test the
validity of the constituent counting rule (CCR) [3, 4].

2 Outlook

Exclusive neutral pion photoproduction (yp — pr®) was
measured in the CLAS detector at the Thomas Jeffer-
son National Facility. The experiment employed a 1.1-
5.5 GeV bremsstrahlung photon beam from 5.6 GeV
electron beam created in the Continuous Electron Beam
Accelerator Facility (CEBAF). The photon beam en-
ergy was impinged on a liquid hydrogen target. The
neutral pions were detected via external conversion,
7 — 4y — ete v, and subsequent Dalitz decay,
7% — 4*y — ete 7. The focus of this research is to
measured the differential cross-sections, ‘é—‘; and dggSG
and compare them to existing data, and also to compare

to theoretical predictions were data does not exsist.
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Measurement of the pp Elastic Scattering Differential Cross Section with the KOALA Recoil
Detector at COSY

Qiang Hu'2, James Ritman? and Huagen Xu

The KOALA experiment is being built to measure
antiproton-proton elastic scattering differential cross
section spectrum in a large range of squared 4-
momentum transfer (|¢t| € [0.0008,0.1] (GeV/c)?) at H-
ESR. It will determine the elastic differential parame-
ters o, p and b,which are an essential input to enable
the PANDA luminosity determination to obtain the de-
sired absolute precision of 3%. The complete KOALA
experimental setup will be composed of one forward arm
and two recoil arms. One recoil arm consists of two sili-
con detectors and two germanium detectors, which cov-
ers a polar angle range from 71° to 91.5°.In the first
stage, one recoil arm has been constructed and commis-
sioned at COSY by measuring the proton-proton elas-
tic scattering. The layout of the KOALA recoil detector
in the commissioning experiment is shown in Fig. 1, the
beam direction is from left to right.

Fig. 1: Photo graph of the KOALA recoil detector for
pp elastic scattering experiments at COSY.

Data of proton-proton elastic scattering has been
taken at several beam momenta. After energy cali-
bration and clustering,the typical energy spectra at
different recoil angles (Pream = 3.2 GeV/c) are shown
in Fig.2.As one can see that with increasing recoil
angle, the recoil peak moves away from the background.
However, the signal is difficult to separate from the
background when the recoil protons’ energy is below
600 keV. It is difficult to parameterize the distribution
of the background in this region. Therefore, we summed
the pure background spectra (f > 90°), scaling and
subtracting it from the energy spectrum to determine
the signal distribution. An example of background
subtraction at recoil angle o = 1.60° with this method
is shown in Fig. 3.

After background subtraction, the centroid energy of
the recoil peak as well as the elastic scattering yield were
obtained. Based on the centroid energy and the yield, the
distribution of differential rate dN/dt as a function of
[t] (Jt| = 2m,T,) has been reconstructed and efficiency
corrected. It is shown in Fig. 4. To determine the elastic
scattering differential parameters, one typical method is
to analysis the characteristic shape of the |t|-spectrum
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Fig. 2: Energy spectra at different recoil angles (Pyeam
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with the parameterized expressions 1-4[1] and 5.
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where 9% is the Coulomb term, 9%zt is the nuclear-

Coulomb interference term and ‘%" is the nuclear term.



« is the fine-structure constant (« ~ 1/137), G(t) is the
proton form factor and § is phase factor.

dN—L do

T (5)

where L is the integrated luminosity (or normalization
coefficient) to be determined.

Fitting the |¢|-spectrum with the parameterized
formula, the elastic scattering differential parameters
and normalization coefficient L have been extracted as
shown in Fig. 4. The relative differential cross sections
were obtained after normalization. Fig.5 (a) and (b)
illustrate the distribution of relative differential cross
section at different beam momenta. As seen in Fig.5
(a), with increasing beam momentum the differential
cross section becomes smaller. In the strong interaction
region ([t| > 0.02 (GeV/c)?),the differential cross
section distribution at Ppeqm=2.5, 2.8 and 3.2 GeV/c
are parallel each other and they have a similar behavior
as the existing data at 3.0 GeV/c.Furthermore, the
measured differential cross sections in this work have
smaller uncertainty than the data at 3.0 GeV/c.
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Fig. 4: |t| distribution at Pyeqm = 3.2 GeV/c.

500F 1107 l{
] @ by ()
450 100} 1 [h
b — 2.5 GeV/c i % [[
400 ity o
3 —~—2.8 GeV/c ool 0y III
- 35(% — 3.0 GeVic (ref.) - T EEIE§§§ [HIH
S F  —32Gevic g [y b
2 300! 3 8oF IE%@E?IM
% i % EIII g H]I
[
5 £ F i i
g250 E 70b IIJ{I%%HH
2 2 [ i3
2 200 s [ ENaN
L r iy iy
I 60 5] y
150F [ i
[ F 111I
[ i
100F 501 L
LY I W kT goli i Lo bl iy
0 0.02 0.04 0.06 0.08 0.1 0.02 0.04 0.06 0.08 0.1
Itl, (Gevic)* Itl, (Gevic)*

Fig. 5: Differential cross sections of four beam
momenta. (a) Complete differential cross section in the
measured range. (b) A range of the differential cross
section, the data points at 3.0 GeV/c are taken from
the reference [2].

In conclusion, the proton-proton elastic scattering
at Ppeam =2.5,2.8 and 3.2 GeV/c have been measured

with the KOALA recoil detector at COSY,the differ-
ential parameters as well as the relative differential
cross sections were obtained. Our results are in good
agreement with the existing data and have higher
precision.
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Study of Excited Z Baryons in pp-Collisions with the PANDA Detector

Jennifer Piitz

Introduction

Understanding the excitation pattern of baryons is indis-
pensable for a deep insight into the mechanism of non-
perturbative QCD. Up to now only the nucleon excitation
spectrum has been subject to systematic experimental studies
while very little is known on excited states of double or triple
strange baryons. The PANDA detector is well-suited for a
comprehensive baryon spectroscopy program in the multi-
strange baryon and meson sector. A large fraction of the
pp-cross section is associated to final states with a baryon-
antibaryon pair together with additional mesons, giving ac-
cess to excited states in the baryon and antibaryon sector.

Event generation

For the study of excited £~ baryons 1.5 million signal events
for the reaction pp — Z(1820)" Z*; £(1820)" — A K ;
Ef - An'; A — p n were generated with the event
generator EvtGen at pp = 4.6GeV/c. Another 1.5 million
events were generated with the same beam momentum for
the charge conjugate channel pp — = (1820)" Z~. If not oth-
erwise specified, the charge conjugate process is implicitly
included in the following. The simulation was done by us-
ing the PandaRoot framework at trunk revision 28555. The
Z(1820) resonance was defined in the file evt.pdl, listing
the properties of particles used in EvtGen. The properties of
the E (1820) resonance are taken from [1].

The production cross section is expected to be of the same
order (~ ub) as for the ground state =~ production in pp —
E-ET (2L

Vertex fitter extension

For the reconstruction of non-final state particles it is neces-
sary to fit the tracks of all daughter particles to a common
vertex point. This is done with the PandaRoot kinematic ver-
tex fitter PndKinVtxFitter. Up to now this vertex fitter has
not been able to perform a vertex fit on particles with one
or more neutral daughters. An extension for neutral daughter
particles was developed to apply the vertex fitter to the reac-
tion chain mentioned above.

The performance of the extension was tested with the so-
called ”poormantrack” algorithm [3]. This algorithm creates
simple particle tracks independent from any detector infor-
mation. To test for example the vertex fitter for a candidate
with a neutral and a charged daughter particle, a A hyperon
and a T~ meson were generated with the same vertex point.
Then a kinematic vertex fit was performed. To show the per-
formance of the vertex fitter for this case, the momentum pull
distribution for the x coordinate obtained from the vertex fit
is shown in figure 1.

The momentum pull distribution should have a Gaussian
shape with mean value zero and a width of one. Performing
a Gaussian fit gives the mean value g = —0.0053 £ 0.0071
and the width 6 = 0.994 + 0.005. These values are in good
agreement with the expectation of 0 and 1, respectively.

The same test was also done for two neutral daughter parti-
cles.
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Fig. 1: Momentum pull distribution (black histogram) in the
x coordinate for the vertex fit performed on the com-
bination of A and ©t~. The blue dashed line shows the
fitted Gaussian distribution.

Reconstruction

To reconstruct all particles involved in the reaction one starts
with the final state particles and proceeds backwards through
the reaction chain. The selected final state particles are pro-
ton, anti-protons, T, " and K~ mesons. Due to the use of
an ideal track reconstruction, only particles with at least 3
hits in any inner tracking detector of PANDA are selected.
The particle identification is also ideal.

The reconstruction efficiency for the final state particles is
shown in table 1.

Table 1: Reconstruction efficiency € for final state particles
for pp — Z(1820) E* (left) and pp — = (1820)"
E~ (right).The statistical error on the reconstruction
efficiency is 6 = 0.1 % for all particles .

final state €/% final state €/%

T 83.5 nt 83.0
tt (EY) 809 (7)) 804
7wt (A) 83.1 T~ (A) 82.7
K~ 78.6 K+ 83.3
p 84.4 p 80.7
p 78.3 p 80.9

For the reconstruction of a A hyperon a proton and a T~ me-
son are combined and for the reconstruction of A hyperons
apand a T" is combined. After combining the daughter
particles a mass cut is performed on the A candidate. Only
those candidates are chosen which have a mass within the
mass window 0.3GeV /c? symmetric to the nominal A mass.
Then a vertex fit is performed on the selected candidate. As
the next step a mass constraint fit is performed on the fitted
candidate using the kinematic fitter PndKinFitter. Only those
candidates which have a probability of more than 1% in both
fits are selected. If more than one candidate is found, the can-
didate with the smallest % is chosen.

In case of a correct selection of T+ as daughter particle of
A, only one " meson is left as daughter of the Z* baryon.
The reconstruction scheme of the Z* is similar to the recon-
struction of A and A. After combining the A hyperon and the



7" meson a mass cut within a window of 0.3GeV/c? sym-
metric to the nominal =% mass is performed. A vertex fit is
performed on the selected candidate. After the vertex fit a
mass constraint fit is performed on the fitted candidate. The
candidate which has a probability of more than 1% in both
fits and the smallest %> value is selected. The same is done
for the ™ in the charge conjugate channel.

For the reconstruction of = (1820)~ baryons a A hyperon
and a K™ meson are combined. A mass cut within a window
with width 0.3GeV /c? symmetric to the nominal Z (1820)~
mass is performed after the combination of the daughter par-
ticles. On the selected candidate a vertex fit is performed
and only the candidate with a probability of more than 1%
and the smallest %> value is selected. The reconstruction of
Z(1820)" is done by combining a A hyperon and a K* me-
son from the charge conjugate channel and using the same
cuts.

The vertex resolution for Z (1820)~ and Z (1820) " is shown
in table 2.

Table 2: Vertex resolution for Z (1820)~ and = (1820)*
Position pp — = (1820)” ZF pp — Z(1820)7 =~

x/cm 0.028 0.028
y/cm 0.028 0.028
z/cm 0.1 0.1

The mass distribution of = (1820) after all cuts is shown in
figure 2.

The reconstructed mass of the E (1820)~ resonance obtained
from a Gaussian fit is about 1.823GeV /c?. The width of the
distribution is 6 = (14.24 £ 0.05) MeV/c?.

To reconstruct the full reaction chain, Z(1820)" and Z*
are combined. This is also done for Z(1820)* and Z~ in
the charge conjugate channel. The resulting four-momentum
vector of both daughter particles are fitted to the initial four-
momentum vector (py,py,pz,E) = (0,0,4.6,5.63) GeV of
the pp entrance channel. After the four-momentum fit only
those candidates are selected which have a probability of
more than 1%. Table 3 shows the reconstruction efficiency
of the intermediate state particles.

The different reconstruction efficiencies of A and A are
caused by the different position of their decay vertices. A

Mass distribution for =(1820) with vertex cut and mass cut
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C MC simulation Mean 1.826
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X2/ ndf 1629.09 / 328
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Mean (inner) 1.822986 + 0.000038
[ Sigma (inner)  0.01423736 + 0.00005272
Const.(outer) 1061.557 + 10.344
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' Sigma (outer) 004493313 + 0.00019915
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Fig. 2: Mass distribution of E (1820)~ (blue histogram). The
double Gaussian Fit is shown as red dashed line, the
inner Gaussian fit as blue dashed line and the outer
Gaussian fit as black dashed line.

Table 3: Reconstruction efficiency € for intermediate state
particles for pp — Z(1820)” Z" (left) and pp —
= (1820)" - (right) including the branching ratios
BRA—=pn)=63.9%,BR(E- > AT )=99.9%
and BR(E (1820)" — A K7)= 100 % (assumed).

particle e/% particle e/%
A 40.5 A 32.8
A 334 A 40.8
=t 18.4 O 18.6
Z(1820)" 32.0 Z(1820)" 33.2
Z(1820)” EF 47 E(1820)" 2 4.9

is emitted by the Z(1820)" resonance which decays at the
primary interaction point while the decay length of Z* is
¢t = 4.91cm. The decay length of A and A is ¢t = 7.98cm
so that the final state particles of A are produced more down-
stream than the final state particles coming from A. The fi-
nal state particles of A are produced close to the edge of the
Micro Vertex Detector (MVD) which has a high spatial res-
olution. The reconstruction efficiency for these particles is
reduced. An extension of the MVD with two more discs, the
so-called "Lambda Discs”, might improve the reconstruction
efficiency for A and A.

Summary and Outlook

The complete reaction chain can be reconstructed with an ef-
ficiency of about 5% each for pp — Z(1820)" =" and its
charge conjugate channel.

Each final state particle has a reconstruction efficiency of
nearly 80%. The reconstruction of A and A shows a differ-
ence in the efficiencies. This is caused by the different mother
particles of the A and A. The reconstruction efficiency for A
and A might be improved by using the so so-called “Lambda
Discs”. However, this requires further studies which will be
a part of the future analysis.

The reconstructed mass for Z(1820)” and = (1820)" is in
good agreement with the literature value [1].

As a next step background simulation will be done and a par-
tial wave analysis of A K~ Z* final state and its charge con-
jugate final state will be explored.
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Simulated Measurement of the Ds Semileptonic Decay Form Factor with the PANDA Detector

Lu Cao

The semileptonic Dy decays are governed by both weak and
strong interactions. The strong interaction dynamics can be
described by a form factor f, (¢?), where q is the invari-
ant mass of the lepton-neutrino system M> v, Theoretical
calculations of the form factor offer increasing precision [1].
Therefore, the experimental validation of the results becomes
important. The pp interaction has been simulated to evalu-
ate the performance of the PANDA detector to measure the
semileptonic decay form factor of D" — e*v,m. The pre-
cision on measuring f, (¢*) has been studied event-wise.
Several developments has been made comparing with the
work presented in the annual report of last year: the improve-
ments of software tools e.g. GenFit2 and Monte Carlo (MC)
Truth Matching, as well as improvements in the event recon-
struction strategy. In addition, the beam momentum depen-
dence of the reconstruction efficiency has been studied for
three different p momenta above the production threshold,
7.3 GeV/c, 7.685 GeV/c and 8 GeV/c.

Decay chain One million events of the following decay
channels are simulated: pp — DY D;; D} — etv,n; 1 —
ntnn% 1’ — yy with two tagging modes for the D;, i.e.
D; — K"K n~ and D; — n'n n~. This simulation is
done by using the GEANT4 transport code for the particle
tracking through the complete PANDA detector. All the re-

lated decay models have been studied in [2].

Neutral particle reconstruction There are two issues on
the neutral particle reconstruction. The first is to find the
photon candidates among the whole clusters detected by the
Electromagnetic Calorimeter (EMC). The algorithm for cor-
relating neutral clusters has been separated from the charged
particle correlation, in order to validate the distance parame-
ter of reasonable correlation for the neutral particle directly.
The parameter is defined as the squared distance between a
cluster and its nearest point of track extrapolation. A effi-
ciency study has been carried out with a particle gun of T*.
In this case, the total number of the EMC clusters N,;; and the
number of the generated charged particles N, are known.
Then, the number of reconstructed 7y candidates should ap-
proximately match the gap between the former two values,
i.e. Ny — Nepgr. It is indicated that an acceptable range of
the neutral correlation parameter is from 50 c¢m? to 400 cm?,
when the charged correlation parameter is 2500 cm?.

The second issue is the pre-selection on photon energy. Low
energy photons can be caused by bump split-off and sec-
ondary interaction, and leads to a high multiplicity of pho-
ton candidates appearing as a combinatoric background in re-
constructing ©° meson. In the decay chain mentioned above,
for selecting a reasonable energy threshold and cross check-
ing the neutral correlation parameter, a significancy (sig = #
MC truth matched candidates /+/# all candidates) of the re-
constructed 7 and 1 has been studied with different energy
thresholds for photons with the correlation parameter of 100
cm? and 400 c¢m? respectively. This study indicates the best
significance can be achieved when the neutral correlation pa-
rameter is 100 ¢m? and the energy threshold is 40 MeV.

Reconstruction strategy and event selection To recon-
struct the tagged Dy, the vertex fitting and mass constraint
fitting are performed on the combination of its decay prod-
ucts, where the cut applied on the > probability is prob >
0.01. After mass constraint fitting, only the Dy owning the
smallest %2 is selected as the “best” candidate to ensure the
correct multiplicity in the final step of calculating Mfw

=40 MeV are com-

bined to reconstruct . The mass constraint fitting has been
performed on the two-photon system and a cut on the x>
probability of prob > 0.01 is applied. The ©+ and ©~ tracks
allow the reconstruction of the decay vertex of | — ntm~n°.
The e* is combined in addition to the TH 7t~ pair for deter-
mining the decay vertex of the 1. Since the decay length of n
is very short, it is safe to assume the three charged particles
are produced at the same point. This method can imrpove the
1 vertex resolution by nearly 50% compared to that obtained
from (T™n). The reconstructed 1 candidates are selected
with a %2 probability cut on the mass constraint fit of the
three-pion system, and the “best” candidate of m is selected,
in which the daughters 777~ are used to select the “best” e™
in the vertex fitted candidates (™7~ e™). After reconstruct-
ing the intermediate particles D; and m, the kinematics of
the undetected neutrino can be calculated based on a four-
momentum condition as

Photons above a energy threshold E\’(’"e-Y

2 2
M\%e = (EﬁP _ED; —Ey _Ee+) - ‘Pﬁp —Pp; = Pn —Pet
(1)

where Ejp,(ppp) is the energy (three-momentum) of the ini-
tial anti-proton beam and proton target system. A v, mass
window of [M} | <0.1 GeV?/c* is applied to select v, can-
didates. The selected v, and corresponding e are used to
calculate M7, 2 . Fig. 1 shows the reconstructed M. 2 v, with a
comparison of event-wise MC truth matched data. It is shown
that the reconstructed result is consistent with the MC data in
the large momentum transfer region M> v, > 0.2 GeV?/c*.
In addition, a bremsstrahlung correction for the et has been
tried with a tool developed by PANDA Orsay group for
the pp — ete™ decay. Unfortunately, the tool did not im-
prove the result of Mfwg- It might be due to the complex-
ity of the decay chain. The algorithm of associating the
bremsstrahlung photon developed for the jp — eTe™ is in-
capable for a much more complicated case, where totally six
charged candidates and two neutrals are produced.

Efficiency and resolution With the present software, the
decay chain has been reconstructed with two tagging modes.
Three different beam momenta have been simulated. It it
found the reconstruction efficiencies at 7.3 GeV /¢ and 7.685
GeV /c are very close, and the highest one is at 8 GeV/c. Ta-
ble 1 summarizes the preliminary results on reconstruction
efficiency and resolutions at a beam momentum of 8 GeV/c.
The efficiency of reconstructed e*v, is 0.6% for the tagging
mode A D; — K"K 1~ and 0.9% for the mode B D; —
w7~ . The theoretical calculations bring a wide range of
estimates on the cross section of charm production in proton-
antiproton interaction [3, 4]. Assuming the cross section on

)
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Fig. 1: Invariant mass squared of lepton-neutrino system with
tagging mode D; — K*K~ 7. In the upper frame,
the yellow field is the reconstructed result, and the
red shadowed area is the result obtained by the MC
truth matched particles involved in Eq. 1. Black dots
in the lower frame show the ratio between “reco” and
"MCT”.

Table 1: Resolutions of reconstructed D; and m candidates
with tagging mode A: D; — K*K n~ and B:
D; — wn n~. Only the reconstruction results of
neutral particles for mode A are listed since they are
same in both modes.

rec. eff. Oumass Gyrx [um] Gmom [%]

[%] [MeV/c*l x 'y z  p ps

D; 151 13.1 62 61 130 22 07
0 - 4.8 19 18
n 16.4 5.6 100 97 187 16 1.3
D, 234 17.2 51 49 89 22 07

the production of a Dy pair is 20 nb with a beam momentum
of 8.0 GeV/c [4], it is estimated that the reconstruction rate
to be approximately 60 events per month for a luminosity of
2% 103 em2s7 1,

Summary For reconstructing the neutral particles in the
decay chain, the photon EMC correlation parameters and
energy pre-selections have been tuned for adapting to the
physics situation of the decay chain. The kinematics of the
neutrino have been reconstructed with two tagging modes of
the Dy . Comparing with the previous results, the resolution
have been improved due to improvements of reconstruction
strategy and software tools, in particular the 1 vertex reso-
lution has been improved from 193 pm to 100 um on the X
direction for instance.

The event-wise precision of ¢> is consistent with the MC
data in the large momentum transfer region M3+ve > 0.2

GeV?/c*. The count rate of useful events is estimated to be
about 60 events per month for measuring the form factor.

The beam momentum of 8 GeV/c is found to produce the
best reconstruction efficiency. The next steps will include a
modification of the present software to improve the neutral
particle reconstruction efficiency and an investigation of the
background channels.
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Search for the AA Component in the Deuteron in 5d Collisions with PANDA

Albrecht Gillitzer

The deuteron is the lightest nuclear bound system. With its
particularly small binding energy of 2.2 MeV it is an ex-
tended system, whose constituents spend a considerable part
of the time outside of the characteristic range of the binding
force between them. On the other hand, it is well known from
large momentum transfer reactions on the deuteron, e.g. elas-
tic electron scattering, that its wave function also has a hard
component. It has therefore been speculated that also non-
nucleonic components such as a compact six-quark config-
uration could be present. As a sub-component the six con-
stituent quarks could also arrange in a AA configuration that
could be visible in large momentum transfer reactions.

Proposed experiment for PANDA: The only experimen-
tal upper limit on the strength of the AA content in the
deuteron we are aware of, has been set by the study of neu-
trino induced reactions [1] to be 0.2% for a ATTA~ com-
ponent. More recently, high-energy photo-induced deuteron
break-up into two A isobars was discussed [2, 3] related to
possible experimental studies at JLab. Complementary stud-
ies also delivering a clear AA signature are possible by us-
ing high-energy annihilation reactions of antiprotons on a
deuteron target. With the momentum range of the p beam at
the HESR up to 15 GeV/c and its large acceptance for both
low-energy and high-energy particles, PANDA is the ideal
tool for this study. Specifically, we propose to use the reac-
tion pd — (pnt) (r~7~) that would be sensitive to a ATTA~
configuration and deliver a characteristic signature for it (see
Fig. 1). The final p3m state would consist of a T~ ™ pair re-
sulting from pA~ “annihilation” with large longitudinal mo-
mentum approximately given by the incident antiproton pro-
jectile, and of a slow pmt™ pair with invariant mass given by
the AT spectator. In order to obtain a large longitudinal mo-
mentum gap between the pn* pair and the T~ pair, the p
beam momentum should be ~ 8 GeV/c or higher. In addition
to final states with a T~ @~ pair also those with additional
annihilation pions such as T~ 7’ and 1w~ wtw~ can be
considered, however for the time being feasibility studies fo-
cus on the subprocess pA~™ = T .

Fig. 1: Reaction proposed for PANDA to study the AA con-
tent in the deuteron.

Ingredients for Monte-Carlo Simulation: Since for the
simulation of the PANDA detector response the PandaRoot
software package is being used, it is convenient to implement
the Monte-Carlo generation of the signal events in the exist-
ing event generator EvtGen [4] which is commonly used to

generate signal events in jpp collisions at PANDA. As a first
step, the deuteron is assumed to consist of an on-shell spec-
tator AT and an off-shell A~ struck by the incident antipro-
ton, that is EvtGen starts from a pd system decaying into
an on-shell AT and a pA~ system, using the decay model
EvtDeuteronDeltaDelta developed for this purpose.
As ingredients, this decay model uses the internal A momen-
tum distribution in the deuteron and the /s dependence of
the sub-process pA~ — nt~ . The ¢ dependence of this sub-
process is taken into account in the next step. The A mo-
mentum distribution is assumed to be isotropic and its radial
part dP (pa) /dpa parametrized as a scaled Hulthén distribu-
tion close to results obtained in a theoretical study [5], as
shown in Fig. 2. It peaks at ~ 0.6 GeV/c, roughly a factor
10 higher than the standard nucleon momentum distribution.
The momentum vector selected randomly according to this
distribution together with the A mass according to its spectral
distribution define the At 4-momentum vector in the labo-
ratory frame which is identical to the deuteron rest frame.
The 4-momentum vector of the pA™ system is thus fully de-
termined as well.
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Fig. 2: Parametrized A momentum distribution as imple-
mented. The marked positions correspond to values
calculated in Ref. [5].

The spectator AT is assumed to decay isotropically in its
rest frame to a pm™ pair. Both the /s dependence and
the ¢ dependence of the sub-process pA™ — "7~ are un-
known. In order to implement these dependencies in a rea-
sonable way, they are adapted to Fermilab E760 data on
pp — 110 in the /s range between ~ 2.9 GeV and ~
3.7 GeV [6], which is the most directly related experimental
information. The data set consists of differential cross sec-
tions do/d(cosOcm) within a cos 6.y, range from zero up to
a maximum value between 0.5 and 0.6 for 22 values of +/s.
A forward-backward symmetric two-parameter distribution
do/dz = A (eP? +e7P?) was adapted to the measured angu-
lar distributions, with z = cos0.m, A a normalization factor,
and B = 2p;p3 - o where pj, p3 are the center-of-mass mo-
menta in the initial and the final state, and

In (a-GeV?) = 0.73535/GeV?* — 6.276+/5/GeV + 12.88.



Based on both shape and absolute value of the measured
differential cross sections, for the total cross section the
/s dependence (A~ — T n) o< 57 was used for
\/s > 2M,. Due to the /s dependent shape of the angu-
lar distribution, the found dependence is less steep than

49 __ (c08Bcm = 0) o< 572 observed by E760. In the far

dcosOcm
off-shell region the cross section was set to zero for /s < M,,,

while it was assumed to be constant for M, < /s < 2M,,.
To avoid discontinuities, the transition between the different
regions was smoothened. The +/s dependence is taken into
account in the decay model EvtDeuteronDeltaDelta
by accepting or rejecting the selected AT 4-momentum ac-
cording to the cross section calculated in this way for the
corresponding mass of the pA~ system. The decay pA~ —
n-n~ with its t dependence is modelled in the decay model
EvtPbarDeltal2PiPi, where 0.y, is evaluated relative to
the p momentum direction in the pA~ rest frame. In this
frame the T~ emission is strongly forward-backward peaked.

Resulting pntn~ 7~ final state: Using an antiproton beam
momentum of 8.0 GeV/e, 10° signal events were created
for the signal channel as described above. The final state
of pn™ ™7~ can also be populated in background reactions,
with the quasifree sub-process pn — T~ together with
a spectator proton, being expected to be the dominant con-
tribution. This process has been modelled both by using the
event generator EvtGen with the corresponding decay model
EvtDeuteronSpectator and by using the event gener-
ator FTF based on the FRITIOF quark-gluon string model,
with results consistent to each other. With the latter genera-
tor 2.5 - 10° events were produced.

The distributions of kinematic variables in signal and back-
ground samples exhibit very distinct features. In the signal
event sample, the mass distribution of the pr™ pair reflects
the spectral function of the free A isobar. Its longitudinal mo-
mentum in the laboratory frame is shifted towards negative
(backward) values and peaks at ~ — 0.4 GeV/c. This shift is
due to the /s dependence of the sub-process pA~ — T~ 1~
which enhances low invariant pA™ masses and thus A~ with
positive (forward) longitudinal momenta. The T~ 7t~ system
has a mass distribution ranging from ~ 1 GeV to ~ 2.5 GeV
and peaks at ~ 1.5 GeV. Its longitudinal momentum peaks at
~ 8.4 GeV/c, as required by the constraint given by the initial
beam momentum of 8.0 GeV/c. Thus for the signal events,
the distribution of p, (T~7~) — p, (pn™) is narrow and peaks
close to 9 GeV/c. In contrast, the background events have
a wide p, (") — p,(pmt) distribution increasing almost
linearly from ~ —8 GeV/c to ~ + 8 GeV/c. On the other
hand, for the three-pion system mass and momentum distri-
butions in the signal sample are wide, whereas in the back-
ground sample they are narrow as expected from an antipro-
ton with given beam momentumn hitting a slow almost on-
shell neutron. A complete suppression of background in the
correlation of only two kinematic variables is not possible,
however a particularly good separation has been found by
comparing the distributions of the pnt~n~ squared missing
mass (which is equivalent to the squared off-shell A~ mass
in case of the signal) versus the p" invariant mass for sig-
nal and background, as shown in Fig. 3. By using appro-
priate cuts on the kinematic variables, zero events survive
out of 250000 background events, while the number of sig-
nal events is reduced only by a factor 0.976. This corre-
sponds to a lower bound for the detection limit of the ATTA~

. . L —
component in the deuteron given by fa++a- - 6"A¢ ~
pn—ntn

0.4-1073, with fy++,- being the A*TA~ content.
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Fig. 3: Squared pm~ 7~ missing mass versus pnt invariant
mass for signal events (upper panel) and quasifree
background events (lower panel).

Outlook: The results obtained on the level of Monte
Carlo generated events are promising. However, so far the
background due to rescattering on the spectator nucleon of
one or more of the pions created in pN annihilation has not
yet been taken into account. These rescattering processes are
expected to be less abundant than the quasi-free three-pion
annihilation, however they might have a larger overlap in the
kinematic variables with the signal events. It is planned to
implement these processes into the Monte Carlo generation
of background as well, either in FTF or in a separate
generator. A full simulation study of the detector response
has been started, and the analysis is in progress. The results
of this study will be shown in the following report.
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Parallel Algorithms for Online Trackfinding at PANDA

Ludovico Bianchi

Online Tracking on GPUs at PANDA The PANDA!!|ex-
periment, one of the four scientific pillars of the FAIR?| fa-
cility currently under construction in Darmstadt, is a next-
generation particle detector that will study collisions of an-
tiprotons with beam momenta of 1.5-15 GeV/c on a fixed
target. Because of the broad physics scope and the similar
signature of signal and background events in the energy re-
gion of interest, PANDA’s strategy for data acquisition is to
continuously record data from the whole detector and use
this global information to perform online event reconstruc-
tion and filtering. A real-time rejection factor of up to 1000
must be achieved to match the incoming data rate for offline
storage, making all components of the data processing sys-
tem computationally very challenging. Online particle track
identification and reconstruction is an essential step, since
track information is used as input in all following phases.
Online tracking algorithms must ensure a delicate balance
between high tracking efficiency and quality, and minimal
computational footprint. To fulfill these requirements, a mas-
sively parallel solution exploiting multiple Graphic Process-
ing Units (GPUs) is under investigation [2]. The activity
of our group is focused on developing algorithms using
PANDA’s barrel tracking subsystems, the MV and the
STTE], and their implementations for CPU and GPU using
C++, CUDA and OpenACC.

Circle Hough Algorithm The Circle Hough (CH) algo-
rithm is a novel method developed by our group][ll} 2]. It is
based on the Hough Transform, an image processing algo-
rithm used to find instances of a given shape within an image.
The main idea behind the CH is, for each hit, to generate all
possible primary tracks (Hough circles) compatible with the
hit. The resulting hit parameters are collected in an accumu-
lator array (AA), representing the Hough space. Peak values
in the AA correspond to real tracks. The main advantages
of the CH is its good trackfinding efficiency even for low-
momentum tracks, and the possibility of operating in parallel
on single hits. This aspect is particularly important for the
application on GPUs, as exposing additional layers of par-
allelism contributes to exploiting the full capabilities of the
GPU programming paradigm.

Locus Circle Hough The AA is a crucial component of
the algorithm. In addition to the requirement of high com-
puting performance, once the candidate track is found, the
algorithm must be able to associate to it all hits used to per-
form the hit finding. For this reason, in the current version
of the algorithm, the AA filling phase must be supplemented
with additional steps to ensure that only one hit is registered
in each cell, and that any empty cells, if present, are also
filled. The impact of these additional steps on the algorithm
performance is not significant on the CPU, but becomes criti-
cally important on the GPU, where dependency between data
points and branches in the execution are greatly detrimental

! Anti-Proton Annihilation at Darmstadt
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3Micro-Vertex Detector

4Straw Tube Tracker

to performance.

An alternative approach was introduced to bypass these lim-
itations. The main idea behind te hLocus Circle Hough algo-
rithm is that the geomentric locus of the Hough Circle cen-
ters can be found analytically. The locus is a straight line for
point-like hits, such as the ones coming from the MVD, or
two branches of a hyperbola for extended hits, like the hits
produced in the STT. Instead of the parametric equation of
the hyperbola, a pair of rational degree-2 Bézier curves are
used, allowing to represent the hyperbola with arbitrary pre-
cision, and less computation, directly from the hit parame-
ters, eliminating the need for direct calculation of the Hough
circles. All these operations can be performed in parallel on
all hits. A minimal software framework, written in Python
with no dependencies from the complex PandaRoot frame-
work, has been developed to assist quick development and
programmatically create figures. Currently, two different op-
tions are being investigated. In the first, the cells of the AA
are filled by rasterizing the Bézier curves. Rasterization is
a common computing task, and it’s particularly well-suited
to Bézier curves and parallel implementations. Once the AA
is constructed in this way, a peakfinding procedure is per-
formed. The nature of the rasterization procedure automati-
cally ensures that the AA is filled properly, without the need
for additional processing. In addition, the peak structures in
the AA contributes to making the peakfinding phase easier.
A second possibility is to find the accumulation points by
analytically computing the intersection of the locus curves.
Selection criteria must be used to reduce the O(n*) complex-
ity of the naive solution.

Outlook Activity on the Locus Circle Hough algorithm is
ongoing. The problem is interesting from a computational
point of view, and many different possibilities for the ras-
terization, peakfinding, and analytical intersection phases
are being explored. The current preliminary versions of the
algorithm implementation will be replaced by optimized,
performance-oriented versions. Systematic testing of the al-
gorithm, both of the computing and the physics performance,
will be performed. The adoption and development of soft-
ware tools to ensure reproducibility of the results and ease
of use is considered an important requirement of the testing
mechanism.
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Fig. 1: (Top) Hough circles and geometric locus of their cen-
ters, parametrized as a pair of Bézier curve, for a sin-
gle hit. For each value of the track momentum, up
to four distinct candidate tracks are compatible with
a set of hit parameters (position, radius). Sizes are
exaggerated for clarity. (Bottom) The intersection of
Bézier curves for three hits corresponds to the center
of the reconstructed track, without explicit calculation
of individual Hough circles.



A test system for the electronic components of the PANDA Micro Vertex Detector

Alessandra Lai

Introduction The ’anti-proton annihilation at Darmstadt’
(PANDA) experiment is one of the main devices at the
upcoming Facility for Antiproton and Ion Research (FAIR),
which is under construction in Darmstadt, Germany. This
fixed target experiment will study the transition region be-
tween perturbative and non-perturbative QCD in the energy
regime of the charmonium. The innermost sub-detector
system of the target spectrometer of the PANDA experiment
is the Micro Vertex Detector (MVD). It consists of four
barrel layers in the central part and six disk layers in the
forward direction. Two types of silicon detectors will be
used: pixel detectors at the inner part and double-sided strip
detectors at the outer part. Two different front-end chips are
required for the MVD: the Torino Pixel ASIC (ToPix) and
the PANDA Strip ASIC (PASTA). The ToPix ASIC is a chip
developed for the readout of silicon pixel detectors. The final
version of a single chip reads out more than 10,000 pixels
with pixel dimensions of 100 ym x 100 ym. In addition
to the spatial information, the deposited energy in a pixel
and the time when the pixel was hit are measured with a
precision better than 10 ns [1]. The PASTA chip is designed
to read out silicon strip sensors. Like the ToPix ASIC, it
measures the position, the deposited energy and the time of
a hit. Both are designed to transmit data at a rate of several
hundred Megabits per second and are capable of handling
the expected hit rate in hot spots of the detector. One key
component in the development of new front-end electronics
is a test system that is capable to handle these high rates. It
should be flexible enough to test different kinds of front-end
electronics and it should be easy to adapt to new prototypes.
Therefore, an FPGA-based (field programmable gate array)
system is the ideal candidate. For this test system suitable
firmware and a software framework are needed. Such a
system is under development at the Forschungszentrum
Jilich.

The Jiilich digital readout system The main components
of the Jiilich digital readout system (JDRS) are an evaluation
board from Xilinx (ML605), hosting a Virtex-6 FPGA and a
custom made readout board that hosts the device under test
(DUT), i.e. the chip. A network link allows the connection
from the evaluation board to a PC. The logic scheme for the
FPGA, called firmware, is written in VHDL (Very high speed
integrated circuit-Hardware Description Language). Its main
duties are to handle the comunication of the DUT with the
PC, to generate the clock signals and to handle the data con-
version. Different internal modules are responsible for each
of these tasks. A software called MVD Readout Framework
(MRF) [2] , based on C++ has been developed with the idea
of maximum modularity in mind. It is a library that collects
functions that allow access to the elements of the readout
chain. It is structured in four abstraction layers, that isolate
low level function from higher level ones. The first is the
physical layer and it is responsible for the connection be-
tween the readout board and the PC. In the past it was an op-
tical link but at present it uses an ethernet connection. The
second is the generic access layer (GAL), responsible for
data transfer and formatting (e.g. open a connection, send and
receive data packages,...). Then comes the transport access

layer (TAL) providing board specific functions (e.g. clock
generation, flush of data buffers,...) and latest the chip access
layer (CAL) for DUT specific functions such as configura-
tion and readout.

readout board evaluation board B
ML605
ASIC: ToPix - PASTA  FPGA: Virtex-6 Software: C++
Firmware: VHDL MRF library
Qt GUI

R A B A

Hannniy S e S e

Fig. 1: Main components of the readout chain for the
PANDA MVD ASICs [3]

To facilitate the access to the readout elements, a Qt-based
graphical user interface (GUI) has been developed. Qt is
an open source framework based on C++ which is widely
used for the development of applications that require GUISs,
as well as command-line tools. Among many features, it
offers support for event handling exploting the signals and
slots mechanism, allows parallel programming via threads
creations and provides a graphical designer for layout
operations.

Latest developments The latest developments on the JDRS
have their focus on the GUI, which was originally designed
for beam test measurements to provide essential function-
alities. In fact, at present, the aim is to perform laboratory
measurements to fully characterize both the MVD ASICs,
ToPix and PASTA, and for that purpose several modifica-
tions are required (e.g the data handling can be simplified
with respect to the case of in-beam measurements). This
new aim has been taken as an opportunity to work on the
mantainability and reusability of the code. A refactoring
process that involves the structure of the GUI itself has been
carried out, strongly exploiting the features that Qt offers.
The basic idea is to make the existing framework modular



by separating the functionalities in indipendent projects,
which are all sub-parts of a main container. In this way
each part can be checked, extended and mantained with
minimum effort. Despite the modularity, communication
among projects is necessary (i.e. an event that occurs in one
part of the GUI might trigger an instructin in another distinct
part). At this point the signals and slot mechanism comes
in handy, for it allows to connect functionalities belonging
to different sub-projects and distribute global information.
This approach is adopted not only at the code level, but also
in the layout of the GUI itself, grouping logical interaction
possibilities together. The advantage of such an approach is
double; in fact both the developer and the user are helped in
the process of interacting with a complex system.

At the moment, a prototype of the ToPix chip is available.
Therefore the present version of the JDRS is adapted to the
ToPix structure. Nevertheless, the newly gained modularity
of both the firmware and the software guarantees its reusabil-
ity as interface for the PASTA chip, or another front-end chip.

Outlook As already mentioned, the goal for the next future
is the full qualification of the front-end chips designed for the
MVD. Therefore a section of the GUI dedicated to laboratory
measurements for performance studies is under development
and will be completed in the next months.
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Measurement of the spatial and energy-loss resolution with a prototype Straw Tube Tracker (STT) for the PANDA
experiment

A.Apostolou

The Straw Tube Tracker will be one of the tracking sub-
detectors of the PANDA experiment. The task of the STT
will be the simultaneous measurement of the drift time for
the spatial resolution and the deposited charge for the specific
energy-loss information. Both of the measurements have to
be of high resolution and suitable for the PANDA environ-
ment. The development of a new custom-designed electronic
readout system for the STT is required. One concept is based
on an Application Specific Integrated Circuit (ASIC), which
measures the pulse start time and the width of a straw sig-
nal (Time-over-Threshold (ToT)). Both time information are
readout by a digitized Time-Readout-Board (TRB) [1].

In May 2015 the first pre-series test was carried out in the
Big Karl beam area at COSY. A proton beam with two dif-
ferent momenta was used (0.6GeV/c and 2.95GeV /c). The
straw prototype setup used for the measurements (Figure 1)
consisted of 96 channels (3 separate double layer modules of
16 channels per layer). Several data runs were taken for each
momentum and for a wide range of operational settings (am-
plification factor, peaking time, high voltage, signal thresh-
old).

Fig. 1: The straw prototype setup in the Big Karl beam area.
The beam is coming from the left.

Figure 2 shows an example of the measured straw drift times
and ToT times for the 2.95GeV /c proton beam, after a cal-
ibration method of both times for each channel. The max-
imum drift times are about 160 ns, and the ToT distribution
clearly shows a rise towards shorter drift times. A small beam
related background is present at drift times greater than 160
ns and smaller than 10 ns.

The next step in the analysis is the calibration of the drift
time-isochrone relation and the reconstruction of the tracks
to determine the spatial resolution. The ToT information to-
gether with the track reconstruction will determine the spe-
cific energy-loss for the protons at different momenta. In gen-
eral, the truncated mean method is applied to the ToT/dx val-
ues in order to obtain the specific energy-loss resolution and
the separation power for the different momenta.

4000

3000

HHJIIII'I\H TTTT TTTT[TITTTTTT[TTITT]TT

o

200 250
Drift time (ns)

5 400

P
2 350

ST T[T T[T TT T[T T[T

200 250
Drift time (ns)

Fig. 2: Upper: Drift time spectrum of selected straws for the
2.95GeV /c proton beam.The maximum drift times
observed are about 160 ns.

Lower: Time-over-Threshold versus drift time of se-
lected straws for the 2.95GeV /c proton beam.

For the setup we used for our measurements, this was not
possible, since we have only 6 hits per track, and thus, the
truncated mean method was not possible to be applied. In
figure 3, the residuals plot is being shown, with the obtained
spatial resolution taken as the sigma of the distribution to be
of the order of 160 um. As next step, a larger setup with more
channels (144 in total) will be tested with a proton beam us-
ing four different momenta where both the specific energy-
loss resolution and the separation power will be calculated.
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Fig. 3: Residuals calculated from the distance between the re-
constructed track and the isochrones. The spatial res-
olution obtained is of the order of 160 ym.
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X, Y, Z rates at PANDA.
E. Prencipe

In the past decade many new, narrow states have been observed in the charmonium
and bottomonium mass regions, which do not fit into a spectroscopical scheme as predicted
by a static quark-antiquark potential model [1]. Their nature is still unclear.

The transition Y (4260) — Z(3900)” 7" has been seen by BES III [2]; the transition
Y (4260) — X (3872)7 has also been seen [3|. But no experiment until now looked for the
transition X — Z, or vice versa. Some Z states are observed decaying to DD* or D*D*.
The mass values of the Z.(3885), the Z.(3900), and the Z.(4020), published by BESIII,
are close to the DD* and D*D* thresholds, respectively. Assuming that the Z states
contain S-wave DD* and D*D* components, the spin parity JFof the Z.(3885) and the
Z.(3900) would be JF= 17, and the spin parity of the Z.(4020) is expected to be JF=0*,
1%, or 2. The former is confirmed by BESIII experimental data. One can expect also
similar S-wave resonances in the DD system, with J*= 0% (C=41 for the neutral state),
and mass values about 3730 MeV /c?, which are not observed yet.

In this context, the contribution of a pp machine has to be considered as essential,
because it can either confirm the above BES III measurements, and look for the non-
observed 0% Z states at the DD threshold, as pp annihilation is a gluon rich process with
direct access to various quantum numbers in production processes.

One of the most striking advantages of the PANDA experiment is the opportunity
to search for direct production of exotic resonant states with various quantum numbers,
including charged ones in pd collisions. In e*e™ experiments only neutral JF¢ = 17—
resonances can be directly produced, and production of exotic charmed states through
other mechanisms is suppressed.

Using the detailed balance method, we can evaluate the cross section as:

(27 +1)-4x BR(R — pp) - BR(R = f) - T%
s —4m2 4(v/s —mp)? +T%

olpp = R]- BR(R — f) = (1)

where f is the final state of the decay channel, I" is the total width of a resonance R,
and /s the center of mass energy. For example, in order to evaluate the cross section of
the process pp — X (3872), we make use of the Eq. (1). When the BR(R — pp) indeed
is not known, then we use the scaling method, for instance to evaluate pp — Y (4260), as
from a known PDG [4] upper limit, Eq. 1 would lead to unrealitic high estimates for the
Y (4260) case. So, at first we use the ansatz that partial width is identical for states Ry,
R, of the same quantum number.

Ftotal <R2>

BR(R, — pp) = BR(Ry — pp) - oot (1)

(2)

This method assumes that the partial widths I'(R — pp) of all charmonium states are
identical, where R refers to the state. Although we might have indication that the Y (4260)
is not a charmonium state, no model exists to evaluate the cross section for exotic states.
In absence of any explanation of the Y (4260) nature, thus we perform our calculation



Table 1: Summary of the expected X, Y, and Z production rates per day in PANDA,
assuming different operation modes (e.g. different rates £/day). The calculation is per-
formed by multiplying luminosity and cross sections. The cross section upper limits are
used in these calculations, and in parenthesis the corresponding lower limit is reported.
For the X (3872), only an upper limit was evaluated in this short report, and thus we omit
a second number.

Resonance L = 8.64 pb~'/day L= 0.864 pb~'/day L= 0.432 pb~'/day

X (3872) 432000 43200 21600
Y (4260) 19000 (665) 1900 (67) 950 (7)
Z(3900)+ 4050 (140) 405 (14) 202 (7)

under the naive assumption that it is a charmonium state. In such a case, the ¥ (3770) is
assumed to be the reference state. To estimate lower and upper limit we use the partial
width T'..(Y(4260)) and Ty from PDG [4], respectively, and BR(1(3770) — pp) from
Ref. [5]. Results are summarized in Tab. 1.

The number of expected Z.(3900) events in PANDA can be indeed estimated from
Refs. [2], [6], and [7]: in the decay ete™ — J/¢ymTn~ the BESIII experiment observed
the Z.(3900) [2], using the full dataset collected near the Y (4260) energy. The observed
Z.(3900) yield is 307, and the ratio: R = 0(6%7;ii(f_gio‘);g;:ﬂ;pﬁf) = 21.5%. Estimates
are reported in Tab. 1.

Observations of X, Y and Z transitions are very important for understanding the
spectroscopical pattern, and possibly conclude similarities in the nature of these states.
Two recent BESIII publications connect the X (3872) to the Y (4260) [3], and the Y (4260)
to the Z.(3900) [2]. However, up to now, no experimental measurement connects the
X (3872) to the Z structures. Thus, PANDA would be unique to search for X — Zx
transitions involving yet unobserved neutral and charged Z(3730) states in the processes:

e pp — Z(3730)°7° | Z(3730)° — J/vy, with J/1) — leptons and 7° — yv;

o pp — Z(3730)°7° , Z(3730)° — xan®, with 7° — vy, X — J/¥y and J/¢ —
leptons;

o pp — Z(3730)FnT | Z(3730)F — xamT, with e — J/1y and J/¢ — leptons.

We also note, that the Z.(3900) and the Z.(4020) have not been observed in B decays,
yet. Thus, we expect high discovery potential for PANDA.
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genfit2: a general tracking fitting tool.
E. Prencipe

genfit2 is a track-fitting tool, providing the Kalman filter equations and the track
representation. It was developed for high energy physics experiments, and it can run a
test demonstration by producing a default geometry and a constant magnetic field [1].
Indeed, gen fit2 is suited to run as input any kind of geometry file, and it is independent
on the specific magnetic field map. This tool represents an extension of the previous
genfit package, developed inside the PandaRoot framework in 2007 [2]. Then, a more
modern development of the tool has been implemented and extended.

In general, gen fit2 can handle as input whatever detector geometry, as it is furnished
of flexible classes; it accepts as input track candidates, which implementation is new in
genfit2, and builds interfaces between tracks, hits, and alignment information. It pro-
cesses an extrapolation code and fitting algorithms, and can handle flexible convergence
criteria, which are mostly user-ajustable. It creates root files as output, where information
about fitted tracks are stored. An interface between Millepede II (for alignment purposes)
and RAVE (the vertex finder) is available, now. gen fit2 also provides a performant event-
Display.

The design of genfit2 is based on three pillars: measurements, track representations,
and fitting algorithms. The main improvements compared to the old gen fit is due to a new
implementation of the Runge-Kutta representation. It handles informations such as track
parameterization, through 3 different sets of coordinates; energy loss, bremmstrahlung,
particle hypothesis are also information available. Four different fitting algorithms are
available in gen fit2: a standard Kalman fitter. e.g. a linear estimator that linearizes the
transport. It works in both directions, forward and backward. When linearizing arorund
the prediction, indeed problems can occur, due to the fact that the state prediction can
be far off the actual trajectory. As consequence, the linearization does not make sense.
gen fit2 proposes a solution: it makes use of the reference track. The estimated track
parameters are estimated from pattern recognition or the previous fit as exansion point
for linear approximation. Then, gen fit2 proposes to linearize around the reference track
instead of the state prediction, in these cases. This is the new “reference Kalman fitter”
available in gen fit2.

After the user (or genfit2) chooses which Kalman fitter has to run, a robust track
fitter can run: the DAF (deterministic annealing filter). It produces assigned probabilities
to measurements (so called weights). It is useful to reject outliers or resolve the left /right
ambiguities. Actually gen fit2 implements a novel technique to assign weights and solve
the left /right ambguities, that is totally new in this track fitting tool.

The generalized broken line fitter (GBL) is indeed useful for Millepede II.

To quantify the performance of genfit2 vs genfit, the plots of Fig. 1 and 2 are
provided.
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Figure 1: The left plot represents the invariant mass of (ev,), in the chain pp — D} Dy,
with D; — KTK 7~ and D} — nu.e™, and it is obtained using a standard Panda-
Root release tracking tool; the right plots represents the same distribution, but using the
gen fit2 Runge-Kutta track representation, indeed: it is proven that the reconstruction
efficiency of electrons improves, and the reconstructed distribution (yellow area) matches

better with true values (red line).
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Figure 2: Efficiency vs transverse momentum, for pions generated using the Box MC
Generator, at a fixed polar angle equal to 60°. The left plot shows the gen fit2 improved
performance for low momentum tracks, compared to the standard PandaRoot release tool,
especially for pr <350 MeV /c. The left plot is produced in the PandaRoot trunk revision

28747; the plot at right shows the performance of an old PandaRoot release, using the
old version of genfit [3].
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Search for polarization effects in the antiproton production process

D. Grzonka for the P349 collaboration

The availability of a polarized antiproton beam includes a
large potential for interesting experiments in various fields.
Several possibilities for the preparation of a well defined po-
larized antiproton beam have been proposed and are still un-
der discussion, see e.g. [1], [2], [3]. The most simple one is
the production process itself if the antiproton production pro-
cess creates some polarization.

In order to study a possible polarization of produced antipro-
tons an experiment has been performed at the CERN PS test
beam area [4]. The PS test beam lines at CERN are feed
by reaction products of the 24 GeV/c proton beam of the
CERNY/PS accelerator hitting a production target. For the ex-
periment the T11 beam line was chosen which accepts parti-
cles at a production angle of about 150 mrad which is suf-
ficiently large to include not only s-wave production. The
beam line was adjusted to a momentum of 3.5 GeV/c for neg-
atively charged particles which corresponds to the antiproton
momentum used at the CERN AD and foreseen at the future
FAIR facility for the preparation of antiproton beams. The
expected particle composition is dominated by pions with a
ration of 1:5:100 for p: K~ :m™.

For the measurement of the polarization of produced antipro-
tons the elastic antiproton-proton scattering is analyzed in
the Coulomb-nuclear interference (CNI) region. The analyz-
ing power in the CNI region, which corresponds to a scat-
tering angle around 20 mrad, is rather small, in the order of
0.45 %, but its well known which is a prerequisite to deter-
mine the polarization from the scattering asymmetry. In the
experiment about 5 - 10° particles/spill were delivered with a
spill length of about 400 ms. The detector arrangement for
the measurement is shown in Fig. 1.

Drift- Start-
chamber scintillator
e

Scintillator-
paddles

I
20 mrad

hodoscope

% N scattered antiproton
v e

bl
ing, trigger T \
D \ BN arift chambers Py
A\ p determination of
1 St (>
\ 5

Fig. 1: The detector arrangement at the T11 beam line. A
schematic sketch is shown in the upper part and be-
low is a photo of the setup.

In order to determine the polarization of elastic p — p scat-
tering the particle id and its scattering angle has to be deter-
mined. The beam particles first pass through a start scintilla-
tor used for trigger signal generation and a scintillating fiber
hodoscope to adjust the beam. The primary particle track is

measured with a first drift chamber before it enters the lig-
uid hydrogen target with a length of 15 cm and a diameter
of about 7 cm. The scattered particles pass through a pack-
age of two drift chambers to measure the scattering angle, an
aerogel Cherenkov detector, a DIRC and finally a scintillator
hodoscope as stop detector for a time of flight measurement.
The aerogel Cherenkov detector with n ~ 1.03 gives a sig-
nal for a pion but no signal for a p with 3.5 GeV/c momen-
tum and is used for the online discrimination of the large
pion background. The DIRC includes Plexiglas and gives
Cherenkov light for all particles and is used for offline par-
ticle identification by the Cherenkov angle. A trigger signal
is generated for a coincidence of start and stop scintillator
vetoed by a Cherenkov signal. The selection of a scattering
event is based on a single track in each drift chamber with a
reconstructed reaction vertex in the target area.

Two beam times have been approved by the CERN SPSC,
one measurement was done end of 2014 and a second mea-
surement in summer 2015. All individual detectors worked
well. The Cherenkov detector veto reduced the trigger rate
by a factor of 10-15 which allowed an acquisition of the data
with a low dead time and rates of about 20 000 events/s. With
the DIRC a clear separation of p and ™ is achieved as shown
in Fig. 2 for the 2015 data.

The data are presently under evaluation with focus on the
track reconstruction procedure. The analysis needs a care-
ful calibration of the distance to drift time relation and good
background rejection procedure before scattering events can
be selected.

y / mm

320 340 360 380 400 420 440 460
X / mm

Cherenkov arc maxima

Fig. 2: Cherenkov arcs maxima reconstructed from the mea-
sured photon distribution of individual events. An-
tiprotons are located at a lower y-value which is pro-
portional to the Cherenkov angle.
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Commission of a Magnetostatic Beam Position Monitor

F. Hinder®?, H. Soltner¢ and F. Trinkel®? for the JEDI collaboration

For the planned measurement of Electric Dipole Moments
(EDMs) of charged hadrons, like the proton or deuteron, a
new RF-Wien Filter will be installed at the COoler SYn-
chrotron (COSY). To control the beam position to the mag-
netic and electric center of the Wien Filter two new Beam
Position Monitors (BPMs), using so called Rogowski coils,
will be installed downstream and upstream of the Wien Fil-
ter [1]. These BPMs measure the magnetic field induced by
the particle beam flux. The beam position is calculated out of
this measured magnetic field. In November and December of
2015 first test measurements with a deuteron particle beam
were performed. The first results of these measurements are
presented.

Each BPM consists of a torus which is wound by one layer of
a 150 um copper wire. The radius of the torus is R = 40 mm.
The radius of the tube amounts to a = Smm. The winding
is divided in four segments. Each covers an azimuth angle
range of 90°, starting at 0°. The number of windings for each
segment is 255. A sketch of such a Rogowski coil is shown
in Fig. 1.

Fig. 1: Sketch of a Rogowski Coil, which detects the horizon-
tal and vertical beam position. The radius of the torus
is R = 40mm and the radius of the tube amounts to
a=>5mm.

The position can be calculated by combining the induced
voltages (U):

_ TWR?2 —a? U+ U, — (Us+Us)

X 1
2 U +U,+Uz+Uy M)
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The combinations of the induced voltages for the x- and y-
plane are illustrated in Fig. 2.
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[
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Fig. 2: Position determination: Voltage combination for the
x- (left Fig.) and y-direction (right Fig.).

For the test of the functional principle, two of such BPMs
were installed inside the PAX chamber at COSY. One at a x-
y table, the second one fixed. Figure 3 displays the arrange-
ment of the experimental setup. This setup enables a calibra-
tion of the first BPM relative to the x-y table. The second
BPM can be calibrated against the movable one. All needed
measurements are done with the particle beam and not with a
laboratory setup, where a live wire is used. The calibration of
the fixed BPM is done by moving the particle beam with local
orbit bumps at the position, where both BPMs are installed.
Figure 4 shows the readout scheme for one Rogowski coil.
Each segment of the Rogowski coil is connected to a Lock-
In amplifier after pre amplification. Two Lock-In amplifiers
measure the induced voltage at the revolution frequency. The
COSY REF signal is used to lock the two Lock-In Amplifiers
to the beam revolution frequency of COSY. An other Lock-
In amplifier converts the COSY RF signal into a TTL pulse
as lock frequency. The measured voltages are sent for data
acquisition to a local computer. The experimental method
and first, preliminary, results of these measurements are dis-
cussed in the following.

Fig. 3: Sketch of the Rogwoski Coil arrangement. The fixed
Rogowski Coil is shown in the front. The second coil
is installed on a Piezo-table, which allows to move the
BPM to different positions.
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Fig. 4: Readout scheme for one Rogowski coil.



The measurements were performed with a bunched deuteron
beam with 10° particles per fill. The momentum was
970MeV /c. The corresponding revolution frequency is
750kHz. The beam was injected, bunched, accelerated and
electron cooled for 15s. After switching off the e-cooler, a
local horizontal and vertical orbit bump, using four steerer
magnets, was performed. A schematic sketch of the beam
preparation for one cycle in the horizontal and vertical plane
is illustrated in Fig. 5. The beam was injected and stays at the
initial orbit for 60 s. Next the orbit bumps in horizontal and
vertical direction were performed. The bumps were active
for 30 seconds. After the bumps were deactivated, the beam
moved to the incoming position. The variation of the hori-
zontal orbit bump was adjusted from —2 % to 2% in 0.1 %
steps and for the vertical orbit bump fixed to the value 1 %.
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Fig. 5: Timing of the applied orbit bumps.

The measured beam position before and after the bump is
described by two straight line fits gl and g2., for each
plane. These fits take into account the drift of the particle
beam position over the cycle length. To the measured posi-
tion of the beam during the bump time, a liner function with
the same slope as the one used to describe the drift, is fitted
(Eq. 3). The difference in the offset of both functions ply,
and p2, , is the beam movement induced by the local orbit
bump (Eq. 4). This measurement was done for 20 different
bump strengths. The bump strength is specified in % of the
maximum current of the magnet. The magnet strength is cal-
culated by using the COSY mad8 model. In this calculation
1 mm beam movement corresponds to 1 % in the COSY con-
trol interface. The described procedure is exemplary shown
in Fig. 6 for the horizontal beam position, where g1 is the
linear fit for the initial orbit and g2 is the position after the
bumps are applied. This procedure is performed for all dif-

ferent horizontal steerer settings.

gli(t) = pox-t+pix, 205 <t < 65s5,170s <t < 210s
82:(t) = pox-t+ payx, 955 <t < 135s 3)
gly(t) = poy-t+p1y, 20s <t <65s5,170s <t < 210s
82y(t) = poy-t+pay, 955 <t < 135s

Ax=prx—pix and Ay=pry—piy “4)
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Fig. 6: Exemplary analyse procedure for position determi-
nation. The definition of the straight line fits and the
range of the fits are shown in eq. 3.

The results of this measurement for both coils are shown in
the Fig. 7 and 8 for the horizontal beam displacement and 9
and 10 for the vertical displacement. In the Fig. 7 and 8 the
adjusted steerer strength is displayed against the measured
horizontal displacement Ax for each coil. The measurement
with both coils shows the expected linear behaviour for vary-
ing the horizontal steerer strength. The results confirm also
the assumption that 1 mm beam movement corresponds to
1%. In figure 9 and 10 the run number is plotted against the
measured vertical displacement Ay for the two coils. The run
numbers displays the progress over time. It is expected that
the vertical displacement stays constant in both coils by vary-
ing the horizontal steerer strength. Only the measured dis-
placement Ay shows that the beam does not stay constant in
the vertical plane. The reason for this could be a tilt of the
coils or a change in the horizontal plane also causes a change
in the vertical plane. The vertical displacement change is
in the order of 0.3 mm for horizontal steerer changes from
—2 % to 2 %. With the standard BPM-system of COSY this
small changes are not detectable.
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Spin Tune Determination using Fourier Transform

D. Eversmann“

In this report the new approach of determining the spin tune
Vs by performing a discrete Fourier Transform to the data
obtained by the EDDA polarimeter is presented. For this pur-
pose data from the beamtime in May/June 2015 is used. The
spin tune is defined as the number of idle spin precessions of
the particle spins per turn of the particle bunch in the COSY
storage ring Vg = w“c’;c . Thus, the spins of the initially vertical
polarized deuteron beam of a momentum pg = 0.97GeV/c
were tilted by mean of a resonant rf-solenoid into the hori-
zontal plane.

Given the beam momentum of pg = 0.97GeV/c the angu-
lar cyclotron frequency becomes approximately weye = 27 -
750kHz which leads to a spin precession of

W5 = VsWcye = YGqWOcyc =~ 27T - 120kHz, @))

where vy = 1.125 is the relativistic Lorentz factor and
G4 ~ —0.143 denotes the anomalous magnetic moment of
deuteron. The relation vy = YG is only valid for a particle
on the closed orbit circulating in horizontal plane of a pure
magnetic ring.

Since the detection rate of the EDDA detector is of the order
of several thousand events per second it is not possible to un-
fold the spin precession by a direct least squares fit. There-
fore a dedicated algorithm was developed to determine the
spin tune with a precision better than 10~!° within a 100s
cycle. The topic of this report is to demonstrate that using
the discrete Fourier Transform leads to the same results.
The general principle of the discrete Fourier Transform is to
transform a sequence of N complex numbers xg, X1, ...,XN—1
into a N-periodic sequence

N-1
Xi=Y x, . o~ 2mikn/N @)
n=0
N-1
= Z Xp [cos (—2mkn/N) + isin (—2mkn/N)] 3)
n=0

whereas the Euler’s formula is used and k € [0,N — 1] de-
notes the number of cycles per N samples.

The time stamping system connected to the EDDA detector
assigns each event to a turn number of the particle bunch
in the ring ny,m, which is given by a real value. Thus, the
symmetry Xy_; = X leads to N/2 — 1 Fourier coefficients
and the coefficients in Eq. 3 x,, are defined as

1 forn=nwm
= 4
n {O else . @

Consequently, the summation is given by the sequence of the
total events ney € [1,Ney] and the term kn/N can be substi-
tuted by V¢nuum (nev). The real and imaginary part of X are

formed
Ney
ay, = R(Xy,) = Z cos (2mVgitym (Mey)) 5)
Ney=1
Ney
by, =3(Xy,) = Z — sin (2Vshm (Mev) ) - (6)
Ney=1

to determine the amplitude €, and the phase @y, of the spin
precession, which are given by

1

€y, :N— a%s —‘,—b%s @)
ev

@y, =atan2(by,,ay, ). (8)

The turn depending spin tune consists of an assumed spin
tune v(s) selected by the user and a part, which represents the
deviation between the true value Vg (nym) and vg. The sec-
ond term can be expressed by the turn derivative of the phase
obtained from the Fourier Transform @y,

0 'vs lturn

Vg =V + ——. 9
s(nturn) s T 2 i ©)]
In Fig. 1 the phase distributions @y, and the statistical error
of the Fourier Transform and the mapping method are shown.
One observes a parabolic behaviour, which indicates a linear
spin tune drift regarding to Eq. 9. This corresponds to the
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Fig. 1: In the upper plot the phase distributions @y, are
shown for the Fourier Transform (red) and the map-
ping method (blue). The lower plot shows the spin
tune deviation from the assumed spin tune.

lower plot of Fig. 1, where the deviation from the true spin
tune Vs (ngm) and the assumed one VY is shown.

The phase distributions are not matching perfectly which
each other. This is due to the fact, that the number of bins
in the asymmetry fit used for the phase and amplitude deter-
mination yields one additional source of a systematic error.
The spin tune determination based on the Fourier Transform



provides just one systematic error, namely the selection of
the assumed spin tune vY.

Further discussion of systematic effect

¢ RWTH Aachen University, Germany



Development of the electrostatic deflector for JEDI

K. Grigoryev* for the JEDI collaboration

Search for the permanent electric dipole moments (EDM)
of the proton or deuteron at COSY require significant
improvements of the measurement accuracy of existing
devices at the storage ring. Future upgrade may require
building a dedicated ring with electric and magnetic or
purely electrostatic elements. Ongoing JEDI precursor
experiments at COSY will help to figure out how strong
the electric field of the individual electrostatic deflector
should be. The highest electric field gradient of about
17 MV/m (foreseen for 30 m storage ring with electrostatic
components only) was taken as reference value for
building the prototype of the electrostatic deflector.

Theoretically, a few meters long flat deflector,
designed for several centimeters spacing between two
capacitor plates, should not differ much from its small
scaled version, made with the same accuracy and the
electrode profile. Moreover, the minimization of the
prototypes affects the following factors:

e the weight is not more a problem. A small-scaled
deflector can be built from a bulk peace of
material without special support,

e the laboratory-scale high voltage power supply is
capable to produce the same field gradient at
small distances between the electrodes,

e the safety restrictions for the laboratory room will
be lower in case of smaller high voltage,

e cables, feedthroughs and flashover detection is
much simpler.

Complementary requirements to perform these tests
were ultra-high vacuum and the lack of dust inside the
vacuum chamber. To achieve these conditions the test
bench (shown in Fig. 1) for electrostatic deflector
prototypes, build using UHV CF components, was
assembled in ISO7' class clean room.

e o L
Fig. 1: The test bench for electrostatic deflectors.

Pumping of the vacuum chamber with one scroll pump, as
fore pump, and one turbo-molecular pump allows reaching
pressure level of 10 mbar in a reasonable time. After
activation of the ion-getter pump, directly connected to the
vacuum chamber, with simultaneous backing out the
whole setup to get rid of the water from the walls, the main
chamber must be isolated from the turbo-molecular pump
using the UHV gate-valve. During the measurements and
the rest of the time pressure in the chamber is kept by the

ion-getter pump only at 10" mbar. It minimizes additional
vibrations of the system caused by the scroll and turbo-
molecular pumps.

Numerical simulations (see Fig. 2) show that there is
no difference between field gradients in the flat region of
the electrodes in case both of them have the same potential
with the different sign or one of the electrodes powered
with double voltage and another is grounded. Furthermore,
the option with one grounded electrode is more attractive,
because it will not require another high voltage power
supply and all electronic devices will have the common
ground. In this case, measurements of the dark current
between the electrodes do not need to hang-up a
picoammeter at the negative potential.
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Fig.2: The electric field strength along the central plane of deflector
(green — both electrodes are powered, pink — one electrode is

grounded).

The deflector prototypes (see Fig. 3) were made in two
different sizes from stainless steel and aluminum. After
machining they were mechanically polished. The small
electrodes have ideal half-sphere shape with 10 mm radius.
The large electrodes have additional flat region of 20 mm
diameter (stainless steel) or 30 mm (aluminum) in the
center with similar round edges. To increase the accuracy
of measuring the distance between the deflectors, every
new measurement procedure starts from positioning
electrodes on top of each other; using a linear drive with
precision of 0.01 mm.

Fig.3: Test electrodes made from the stainless steel (on the left) and

from aluminum (on the right).



First high voltage tests were made with the stainless steel
half-sphere electrodes in the wide range of distances from
30 mm to 0.05 mm. Varying the spacing between them,
the discharge, if at all, happens in a smallest gap region, as
it should be for the electrodes with spherical surface. The
dark current at different distances between the electrodes
behaved similarly (see Fig. 4) and, taking into account the
field enhancement factor, could be scaled. This is another
measure of the quality of surface polishing.
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Fig.4: Dark current during the measurements at different distances
between the stainless steel electrodes (high voltage is scaled).
Red circle stands for the field strength of 10 MV/m.

Similar tests were performed after exchange one of the
electrodes to the largest stainless steel version. The
measured field strength at 0.05 mm distance was about
200 MV/m which is the maximum possible in the vacuum.

A second material for electrodes tests was aluminum.
The polishing procedure was not very well established and
the breakdown at smallest distances during measurements
with two half-spheres happened not in the region of the
minimum gap, but on the side. It could happen because of
the strongest impact on field inhomogeneity at such short
distances caused by the roughness of the surface. The
maximum field strength, achieved in that configuration,
was about 30 MV/m.

Measurements at the small distances showed a good
agreement with theoretical predictions of the breakdown
conditions and will require further tests with different
materials. Special attention should be paid to the
measurements at larger distances and higher voltages.

* Physikalisches Institut III B, RWTH Aachen University,
52074 Aachen, Germany

' Class ISO7 is the level of the clean room contamination
by 107 particles of 0.1 mkm in one cubic meter, or 352 000
particles of 0.5 mkm in the same volume.



Investigation of spin coherence time for the quasi-frozen spin method

S. Chekmenev“ for the JEDI collaboration

1 Introduction to the quasi-frozen
spin (QFS) method

The quasi-frozen spin (QFS) method [1] introduces a new
idea, in which the spin oscillates around the momentum di-
rection and after one revolution stays parallel to the momen-
tum. Due to the low value of the anomalous magnetic mo-
ment of deuteron, an effective contribution to the expected
EDM effect is reduced only by a few percent compared with
the frozen spin method.

The lattice (Fig. 1) is created by two parts: two magnetic
arcs with bend magnets, rotating the particle by an angle
&P = (n+420) per arc and providing the MDM spin rotation
in the horizontal plane relative to the momentum by an angle
@B = vBPB, and two electrostatic arcs with electric deflec-
tors with negative curvature, rotating the beam by an angle
®F = —20 per arc and providing the MDM spin rotation in
the horizontal plane relative to the momentum in opposite di-
rection by an angle ®f = vE®E To realize the quasi-frozen
spin concept, it is necessary to fulfil that condition and ensure
®f = — 8. Since in the electrostatic deflector the spin is ro-
tated with the frequency, which is by the factor of K = vE /v8
faster than in magnetostatic structure, we have the basic rela-
tion for two different arcs

ARC with straight section
\J bend magnet

QFS cylindrical deflector
without B fields

~50m

~25m

Fig. 1: The lattice for the quasi-frozen spin method
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As a result, the total EDM signal, which can be obtained in
that ring, grows by —3.5- 10~ per turn (Fig. 2), and in order
to get the total EDM signal to be ~ 10~° , one has to keep
the beam in the ring for the duration of N, ~ 10° turns or
~ 1000 to measure the EDM of the order of 107> e-cm

2 Spin coherence time for QFS
method

As it was mentioned in the previous section, the time, which
is needed to observe an EDM signal is ~ 1000s. During this
time the spin vectors of the particles in a bunch must be
aligned. This time is called the spin coherence time (SCT).
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Fig. 2:

One can assume that if there is a difference more than 1rad
between the direction of the spin of the reference particle and
other particles in the bunch, the polarisation is almost lost
and the bunch is no longer suitable for the EDM experiment
because the build-up speed of the EDM signal would start to
decrease.

The number of simulations on the SCT maximization was
performed. It was shown that the SCT may be prolonged
by sextupole correction and beam cooling. Figure 3 demon-
strates the value of S, component after 10* turns for different
sextupole settings. This value should not exceed 1rad after
10° turns. This can be expressed as the spin coherence time.
The SCT obtained is of the order of 150s for the beam that
has a horizontal size of 5mm and 1500s for the beam with
I mm horizontal size.

SX for different sextupole and quadrupolg
settings '

Fig. 3:
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Preparation of First Beam Tests of LYSO Modules for JEDI polarimetry

F. Miiller*?, D. Mchedlishvili%¢, I. Keshelashvili® and A. Kacharava® for the JEDI collaboration

Introduction

As the polarimetry detector for the EDM measurement will
consist of modules containing LYSO crystals, the first step
is to investigate the fundamental properties of these crystals.
One of the most crucial properties of a LYSO crystal is the
efficiency in identifying deuterons (g4). Especially, we need
to analyze how break-up reactions of deuterons (d — p +n)
influence our ability to detect them. As the deuteron is a very
weakly bound nucleus, such reactions are expected to take
place inside the crystal [1]. The crystals are going to be hit
by the deuteron beam on six symmetric points on the front
face in order to explore the amplitude sensitivity dependence
on the position. We are going to test LYSO crystals from two
different companies. From Saint-Gobain, we have two crys-
tals with dimensions of 30 x 30 x 100 mm? as well as two
crystal with dimensions of 15 x 30 x 100 mm? and one from
Epic Crystals with dimensions of 30 x 30 x 100 mm?.

Fig. 1: Model of a LYSO crystal module with light guide,
PMT and high voltage divider.

Further on, we want to test two different types of modules
with the LYSO crystals: One module will consist of a LYSO
crystal that is attached to a light guide. The light signal will
then be converted into a charge signal using a dual channel
PMT (R1548), see Fig. 1. The usage of a PMT has the ad-
vantage of long term stability - one of the main requirements
of the detector [2]. A second module will contain a LYSO
crystal directly coupled to a four arrays of 2x2 SiPMs (Sensl
C-Series, 6 mm [3]). Table 1 summarizes the four modules.
With this setting, there will be no need for a light guide and
the whole module will be more compact than the first one,
i.e. less than 15 cm instead of more than 30 cm. Further-
more, no high voltage source is needed for this module since
the SiPMs need a supply voltage of only around 30 volts.
Both modules will be tested for their linearity over the whole
signal chain and their energy resolution. First, we are going
to test the modules with a proton beam of Ey;, = 150MeV.
Then with a deuteron beam with five different beam energies
(100 MeV, 150 MeV, 200 MeV, 250 MeV and 270 MeV [2])
and investigate how precisely these energies can be recon-
structed by the modules.

Module | Company Size [mm] Sensor
1 Saint-Gobain | 30x30x100 SiPM

2 Saint-Gobain | 30x30x100 PMT

3 Epic Crystals | 30x30x100 PMT

4 Saint-Gobain | 15x30x100 x2 | PMT

Table 1: Overview of the crystals and sensors for the four
detector modules.

Fig. 2: Positioning table without LYSO crystal modules.

Eventually we are going to explore the position of the Bragg-
peak inside the LY SO crystals. This position can be found by
placing the crystals in a row and rotating them at different
angles. Doing this will allow us to measure the deposited en-
ergy of the deuterons in the crystal relative to different path
lengths and therefore, to reconstruct the Bragg-peak. A list
of all properties which are to be measured are given below:

e Energy calibration Egep vs. Ein
e Energy resolution ATE
e Deuteron identification efficiency €4
e Linearity of the whole module
All the measurement described above require a table that can

move the crystal modules in horizontal and vertical direc-
tions and rotate them to a specific angle in a horisontal plane.



Veto Modules for the LYSO Crystals

A veto scintillator is needed for two reasons: Firstly, in order
to identify events where a deuteron escapes the LY SO crystal
and secondly to detect break-up reactions, in which a proton
escapes the crystal. For this task we are going to enclose
the LYSO modules with four plastic scintillators with
dimensions of 6 x 67 x 12 mm?. All four edges are slanted
which allows the attachment of a SiPM. These SiPMs are
connected through coaxial cables with an amplifier circuit
board that is attached directly to the scintillator. The circuit
consists of individual operational amplifiers for each SiPM.
Their outputs are summed by an inverting operational
amplifier which acts as a line driver. The final output can be
connected via a standard LEMO cable to our FADC DAQ
system (SIS3316 [4]). The amplifier circuits were developed
by Luca Barion and Simone Basile from the university of
Ferrara, Italy.

Table and Vertical Movement

During the measurements mentioned above, LYSO modules
will be exposed to the extracted COSY beam and expositions
with different angles and positions will be measured. In order
to achieve this, modules will be mounted on a table capable
of positioning vertically, horizontally and also rotating in a
horizontal plane. For these purposes the table with a manual
vertical control was obtained, operated by a DC motor, and
substantial modifications were performed in order to make it
remotely controllable via the local area network connection.

Originally, the vertical movement system of the table did
not include any feedback. In order to achieve the precise
vertical positioning a linear potentiometer (LRW-M-300-S
[5]) was attached to the table. It is read out by Arduino
UNO board [6] which also controls the vertical movement,
as shown schematically in Fig. 3. A special shield was devel-
oped and assembled for Arduino to perform the connection to
the original manual controller of the table. Besides, for bet-
ter positioning and also to reduce the stress on the mounted
modules during start and stop operation of the vertical move-
ments, a speed control has been also implemented. This is
performed using a PWM control from one of the Arduino
pins and a power MOSFET transistor (IRL2505). Due to this
some modifications were introduced in the DC motor con-
troller. However, the ability of the original (manual) control
has been preserved.

The Arduino board was programmed to receive positioning
commands from RaspberryPi [7] via a serial interface
and adjust the vertical position of the table respectively.
When the movement starts, the PWM control increases the
average current through the DC motor linearly from some
minimum to the maximum value in a predefined amount
of time. Furthermore, when the requested position is being
approached, if the distance from the final position gets less
than a predefined value, speed begins to decrease linearly
with the distance. The accuracy of the vertical positioning is
limited by the resolution of Arduino’s ADCs and is around
0.5 mm, which is more than sufficient for these measure-
ments. When the position is reached the actual position is
continuously monitored by Arduino and adjustments are
performed if needed. This can be helpful in cases when
the weight of the equipment, put on the table, changes.
Another useful feature implemented in the Arduino code is

the self-calibration procedure, which locates the minimum
and maximum reachable vertical positions and the minimum
PWM duty factor at which the table can still move. The
latter parameter is sensitive to the table load and also the
voltage of the DC motor supply (battery pack). The self
calibration procedure can be initiated remotely by sending
an appropriate command or locally, using the push button
on the Arduino shield. Once the calibration is finished,
parameters are saved in the EEPROM memory of Arduino’s
micro controller chip and are initialised every time the board
restarts.

Horizontal Movement and Rotation

A bench with a sleigh for vertical positioning is mounted on
top of the table. The sleigh is moved by screw shaft that is
attached to a stepper motor. A rotatable platform that can be
turned by another stepper motor is mounted on the sleigh.
Each motor is managed by a stepper motor controller (Isel
[8]). Neither the position of the sleigh nor the angle of the
rotation platform is measured by an additional device as in
the case of the vertical movement. Therefore, the position or
angle are determined by counting the steps of the dedicated
stepper motor. As the crystal modules mounted on top of the
rotatable platform are rather lightweight, test have shown
that no steps will get lost and we will be able to maintain an
accuracy of less than 1 mm horizontally and 1° rotationally.
The zero position of both devices is defined by a reference
switch and must be found after the stepper motor controllers
were powered on. For the rotation, this zero position is fixed
but for the horizontal sleigh it can be adjusted by moving the
ramp that presses the reference switch. The zero position of
the horizontal sleigh was chosen to be at the center of the
bench. This feature cannot be implemented using only the
stepper motor controller and was therefore done by reading
the reference switch directly by the RaspberryPi [7] which
controls the whole table.

Control Hardware

Both stepper motor controller as well as the Arduino UNO
[6] that manages the vertical position are controlled by a
RaspberryPi. This micro-computer manages the stepper mo-
tor controller over a USB-to-serial converter hub. Arduino
board is connected directly to the Pi’s serial port. A level con-
verter is needed as the RaspberryPi runs on 3.3 volts but the
Arduino needs 5 volts. Furthermore, two dual-channel high
voltage supplies (Iseg, NHQ206M [9]) are also connected to
the serial hub and one six-channel high voltage supply (Iseg,
NHS [10]) is connected directly to a USB port of Pi. These
high voltage sources are needed to supply the PMTs in the
detection modules.

Two laser line devices are attached to the beam pipe next
two the output window. As they are mounted perpendicular
to each other, the interception of both lines will indicate the
position of the deuteron beam. These lasers can be turned off
and on by RaspberryPi.

A second RaspberryPi is used to run a webcam software
called Motion [11]. Two USB webcams are connected to this
Pi in order to have visual control over the whole table system
as the experimental hall will not be accesible during the
beam time. A schematic overview of the control hardware is
given in Fig. 3.
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Fig. 3: Schematic figure of the hardware arrangement for the
positioning table.

Slow Control Software

The slow control software consists of two main parts: A
server that runs on RaspberryPi and a password protected Ul
which runs in a browser on any computer that has access to
the internal network.

The server control is written in python. Each position con-
troller is managed with an individual class containing all
communication commands. Each command is mapped to a
member function of this class and the communication with
the hardware is done using the PySerial library [12]. The high
voltage supplies are managed in the same way. The hardware
pins on the RaspberryPi used to read the center switch of the
horizontal sleigh and control the line lasers are addressed us-
ing the wiringPi library [13].

The main server program that provides the web interface for
the UI implements all the controller classes and creates wrap-
per functions that connects button events from the UI with

the communication functions of the controller classes. The
main server uses the Flask micro framework [14] which pro-
vides a simple WebApp environment. A bi-directional com-
munication between the server and the client UI is estab-
lished using the Socket.1O library [15]. All position changes
are broadcasted to a MQTT broker using paho-mqtt library
[16]. The MQTT broker will transmit the position informa-
tion to the DAQ system which will embed it in the binary files
together with the data taken from the detection modules.
The client Ul is done using a html structure that is styled with
CSS. The functionality of the Ul is written in javascript with
heavy use of the JQuery library [17]. Again the event based
communication with the server is done using Socket.IO. The
whole Ul is designed with the goal to provide a simple way
to control the positioning table without any need to use the
commandline. Another advantage of the web interface con-
sist of the fact, that it can be restarted without the need of
restarting the server as well.
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Systematic studies of spin dynamics in preparation for the precursor EDM experiment with the RF Wien filter at COSY*

A. Saleev* for the JEDI collaboration

The electric dipole moment (EDM) is a sensitive probe of the
possible CP violation beyond the standard model. A signal of
the EDM is a rotation of the spin in the electric fields which,
for the charged particles, is only possible when they are con-
fined in the storage rings. A special care must be taken to
eliminate spurious signals from the rotation of the magnetic
dipole moment (MDM) in the background imperfection, ra-
dial and longitudinal, magnetic fields in a ring, which is es-
pecially troublesome in the radio-frequency Wien filter (RF
WF) approach to a search for the EDM at COSY.

RF Wien-filter exerts a vanishing Lorentz force on the beam
and produce MDM RF spin kick with amplitude ), ;. Under
the resonance condition, v,y = v;, the RF modulation of the
spin tune by RF WF would couple to the EDM interaction
with the motional E-field in the ring and the EDM-driven
spin resonance will have a strength

1 L 1 .
€= EXWf‘C X W| = Ewasmaednr (D

Here ¢ = (sin&,qp,c08Eeam, 0) is a stable spin axis which is
uniform all over the ring and w = (0,1,0) is an axis of the
magnetic field of the WF'.

The misalignment of w from vertical can interfere with EDM
signal and this issue is a separate task. What comes as a more
substantial problem is that MDM-induced imperfection spin
rotation produces a change in stable spin axis and its direc-
tion becomes location-dependent:

¢ =c,@y+ (cx(MDM) +sin& 4 )éx +c;(MDM)e,, (2)

The measurement of c; has been done at COSY by using
compensation solenoids of two e-coolers, located opposite to
each other at straight sections. When the solenoids in one of
the coolers are set up on a specific current Ji, they produce
a spin kick yx = fxJx around longitudinal axis and create a
shift of the spin tune. Calibration factors f; are calcuated for
each solenoid from measured field integrals. The spin tune
can be resolved” with the precision of up to 107!°. The ex-
periment setup is following: vertically polarized deuterons
are accelerated to 7 = 270 MeV and stored; during the beam
cycle, polarization was put into the horizontal plane where
it starts precessing with the spin tune vg = —0.160971917;
20 seconds later the solenoids were switched on. In the data
analysis of the spin tune, the relative shift of the spin tune
Avg has been registered, which is given by:

cosT(Vs + Avyg) = 3)
cosmvgcos & cos & — ¢ sinnvgsin & cos £
_Foqin &L qin X2 _ : X1 qin X2
Esin4 sin® —c_sinnvgcos & sin &

where ¢} is longitudinal projection of spin closed orbit at
location of solenoid 1 (2 MeV e-cooler), ¢, at location of
solenoid 2 (100 KeV e-cooler), E ~ 1. The set of measure-
ments for fixed spin kick by sol. 1 w.r.t. different spin kicks
by sol. 2 is shown in Fig. 1. The mesh of i x j points when
the solenoids are set up on different currents gives a spin
tune map Av;(x!,3). Fitting the data points to function (3)
gives the values of ¢ = —0.002691978 £ 6.09 * 10~7 and
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Fig. 1: Top to bottom: spin tune shifts Av(¥1,%2) and global
fit (red); fit residuals V,; = v/ —v499: horizontal and
vertical orbit shifts alolng the ring w.r.t. spin kick x».

c; = —0.002244980 & 6.30 % 10~7, with fit x-sqrd ~ 13. In
the fit we also make an allowance for the mis-calibration of
the spin kick in the solenoid, ), — gxX0, which guages the ini-
tially assumed field integral and corresponding f. Fit gives
21=0.9962245+3.45%1077, g2 = 0.9943927+6.98+10 .
Analysis of possible systematic effects coming from the
changes of closed orbit (see Fig. 1, bottom) produced by the
solenoids in both vertical and horizontal planes is ongoing.
The orbit shift and resulting changes in the configuration of
imperfection fileds all over the ring contributes to the devia-
tion of each measured Av(y,%3) from the fit function (see
residuals Vs in Fig 1.). During JEDI beamtime at Septem-
ber 2014, two spin tune maps have been measured, with time
span 24 hours. The values c_, ¢} are consistent for both maps.
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Closed orbit influencing effects at COSY

V. Schmidt®? and A. Lehrach®?¢ for the JEDI collaboration

With regard to the precursor experiments [1] at the Cooler
Synchrotron (COSY), a precise measurement and control of
the orbit of the particle beam is necessary. Since misalign-
ments of the quadrupoles in the ring affect not only the par-
ticle motion but also the spin motion due to additional radial
fields, they play a major role in the search of an EDM'. To
distinguish between these fake signals and real EDM con-
tributions, the fake signals caused by positioning misalign-
ments have to be smaller than the actual contribution of
the EDM. The smaller the misalignments and therefore the
RMS? of the vertical orbit displacements, the smaller fake
EDM signals are produced. Gaussian distributed misalign-
ments with a standard deviation of 0.1 mm lead to an RMS
of vertical displacement of around 1 mm which corresponds
to an EDM of d ~ 5-10~!2 e-cm[2]. With the current set-up
of COSY, a vertical orbit displacement in the order of 2 mm
[3] is measured. To achieve a decrease of the deposition of
the particle beam, external influences on the beam have to be
investigated and changes of the current orbit control system
have to be considered. Analysis of the influence of several
sources of misalignments give indication of the required set-
up for the precursor experiments.

The expected positioning accuracy of the elements of COSY
is a misalignment within 0.1 mm in each direction and a ro-
tation of 0.1 mrad around each axis.

Taking the current lattice of COSY and implementing the ex-
pected positioning errors to all quadrupoles and dipoles leads
to a RMS of the vertical closed orbit in the order of 1 mm.
The errors are gaussian distributed for every element and dif-
ferent random seeds where used in the simulation. Figure 1
shows the uncorrected orbit in x and y direction.

After the performance of the orbit correction implemented
in MAD-X [4], the orbit reduces to a RMS in the order of
0.1 mm (Figure 2). The orbit correction was achieved using
the method of Singular Value Decomposition (SVD)[S5].
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Fig. 1: Simulated vertical orbit before orbit correction with
gaussian positioning errors of 0.1 mm/0.1 mrad; RMS
in x:2.1 mm, RMS in y: 1.5 mm

After correction the RMS of the vertical displacement has
decreased by one order of magnitude. Comparing the sim-
ulation results with the measured orbits at COSY, there is a
large discrepancy between the sizes of the vertical orbits. The
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Fig. 2: Simulated vertical orbit after orbit correction; RMS in
x: 0.12mm, RMS in y: 0.06 mm

RMS of the orbit deviation of the measured orbit after cor-
rection is still in the order of 1 mm. One possible explanation
for the difference between simulation and measurement are
larger positioning errors of the elements than expected. The
expectation of having all elements positioned within 0.1 mm
(and 0.1 mrad respectivley) is based on the minimum achiev-
able value when doing a full survey of the ring. To ensure
a positioning accuracy in the expected range, a survey at
COSY is planned to be done soon.

Besides the positioning accuracy of the elements in the ring,
there are other effects influencing the beam which have to
be analysed as a next step. As the fields of all magnets are
directly influenced by the ripple 3 of their power supplies,
an estimate has do be done for the use of the current power
supplies in the precursor experiment and the need of changes
in the orbit control system have to be investigated.
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Beam and Spin Dynamics in an RF Wien-Filter

Sebastian Mey*" and Ralf Gebel* for the JEDI Collaboration

1 Setup of the RF Wien-Filter

For measurements of permanent EDMs (Electric Dipole
Moments) of charged, light hadrons in dedicated storage
rings, a technique, which requires a spin tune modulation by
an RF Dipole without inducing any coherent beam oscilla-
tions, has been proposed [1]].

In the course of 2014 and 2015, a prototype RF (Radio-
Frequency) Dipole with perpendicular electric and magnetic
fields has been successfully commissioned and tested at
COSY [21[3]. With careful adjustments of the amplitudes of
the radial magnetic and vertical electric field, a field config-
uration, where the Lorentz force onto the revolving particles
in the synchrotron ring cancels out, can be achieved. The de-
sired field configuration forms a velocity filter named after
its inventor, Wilhelm Wien [4]].

The magnetic dipole field for the desired Wien-Filter field
combination is generated by means of a coil wound length-
wise around a ceramic part of the beam-pipe. Ferrite blocks
bundle the field lines and flatten the transverse field distribu-
tion. To generate an oscillating field, the coil is connected to
an adjustable, parallel resonance circuit with a quality factor
of Q =~ 20. A similar, but separate resonance circuit drives
the electric RF Dipole. The electric field is generated by the
potential difference between two stainless steel electrodes in-
side the vacuum chamber, spanned over glass rods held by a
frame inside the flanges of the ceramic beam-chamber. For
details see Fig[l]

RF B-Dipole

coil, 8 turns
L=30uH
@6mm Cu pipes

ferrite blocks

RF E-Dipole
y foil electrodes
C = 80pF

50 um stainless steel

ur < 1.005 HV feedthroughs

& electrode leads

Fig. 1: A view inside the RF ExB-Dipole.

The coil itself is water cooled and fans dissipate the remain-
ing lost power. Therefore, it is possible to run the system up
to 90 W input power in continuous, long term operation. The
corresponding operating parameters have been collected in
Table[1l

2 Beam Dynamics
Figs. 2a] and [2b] show that the transverse distribution of the

main field components is flat across the center of the beam
chamber. But due to different drop-off rates of the electric

*IKP, Forschungszentrum Jiilich GmbH, Germany
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RF B-Dipole RF E-Dipole
U 2kV
[E,diI 24.1kV
I 5A
[B,dl 0.175 Tmm
frrrange 630kHzto 1170kHz  630kHz to 1060 kHz

Table 1: The RF ExB-Dipole at 90 W RMS input power.

and magnetic field, particles will encounter a down-up kick
at the entrance and a corresponding up-down kick at the exit
of the Wien-Filter. The geometry has been optimized insofar
that particles with the reference momentum of 970 Mev/c,
entering the system on axis, won’t get any vertical excur-
sion, as shown in Fig. 2c| Particles off momentum will probe
different Lorentz forces, leading to a slight spread in verti-
cal beam size in the order of 20 nm for an energy spread of
Av/y=10"*. The main field asymmetry stems from the feeds
to the coil and the electrodes. They give a small horizontal
kick, which steers the particles ~ —40nm off axis 1 m be-
hind the device center.

For comparison, Fig: [3] shows the phase space distribution
of particles at the location of the RF Wien-Filter, calculated
using the beam optics functions from the September 2014
and May 2015 JEDI beam-times. Considering a normalized
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Fig. 3: Horizontal and vertical phase-space distribution in the

center of the RF Wien-Filter with the RMS emittance ellipse.

R.M.S. emittance of € ~ 1 tmmmrad, which is typical for a
well cooled deuteron beam at COSY, one gets an estimate for
the beam size at the location of the RF ExB-Dipole.

Br=4.1m = (x) =+/€fy =2.0mm (1)
By=21.1m = (y) =1/€By =3.9mm. ()
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Fig. 2: Simulation of the main field components generated by the RF ExB-Dipole, normalized to an RF B current amplitude
of 1 A. The right panel shows the result of particle tracking through these fields. The Deuterons have been initialized on the

reference orbit (xo = yop = Omm, x{, = y;, = Orad).

Since the field strengths are small in the first place and the
Lorentz force onto the particles is canceled out in average,
the beam disturbance of the RF Wien-Filter is 5 orders of
magnitude below these beam size estimates.

3 Spin Dynamics

The system has been tested with spin manipulation on a ver-
tically polarized deuteron beam. Plugging the Lorentz force
cancellation into the Thomas-BMT Equation [3] yields a sim-
ple formula for the spin precession frequency Q in an ideal
Wien-Filter [6]].

. 14+G
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The particles sample the localized RF field distribution (see
Figs. 2a]2b) once every turn n. Its contribution can be ap-
proximated by the integrated field along the particles path
assigned to a point-like device at an orbital angle 0:

b(8) = / Bydlcos (;RF9+¢> i 5(0—2mn).  (4)

rev n=—oo

The field integrals of a deuteron beam as used during the
JEDI beam-times are shown in Fig. ] For a realistic beam
with momentum and velocity spread as shown in Fig.[3] each
particle will sample slightly different field strengths but, for
the main field components B, and Ey, the resulting distribu-
tion of the field integrals is very narrow with a standard de-
viation three orders of magnitude of its mean value. The par-
ticles spread out across the phase space will mainly pick up
different fringe field components. Since the unwanted field
components are small, two orders of magnitude below the
main field in case if the magnetic field and tree orders of
magnitude below for the main electric field component, equa-
tion [ is a good approximation for the determination of the
spin motion in the RF Wien-Filter.

The resonance strength € of this field configuration is given
by the amount of spin rotation inside the device per turn. In
the absence of RF induced coherent beam beam motion, it
solely depends on the strength of the RF field. In this case,
it can be calculated by the Fourier integral for spin kicks in

many consecutive turns [[7} [8]]:
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If the RF Wien-Filter is operated on a harmonic of the spin
tune in the storage ring, the spin kicks induced by the radial
magnetic field add up and introduce an additional, contin-
uously rotation of the particles’ spins around the magnetic
field’s axis. For deuterons with a momentum of 970 MeV /c
the spin tune is Vg = YG = —0.1609. This gives resonance
side-bands at

630kHz forn =1

= —vG| = 6
JRF frev‘n Y ‘ {871kHZfOI‘n=—1 (6)

Both are available for studies inside the frequency range of
the RF Wien-Filter. Resonance strength measurements have
been performed during the September 2014 and May 2015
JEDI beam-times at COSY. The driven spin rotation was de-
tected by observing the vertical component of a polarized
deuteron beam as an left-right asymmetry in the angular dis-
tribution in '2C(d,d) [9]. The resulting oscillation frequency
of the rate-asymmetry in the four-quadrant polarimeter de-
tector was measured[[L0] and is directly proportional to the
resonance strength in Eq. [5]

Comparison measurements were performed between the
RF ExB-Dipole in Wien-Filter-mode, the RF ExB-Dipole op-
erated without compensating electric field as a pure RF B-
Dipole and with only the electric field switched on as a pure
RF E-Dipole and with an already installed RF Solenoid. By
modifying the strengths of two of the main quadrupole fam-
ilies in the synchrotron, the fractional vertical betatron tune
gy is shifted and the betatron oscillation frequency is moved
farther or closer to the frequency of the RF systems, thereby
varying the degree of induced coherent beam oscillations.
Fig. |§| shows, that, as for an RF Solenoid, the RF Wien-
Filter resonance strength is independent of the vertical beta-
tron tune. In contrast, the resonance strength of the pure RF
dipoles is dominated by the interference between the driven
spin motion and the one induced by coherent beam oscil-
lations. Experimentally, this effect was already observed by
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Fig. 4: Amplitudes of the electromagnetic field components of the RF Wien-Filter, evaluated along each particles trajectory for a
beam set up as shown in Fig. E} The captions show the mean of all individually integrated trajectories and its standard deviation.

experiments with resonance strength measurements by the
SPIN@COSY Collaboration [11]]. A constant fit to the mea-
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Fig. 5: Results of the resonance scans at the nominal tune of
COSY at g, = 0.56 and for a set of vertical betatron tunes
with sideband frequencies around the spin resonance at, de-
picted by the vertical line at 629777.3 Hz.

surements of the RF Wien-Filter gives a resonance strength
of

€ = (4.6540.04) - 1077 for the measured current amplitude
of I = (0.740 +0.005) A. The resulting normalized effective
field strength of the system agrees well with the estimate
from the field simulations (see figure @)

B,dl 4my B
/ @ PP (3,4040.05)- 1075 Tm/A. (7)
i 1+G |

4 Conclusion

As a preparation for future EDM experiments in storage
rings, a first prototype of an RF Wien-Filter has been
commissioned at COSY. We have shown, that this device
generates a configuration of RF dipole fields which allow
spin manipulation in a storage ring without beam distur-
bance.
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Extension of COSY Toolbox for the Analysis of the Final Electric Dipole Moment Storage Ring

A. Skawran®? and A.Lehrach®? for the JEDI Collaboration

The investigation of the permanent electric dipole moment
(EDM) of charged subatomic particles requires a new storage
ring. The plan is to use a horizontal polarised beam where the
motion of the spin is described by the Thomas-Bargmann-
Michel-Telegdi equation [1]:

E:§XQMDM+§X§EDM (H

- q o G’YZ—*—»—*
Q =— |(1+GyY)B— ——B(B-pB)— 2
wou = |1+ 698 - L BB @

Y \z =

(GY+Y+1 BxE}

3 _ N ig_ Y B3B.E\V . B«B
QEDM—2,Ym|:E y+IB(B E)+B><B} 3)

Where Qypy describes the angular frequency of a magnetic
dipole moment and f)EDM the counterpart for the EDM. One
lattice concept is the so called frozen-spin method [2] where
the contribution of QMDM is eliminated to zero by a matching
set up of the magnetic and electric fields inside electro mag-
netic deflectors (ExB deflectors). An existing EDM would
be measured by a vertical build-up of the polarisation.

Thus spin tracking simulations must be executed to deter-
mine the influences of the ring parameter on the desired
frozen-spin condition and the sources of misleading artificial
build-ups of vertical polarisation.

COSY Toolbox (COTOBO) [3] is a C++ based framework
which enables the powerful interaction between COSY IN-
FINITY [4] and ROOT [5] to handle efficient spin tracking
simulations and analysis. Some extensions have to be in-
cluded to exploit the available COTOBO for the frozen-spin
simulations.
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Fig. 1: Change of the polarisation orientation 6 depending

on the turn number r for a sample ring with r = 30m

and deuterons with p = 1GeV. In this example v =
—5.9x 107",

At first ExB deflectors are needed. Thus the element Wien
Filter from COSY INFINITY, containing the desired proper-
ties, is included in the class Wien for E x B deflectors with ho-
mogeneous fields and in WienMultipole for inhomogeneous
fields. Furthermore classes are developed to calculate auto-
matically the parameters for the lattice design. The required

parameters for the calculations are the desired energy, bend-
ing radius of the ring and the particle properties mass, charge
and the anomalous magnetic moment G.

Two main quantities characterize the fulfilment of the frozen-
spin conditions. At first the spin tune v and furthermore the
spin coherence time Tscr [6]. The spin tune for the reference
particle can be calculated by COSY INFINITY but not for
the simulated phase space distribution.

Therefore the mean polarisation orientation in the horizontal
plane of the simulated beam for each turn is calculated. As-
suming a linear change of the orientation 6 with respect to
the beam direction depending on the turn number r results in

e(n):90+v-n “4)

as displayed in Fig. 1. Similar is the description of the spread
¢ of the distribution of the polarisation orientation in the hor-
izontal plane (compare Fig. 2).

o(t) =cp+o-t. 4)

Defining a maximum acceptable spread 6scr = 1rad for the
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Fig. 2: Development of the polarisation spread ¢ depending
on the beam time for a sample ring with » = 30m and
deuterons with p = 1GeV. In this example Tscr =
2.2s.

distribution the spin coherence time can be calculated by

Gscr — 6o
TSer = —————— (6)
o
Thus COTOBO includes now new tools to analyse and to
optimise the desired lattice and can support the decision for
the final structure of the lattice.
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A candidate layout for the JEDI polarimeter

P. Maanen® for the JEDI Collaboration

The proposed method for a search for an Electric

Dipole Moment of charged particles consists of storing
the particles in a storage ring and letting the charged
particles interact with a radial electric field. Starting
with a horizontally polarized beam, the EDM signal
would be a vertical polarization build-up. If the EDMs
of deuteron and proton are in the order of 10~?%e-cm,
the polarization build-up due to the EDM is in the order
of nrad/s. Assuming a horizontal polarization lifetime
of 1000, this means the vertical polarization to be de-
tected is in the order of 107°.
For the polarization measurement, nuclear scattering
which uses spin-dependent asymmetries in the nuclear
scattering cross section to measure the beam polariza-
tion was chosen. A vertical polarization is associated
with a left-right asymmetry in the scattering cross sec-
tion while a longitudinal polarization leads to an up-
down asymmetry.

Polarimeter design goals

To achieve the necessary precision, the EDM polarime-
ter should achieve the following goals:

e Large statistical figure of merit

Minimal influence on the beam

High sensitivity to systematic effects

Good long term stability and reproducibility

Simple concept

The statistical figure of merit of a polarimeter is defined
as F =o0- A; which means to maximize the statisti-
cal accuracy of a polarimeter one has to simply choose
the process with the highest possible cross section and
analyzing power. The influence on the beam should be
minimal because even the slightest pertubation can in-
fluence the beam on a noticeable level. In the past it
has been demonstrated that it is possible to control the
systematic uncertainties to the 1076 level by calibration
of the detector by inducing large errors in the beam and
measuring the variation of the output [1].

Target material

Different target materials have been evaluated for their
applicability as a polarimetry target. Carbon has been
chosen as the most suitable candidate. Figure 1 the dif-
ferential FOM for Deuteron-Carbon and Proton-Carbon
elastic scattering are shown. As one can clearly see, the
differential Figure of Merit for both the deuteron-carbon
and proton-carbon scattering is heavily concentrated in
the forward direction. This should allow one to use the
same polarimeter for both proton and deuteron EDM
measurements.
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Figure 1: red: Differential FOM for Deuteron-Carbon
scattering at Ty = 270 MeV [2] blue: The
same quantity for Proton-Carbon scattering
at T, = 250 MeV/|3].
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Figure 2: The current JEDI candidate detector concept.

Target type

In principle, many different target types are available
for use. Solid State Targets in general are easier to han-
dle than cluster and gas targets and target densities in
the order of magnitude of 10?° cm™?2 are easily achiev-
able. Cluster targets can achieve target densities of up
to 101 em =2 - 10*® cm~2. The target currently used for
R&D measurements is a carbon slab with several cm
in thickness. For extraction the beam is placed close
to the target and then heated by application of white
noise [4]. Recently, a research has begun to develop a
new type of target that uses small diamond pellets to
continuosly extract the beam without needing external
electrical fields [5].

Detector concept

The current candidate concept is shown in figure 2.
It envisions a segmented plastic scintillator to mea-
sure the direction of the outgoing particles and a fast
hadronic calorimeter to stop the particles and provide
a accurate energy measurent of the particle to select
only elastically scattered particles. The material cur-
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Figure 3: top: Range of deuterons in LYSO for differ-
ent deuteron kinetic energies. bottom: Aver-
age displacement in x-direction of deuterons
for the same energies.

rently under evalution is the anorganic scintillator LYSO
Luy.8Y0.25102(Ce). Figure 3 shows the range and lateral
displacement of an incoming deuteron beam in LYSO
for different deuteron energies. As can be seen, a crystal
of around 100 mm length and 10 mm — 30 mm width is
able to completely absorb an incoming deuteron beam.
Accordingly, LYSO crystals of the sizes 30x30x 100 mm?
and 15 x 30 x 100 mm? have been ordered and are unter
investigation. Hardware tests with cosmic muons have
demonstrated an energy of O(20%) are achievable [6].

Conclusion

A detector concept has been chosen and Monte-Carlo
simulations and prototype measurements are ongoing
to further refine the components for the polarimeter.
First test measurements with deuterons are planned for
the March 2016 beam time.

“RWTH Aachen University, Germany
PIKP FZJ Germany
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Automation of the Orbit Response Matrix Measurement at COSY

F. Hinder??, B. Lorentz?, M. Rosenthal®? and M. Simon“
for the JEDI collaboration & the COSY Beam-Instrumentation-Group

The ambitious goal of a measurement of Electric Dipole Mo-
ments (EDMs) of elementary particles at the storage ring
COSY (COoler SYnchrotron) requires a precise and reliable
closed orbit correction. Simulations of the planned measure-
ment method using an radio frequency Wien filter show, that
a closed orbit correction is a crucial tool to lower system-
atic errors of an EDM measurement [1]. A model indepen-
dent orbit correction is possible by using an Orbit Response
Matrix (ORM). Such an ORM describes the linear response
of the closed orbit at each Beam Position Monitor (BPM)
to a change of each corrector magnet. A new measurement
method, developed for COSY, is presented.

The ORM M is defined by:

N\ _ ., [ 6
(3)- (%)

where X, ¥ are the measured beam positions at the horizontal
and vertical BPMs, respectively. The variables §X, 9_; are the
deflection angles at the horizontal and vertical correctors. For
an uncoupled linear machine the ORM simplifies to a block
diagonal matrix . The matrix entries for the vertical (y) block
are given by [2]:

Mij:ZSiIF(liil)cos(mi_q)A_nv). 2)
These matrix entries are defined by the beta functions 3 at
the elements i and j, the difference of the phase advance ¢
between both elements and the tune v. The corresponding
entries for the horizontal block matrix have to be modified
by a dispersion term:

/BB L D;D;
M,J_mcos(|¢,—¢]|—7w)+ o 3)

where D; is the dispersion at element i, | denotes the phase
slip factor and Ly is the orbit length. The additional term has
to be included, since the cavity has to be switched on during
the closed orbit measurement. For an unbunched, coasting
beam the additional dispersion term vanishes. On one hand,
the terms can be calculated by knowing all twiss parameters.
On the other hand, a method of evaluating the ORM is to
measure the entries of the matrix by applying small corrector
changes and measuring the variation of the beam position at
each BPM.

Up to now the measurement of the ORM was done manu-
ally by setting up a corrector magnet to three different mag-
netic fields. For each of these fields the closed orbit was mea-
sured and saved to a data file. This procedure was repeated
for all corrector magnets. All resulting measurements were
analyzed and the matrix was calculated. The complete, man-
ual measurement took roughly eight hours. Besides the time
consumption, this method was error-prone since all settings
were done by hand.

To have a faster and reliable method to measure the ORM
a software application is beeing developed. This application

applies all settings and measures the ORM automatically. It
establishes network connections to all BPMs, the timing sys-
tem of COSY and all corrector magnets. In addition the ap-
plication accesses a database, where calibration factors for
the currents of the corrector magnets are stored. A schematic
overview of the mentioned connections is given in Fig. 1.

Set Variations Measured Data

Corrector
Magnet

Automatic
ORM
Measurement

Database
Corrector Strength
© Deflection Angle Ccosy
© Corrector Current Timing System

Measured
Orbit Data

Fig. 1: Scheme of the network connections between the
ORM measurement application and the used subsys-
tems of COSY.

The application measures the ORM in the following way:
It creates an adjustable number of orbit variations for each
corrector magnet. Each variation lasts typically five seconds.
All these variations are done after each other in one cycle
of COSY. If the complete cycle time is used up, the remain-
ing corrector magnet changes are distributed in the upcom-
ing cycles until all of them for all correctors are done. All
BPMs are triggered by the timing system, which enables a
synchronization to the deflection angle, introduced by the
correctors. Due to the fact that the maximum repetition rate
of the BPMs is 1 Hz, each variation is measured typically five
times. The measured data are sent to the application and are
stored with the corresponding corrector strength. The syn-
chronization of the BPM measurement, the corrector setting
and the data storage is done by the COSY timing system,
which triggers the used devices. All the measured data are
stored in the ROOT [3] tree format to provide a simple use
of the ROOT framework for further analysis. With this mea-
surement scheme, a complete ORM measurement takes typ-
ically 30 minutes. Thus, the new method gains a factor of
16 in measurement time. In addition the application controls
all systems needed, reduces the error-proneness and does not
need any additional controlling of the shift crew.

To calculate the ORM, the measured beam displacement at
each BPM is plotted against the change of the current in the
corrector. The slope of a linear fit to these data points is one
entry in the ORM. As an example the measured beam dis-
placements for the corrector SV32 and the BPM bpmyO0S is
shown in Fig. 2. For the measurement shown, eleven differ-
ent deflection angles were used. The beam position for each
deflection angle is measured five times and averaged.

The fit shown results in the matrix entry:

Msv32, bpmyos = —0.197 mm/Al [%olnax] - @
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Fig. 2: The measured orbit response at bpmy08 for a change

of the corrector magnet SV32. The corrector strength
is expressed in the technical current through the mag-
net.

By calculating the fit parameters for all combinations of cor-
rector magnets and BPMs the ORM is calculated.

In addition to the automated ORM measurement application,
a tool to calculate the ORM, to analyse the ORM and to cor-
rect the closed orbit is developed.

The orbit correction is done by pseudo inverting the ORM.
Multiplying the inverted matrix by the measured, uncor-
rected orbit results in corrector currents which can be used
to correct the closed orbit towards an orbit with a smaller
RMS!:

< gx,cor ) :M71 ( “:V: >’ (5)
ey,cor y

Since the ORM M is not a square matrix, the pseudo in-
version is done by using the Singular Value Decomposition
(SVD), algorithm provided by the linear algebra library ar-
madillo [4]. By choosing the number of used singular values,
the required corrector strength and the resulting RMS value
of the corrected orbit can be calculated. Figures 3 and 4 de-
pict the calculated RMS values in both planes depending on

the number of used singular values. The red points depict the
measured RMS values after the corresponding correction.
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Fig. 3: Calculated horizontal RMS values for different num-
bers of singular values (black). The red points indicate
the measured RMS values.
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Fig. 4: Calculated vertical RMS values for different numbers
of singular values (black). The red points indicate the
measured RMS values.

The comparison of the measurement with the theoretical pre-
diction shows good agreement for low numbers of singular
values. For a higher number of singular values, which cor-
respond to a higher corrector currents, the measured RMS
value is larger than the calculated one. Until now, this effect
is not understood and under investigation by using simula-
tions, including realistic models of the BPM resolution and
magnet misalignments.

In addition to the orbit correction the measured ORMs can be
used to improve the MAD? model of COSY by using the Lin-
ear Optics from Closed Orbits (LOCO) algorithm [S5]. The
implementation of this algorithm is under development.

In summary, the new developed tools, namely ORM mea-
surement and orbit correction, work and improve the daily
work of the accelerator crew. Additionally the measured
ORMs can be used to get an improved understanding of the
COSY model, which is crucial to simulate the spin evolution
during the storage time for an EDM measurement.
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Systematic Limitations of EDM Measurements at COSY due to Magnet Misalignments

M. Rosenthal®? for the JEDI Collaboration and the IKP-4 Accelerator Physics Group

Electric Dipole Moment (EDM) measurements bear the po-
tential to disentangle CP violating sources in the Standard
Model and beyond [1]. The JEDI collaboration aims for a
first direct measurement of the deuteron EDM in the existing
storage ring COSY at Jiilich. The deuteron EDM is assumed
to be aligned to the particle spin S as follows:

- —

q

d=mepm- 5 S (D
Here, ngpMm denotes a dimensionless scaling parameter and
q and m are the deuteron charge and mass, respectively. A
powerful simulation framework is required to model the mea-
surement method and explore the systematic limitations. The
developed framework combines the existing beam and spin
tracking algorithms of COSY INFINITY [2] with the analy-
sis functionality of the ROOT framework [3]. This has been
illustrated in [4]. Subsequently a follow-up report is pre-
sented.
The spin motion for relativistic particles in constant elec-
tromagnetic fields is theoretically described by the Thomas-
BMT equation [5, 6]

as s <
7 QxS, 2)
which can be extended for an permanent particle EDM [7].
Here, S denotes the spin vector in classical representation,
while Q is the spin rotation axis. Its magnitude amounts to
the angular precession frequency. The particular form of Q,
depending on the electromagnetic fields, is given in [7]. Con-
sidering an ideal magnetic storage ring, the reference trajec-
tory is defined by the location of the bending dipole magnets.
Due to the particle magnetic dipole moment the spin vector
precesses around the vertical axis €. A non-vanishing EDM
introduces a tilt of the spin rotation axis towards the radial di-
rection €. This is illustrated in Figure 1. In the misalignment-
free lattice, the spin rotation axis in each of the bending
dipoles defines the orientation of the spin closed orbit 7.
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Fig. 1: Tilt € of the spin closed orbit 7. due to spin interac-
tion in the guiding fields of a magnetic storage ring.
The contributions of MDM and EDM to the spin ro-
tation axis € are perpendicular to each other. The tilt
induces an oscillation of a vertical spin component.
(similar to [8])
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Fig. 2: Fast oscillation of the vertical spin component of a
reference deuteron with an initial spin vector precess-
ing in the plane perpendicular to the spin closed orbit.
An EDM of nNgpm = 10~* is assumed, which causes
a tilt of the spin closed orbit. The solid line is a fit of
a sinusoidal function. (similar to [8])

A spin vector initially perpendicular to the spin closed orbit
possesses an oscillating vertical spin component, whose am-
plitude depends on the tilt angle &. Deuterons with a momen-
tum of 970MeV/c are currently under investigation. Assum-
ing an EDM corresponding to Nepm = 1074, the oscillation
amplitude A is given by:

N MNEepM - B -3
A~ |—|=0.16-10 3
‘ 2G )

Here, G denotes the anomalous magnetic moment. The cal-
culated amplitude estimate is reproduced in associated spin
tracking simulations as illustrated in Figure 2. The spin tune
for the given configuration amounts to vy ~ —0.161. This
amounts to about 6.2 turns per oscillation period. A pre-
cise time resolution would be required to extract the desired
signal. Furthermore only a tiny signal amplitude can be ex-
pected. To enhance the amplitude, a different measurement
method based on an radiofrequency Wien filter is proposed
[9, 10]. The Wien filter is designed to have a vertical mag-
netic and radial electric field, whose strengths are adjusted
to minimize the Lorentz force. Simulations have been per-
formed assuming a Wien filter device length of 0.8 m and a
magnetic field amplitude of B = 0.1mT. In the ideal case,
the resulting spin rotation axis in this device is vertically ori-
ented and independent of a potential EDM. The Wien filter
frequency needs to be adjusted to the spin precession fre-
quency (plus multiples of the revolution frequency) to excite
a resonant spin signal. In case of a non-vanishing EDM, this
signal shows up as a slow oscillation of the average verti-
cal spin component, which can be approximated by a linear
function as illustrated in Figure 3. The slope scales linearly
with the tilt angle of the spin closed orbit 7i. at the Wien filter
location. In ideal case, this tilt is proportional to the EDM
magnitude and provides the desired signal in this measure-
ment method. An important relation between the phase of
the precessing spin as shown in Figure 1 and the phase of the
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Fig. 3: Behaviour of the vertical spin component in presence
of an EDM and the radiofrequency Wien filter with
a vertical magnetic field. The same conditions as de-
scribed in the caption of Figure 2 were applied. The
initial phase of the Wien filter field oscillation is set
to ¢ = 0°. The solid lines are linear fits used to extract
the average change. (similar to [8])
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Fig. 4: Extracted average change of the vertical spin compo-
nent as shown in Figure 3 for different initial phases
of the Wien filter fields with respect to the initial spin
orientation. Different magnitudes for an EDM are in-
vestigated. The solid lines correspond to the theo-
retical expectation. A Wien filter magnetic field of
1-10*mT and the corresponding electric field and its
length of about 0.8 m are used. (similar to [8, 11])

Wien filter fields is observed. This is depicted in Figure 4.
Assuming an initially longitudinal spin direction at the Wien
filter location, a maximum slope is obtained for a Wien filter
phase corresponding to the maximum field amplitude. This
situation is further referred to as ¢ = 0°.

As previously discussed, the tilt angle of the spin closed or-
bit is directly connected to the EDM signal. Misalignments
of the storage ring magnets can introduce radial and longitu-
dinal magnetic fields on the reference trajectory. These fields
infer tilts of the spin closed orbit and can introduce a change
of the vertical spin component mimicing a deuteron EDM.
The order of magnitude of these false signals is investigated
in the following study. For this purpose the quadrupole mag-
nets of the storage ring are randomly shifted in vertical di-
rection. Normal distributions with different Gaussian widths
o, are applied in subsequent simulation runs. Besides the
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Fig. 5: Simulated RMS value of the vertical orbit deviations
Aygruys in presence of misaligned quadrupole magnets.
Gaussian distributed shifts in vertical direction have
been assumed for the misaligned quadrupole mag-
nets. The misalignments were diced assuming differ-
ent Gaussian widths oy. (similar to [8])

spin motion, also the beam motion is affected by those fields,
leading to vertical orbit deviations. The RMS' of the vertical
orbit deviations Ayrms at the locations of the quadrupoles is
used as a measure of the underlying misalignments. Figure
5 illustrates the proportionality between o, and Ayrms for
1000 different randomization seeds and magnitudes of o,.
The resulting slope of the vertical spin component for two
different misalignment seeds is shown in Figure 6. The tilt
angle and tilt direction of the spin closed orbit depends on
the misalignment location in the storage ring. The magnitude
and relation of the radial and longitudinal component of the
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Fig. 6: Extracted average change of the vertical spin com-
ponent for different initial phases of the Wien fil-
ter fields with respect to the initial spin orienta-
tion. The superposition of the false signal due to
misaligned quadrupole magnets (6, = 0.1mm) and
different magnitudes of the EDM has been investi-
gated. Two different randomization seeds are illus-
trated. The solid and dashed lines correspond to the
theoretical expectations. A Wien filter magnetic field
of 1-10*mT and corresponding electric field is used.
The length of the Wien filter is about 0.8 m. (similar
to [8, 11])
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Fig. 7: Absolute average change of the vertical spin compo-
nent |ASy| per turn with respect to different Aygys
and an initial Wien filter phase ¢ = 0° in the simula-
tion. The different Aygyss have been generated by ran-
domized vertical quadrupole shifts assuming Gaus-
sian distributed misalignment errors. Furthermore dif-
ferent EDM magnitudes are considered. The solid line
shows the 90% upper confidence limit for pure mis-
alignments. The dashed line refers to the location for
which the false signal by misalignments is equal to an
EDM signal corresponding to Ngpm = 10~*. (similar
to [8])

spin closed orbit determines the phase ¢, for which a maxi-
mum polarization buildup is observed. In case the false signal
due to misalignments is superimposed by a non-vanishing
deuteron EDM, the phase relation is modified towards in-
creasing slopes for ¢ = 0°. This reflects that the slope mea-
sured at ¢ = 0° is most sensitive to a potential EDM. The su-
perposition of EDM signal and false signals have been sys-
tematically investigated for different EDM magnitudes and
misalignment seeds. For each setting, the absolute value of
the slope at ¢ = 0° was retrieved. The results are shown in
Figure 7. Towards smaller values of the vertical orbit RMS
Ayrms the EDM related signal and the false signal are distin-
guishable, while an EDM related signal may hide for larger
orbit deviations introduced by misalignments. According to
the conducted study for vertically shifted quadrupoles, the
90% upper confidence limit of the false signal at Ayrms ~
1.6mm is of equal magnitude as a pure EDM signal corre-
sponding to MgpMm = 10~*. This sets a stringent limit to the
sensitity of EDM measurements at COSY for the proposed
measurement method. The results for different misalignment
sets, the contribution for imperfections of the Wien filter it-
self and more details on the performed studies will be given
in [8]. A similar phase behaviour as shown in Figures 4 and 6
(but not scaling linearly with the deuteron EDM) can be ob-
served using a radiofrequency solenoid instead of the Wien
filter. A successful experimental confirmation was carried out
in the most recent beam time end of 2015.
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Automation of Rogowski Coil Test Bench and Data Acquisition System

D. Shergelashvili®?, F. Hinder“?, H. Soltner® and F. Trinkel“? for the JEDI collaboration

1 Motivation

Technical development at COSY is a very important issue in
the frame of the JEDI project. One of them is the develop-
ment of the Beam Position Monitoring system (BPM). The
idea of the new BPM is different from the old one. The new
measurement principle is based on measuring the magnetic
flux of the particle beam to determine the beam position. For
picking up, a toroidal Rogowski coil is used. A Rogowski
coil is an electrical device for measuring alternating current
(AC) or high speed current pulses. Generally, it consists of
a helical coil of wire with the lead from one end returning
through the centre of the coil to the other end so that both
terminals are at the same end of the coil (see Fig. [T). This
makes the coil more flexible for noninvasive measurements.

In our case, the coil is divided into four equal parts, one cov-
ers 1/4 arc of the total circumference. This makes it possible
to measure position in two dimensions of the current flow in-
side the torus. The winding density, the inner and outer diam-
eter of the coil and the rigidity of the winding are important
to increase sensitivity and linearity of the coil for position
determination.

Fig. 1: The generic Rogowski coil.

The induced voltage for a full covered Rogowski coil can be
calculated by Eq.[T]

_ ol 2 2
Una = 5 Nho (1= V/r? =A%) (1)

AU V2
ST 2)
where N is number of windings and r is radius of torus with
winding radius A. The induced voltage is proportional to the
change of a fast current (p) and to the distance of the be-
tween the current source and the coil itself. The mathemat-
ical calculation, presented in Eq. 2] describes the induced
voltage depending on the position for ideally manufactured
windings. In reality, four coils parameters are always differ-
ent from theoretical prediction. Due to this common prob-
lem, it is very useful to check the manufactured coil on the
test bench first (see Fig. 2).
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Fig. 2: Test bench for Rogowski coil Measurment.

2 Devices at the Test Bench

The test bench consists of universal positioning control sys-
tem and two lock-in amplifiers. The positioning systems in-
clude a movable table with stepper motors and their corre-
sponding driver unit PS90 (Fig. [3). The table can be con-
trolled using three stepper motors with 10 um step size. Two
motors move the attached coil in X (horizontal) and Y (verti-
cal) planes. The third motor is responsible for angular move-
ment of the copper wire. This thin wire goes through the
torus and simulates the particle beam. The PS90 is an elec-
trical device which creates a bridge between the computer
or the server and the motors systems. The PS90 has sev-
eral communication ports: USB 2.0, RS-232 and optional
Anybus®interface.

The measurement devices are the lock-in amplifiers from
Zurich Instruments, model: HF2LI. The HF2 series is a prod-
uct line comprising an impedance spectroscope and a digital
lock-in amplifier covering advanced requirements for labo-
ratory equipment. It provides Numerical, Sweeper, Spectro-
scope, Zoom FFT and Oscilloscope tools. Each device has
two differential inputs and two outputs. The signal to be mea-
sured is connected to one of the two high-frequency analog
inputs where it is amplified to a defined range, filtered and
digitized at a very high speed. The resulting samples are
fed into the digital signal processing block for demodula-
tion by means of up to 8 dual-phase demodulators. Work-
ing frequency range is 0-100 MHz. It has Digital I/O ports
for signal triggering and additional Auxiliary ports, too. This
device does not have user interface itself, and it can be con-
trolled by the server computer, where special software is run-
ning. The test bench requires two lock-in amplifiers to read-
out a quartered coil. These devices contain synchronization
I/0O ports for simultaneous polling the data with equal time
stamps from all the input channels. The signal input range,
AC/DC coupling, 50 ohm internal resistor and lots of other
options can be set via commands.

3 Software Development
During the experiment, all the devices need control and com-

munication to the computer . The PS90 listens only ASCII
commands over the COM port. Zurich Instruments devices



use a server-based connectivity methodology. Server-based
means that all communication between the user and the in-
strument takes place via a computer program called a server,
the LabOne Data Server. The Data Server recognizes avail-
able instruments and manages all the communication be-
tween the instruments and the host computer on one side,
and communication to all the connected clients on the other
side. Herewith, the software package serving the test bench
is developed using the Python programming language. The
Python script manages all the devices and it is responsible
for recording and analysing of the data. Figure [3|shows the
architecture of the test bench system.
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Fig. 3: Architecture of test bench.

The Python code, which was written specially for this test
bench, runs on both operating systems, Windows and Linux.
At the beginning, the code establishes the communication to
the PS90 and the lock-in amplifiers. Then it sets all the neces-
sary parameters for the stepper motors. Last command during
initialization is calibration of the table and linear measure-
ment system. The calibration described is a selectable option.
Variable parameters such as travel distance, measured in dots
in whole distance, frequency, sample per second, type of an-
alyzing can be set by the user before starting the script. When
the experiment starts the computer sends the destination co-
ordinates in the PS90 driver. The PS90 drives the motors be-
fore the table reaches the correct place and then switch them
in auto place correction mode. After reaching the XY coordi-
nates, the script automatically starts sending commands for
polling all necessary data from the H2LI devices, sorts them
and saves in a ROOT file. It is very important to poll the data
with equal time stamps which is also implemented in the new
script package. After one measurement, it sends new coordi-
nates to the PS90 and starts polling again. When all data are
collected and saved, the script starts the analysing process
and displays the results. For each measurement series, four
figures are created. Two figures for the movement along one
axis. Each of these figures shows the measured voltage de-
pending on the position of the wire, relative to the coil. Ad-
ditional analysing steps can be done, by using the raw data,
saved in the ROOT files. At the end of the measurement the
devices are sent into standby mode and the stepper motors
are switched off.
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Fig. 4: New Python Script Results.

4 Measurements and Results

For the experiment, discussed, the new Python script was
used. Measurement was done according to these parameters:
x travel and y travel distances is 26 mm (-13 to +13 mm), 53
points per travel (106 total), 10000 samples for each point,
lock in frequency - 750 kHz. The whole experiment took
about 15 minutes. The experiment results is shown on Fig.[]
The first two plot describes position measurements along
horizontal axis. The induced voltage in the vertical plane
(Uup — Ugown) 1s changing during the horizontal travel, that
nonlinear correlation indicates to uneven distributed wind-
ings. In case of linear shape it will indicates rotated coils
against to XY plane. For the same reason on the forth plot,
the signal from the vertical plane is curved and dots are out
of linear function. The second plot on Fig. [4| shows that lin-
ear function fits the points fairly well, which corresponds the
signal from the horizontal plane (Uj.; — Uyigp,) during travel
along X axis. It was expected because on the third plot, the
voltage is increasing during whole experiment unlike from
first one.

5 Conclusion

The new Python script is very useful and comfortable to an-
alyze the Rogowski coil. The script manages all necessary
processes for the whole test bench system. It automatically
drives the XY tables and takes data from the lock-in ampli-
fiers. The script generates the output files, holding plots for
fast online analysis as well as raw data for detailed offline
analysis. Most important improvement of the script is that
the measurement time is almost ten times less than it was
and the measurement process is fully automated.
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Differential cross section of the d*2C — pX reaction at 270 MeV

Yu. N. Uzikov! for the JEDI collaboration.

Search for EDM of charged patrticles requires measurement
of the polarization of the particle after its circulationaming

with special configurations of electromagnetic fields [Hr F

the deuteron case, it is suggested to measure the left-right
asymmetry in the elastic scattering of the polarized deuter
on the carbon targéfC. Vector analyzing poweA, of the
reactiond +12C — d +12C is rather large at energies of the
dedicated experiment with the deuteron beam energy about
Tyq = 200— 300 MeV. For this reason th#-2C- elastic scatter-

ing can be used in the discussed polarimetry measurements.

For better understanding of the efficiency of the detectsr sy
tem in such a measurement it is necessary to know the rela-
tive ratio of the inelastid'?C interaction cross section with
deuteron breakug'?C — p+ X to the elastic one. For our
knowledge, the corresponding data are absent at present.
The main aim of the present study is to give an estimation of
the cross section of reactioi’C — p+ X at a momentum of
the final proton close to the half of the initial deuteron beam
momentum. Within the Glauber theory the cross section of
the reactiord + A — p+ X was considered in Ref.[2]. This
cross section contains i) the contribution from the deutero
breakup with elastic rescattering of the proton and neutron
from the deuteron, ii) the neutron absorption cross segtion
when the neutron participates in inelastic collisions pnly
while the proton scatters elastically. After some appra<im
tions to this scheme the invariant cross section can beanritt
in a form corresponding to the impulse approximation [3].
Within the Relativistic Hamiltonian Dynamics [4] it can be
written as
dc

Epdg—p3 = K[u?(q) +W?(q)]0tor (NA — X)),

@)
whereaiq (NA— X) is the total inelastic cross section of nA-
interaction,u(q) andw(q) are the deuteron S and D-waves,
respectively, in momentum spacgs the relativistic internal
momentumK is a kinematical factor.

The results of numerical calculations for zero angle of the
final protone'p (in respect to the direction of the deuteron
beam) are shown in Fig. 1 for the beam momenym9.1
GeV/c and forpg = 1.042 GeV/c (i.eTq = 270 MeV) as
function of the modulus of the 3-momentum of the final
proton p_ in the laboratory system. The total cross section
Ot (PH2C — X) is taken from Ref.[5] assuming that it is
equal to the neutrorrtot(nlzc — X) cross section. The re-
sults fore'p # 0, are shown on Fig. 2. One can see that for
the spectator mechanism the cross section quickly decease
with increasinga'p. The pn-rescattering in the final state, not
considered in this approach, may change this behavior.
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First Results of the Upgraded Low Energy Polarimeter Read-Out

N. Hempelmann for the JEDI collaboration

Low Energy Polarimeter Read-Out The Low Energy Po-
larimeter (LEP) [1] is the polarimeter in the injection beam
line of COSY. The polarization is measured using elastic
scattering at a carbon or polyethylene (CH,) target. Fig. 1
shows the basic design. The beam enters the polarimeter
from the left and hits the target at the center. The outgo-
ing particles are detected using twelve plastic scintillators in-
stalled in groups of three above, below, to the left and to the
right of the beam. The scintillators in each group are spaced
10° of polar angle apart and can be moved as a rigid unit to
select a scattering angle.

Fig. 1: Low Energy Polarimeter (left). Close-up of a group of
detectors (right)

The present detector read-out uses analog NIM modules. It
is able to select elastic scattering events using pulse height
discrimination. Apart from that it can detect kinematic coin-
cidences in deuteron proton scattering with a time resolution
of about 2.5 ns.

To facilitate a faster online measurement of the beam polar-
ization a new system using field-programmable gate arrays
(FPGA) was tested. The detectors are read out using a GAN-
DALF VME-board [2], which was developed for the COM-
PASS experiment at the University of Freiburg. The GAN-
DALF module provides an FPGA for signal processing and
an eight channel analog to digital converter (ADC) with a
resolution of 12 bits and a sampling rate of 1 GHz.

The firmware of the module was modified for this applica-
tion. The amplitude and time of each incoming pulse is mea-
sured using a constant fraction discriminator implemented on
the FPGA. The precision of the time measurement is about
50 ps.

In addition to the pulse height and coincidence measurements
that were possible with the old electronics the new system
can also measure the time of flight for each particle. One of
the ADC channels is connected to a signal from the radio
amplifier of the cyclotron. The time between this signal and
the arrival of a particle is the time of flight. This method only
measures the relative time of flight for different particles as
the exact run time of the signals and the time the beam takes
from the cyclotron to the polarimeter are not taken into ac-
count.

Results During the beam times in June and December 2015
the first successful measurements with the new read-out were
taken [3]. The experiment used polarized deuterons at an en-
ergy of 75MeV. Fig. 2 shows the distribution of the ampli-
tude and the time of flight for particles registered at a scat-
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Fig. 2: Plot of the amplitude and time of flight of particles
detected at a scattering angle of 40° using a carbon
target

tering angle of 40°. As indicated in the plot, several differ-
ent reactions can be identified. There is a clear peak corre-
sponding to elastic scattering, which is used for the polar-
ization measurement. There is also a broad continuum from
deuteron breakup reactions and another peak from the reac-
tion '>C(d,p)'3C, both lead to protons in the final state.

The observed time distribution is broadened by the difference
in time at which particles from the cyclotron arrive at the po-
larimeter. In the cyclotron, particles from more than one turn
are extracted simultaneously, leading to a spread in energy.

Conclusion A new read-out system for the Low Energy
Polarimeter was tested successfully. In 2015, amplitude and
time of flight spectra were measured as well as the beam po-
larization. The new read-out is available as a routine tool for
calibrating the polarized source in upcoming beam times.
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Improvements in Barrier-Bucket Signal Shaping

B. Breitkreutz, F.J. Etzkorn, G. Schug, R. Stassen

Abstract

A prototype of the HESR barrier-bucket (BB) cavity is
installed at COSY and used to compensate the mean
energy loss provoked by experiments. Unfortunately, its
bucket is not completely flat. In combination with
stochastic cooling, the particles don’t distribute uniformly
but concentrate in local minima. Therefore, efforts have
been made to further reduce the ripple of the gap voltage.
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Fig. 1: Measurement of the system response on an ideal
sine burst (gray), and on the pre-distorted signal
(black) at 500 kHz. Due to the small amplitude of
approx. 4 Vpp, the signal is corrected almost
perfectly after one single iteration.

Pre-distortion

The bucket signal is generated with an arbitrary waveform
generator (AWG). It ideally consists of a single sine burst,
building a time gap of x=10—20% (Fig. 1, “in 17). It is,
for one revolution interval 0 < t < Tpy:

~ t
v(t) =V sin (27‘[ IT) yr. (6 = Trey/2).

rev
rev

Due to long cables, the amplifier and the water-cooled
transformer rings inside the cavity, the gap voltage ¥(t) is
heavily distorted (“out 17). It is necessary to correct this
distortion.

Since v and ¥ are periodic with f.,, they have discrete
spectra ¢, and &, each element corresponding to kfi.,.
Therefore, the frequency response g, of the system is
discrete as well and can be calculated for every single

harmonic by dividing the Fourier coefficients of the
output signal by those of the input signal.

The pre-distorted input signal (“in 2”) is calculated by
simply dividing the wanted coefficients ¢, by gy.

Although it is possible to use any test signal with non-
zero coefficients for the measurement of g, it is

reasonable to use the desired signal c,. The system

contains non-linear elements; therefore, the system
response depends on the spectral power distribution of the
input signal. Furthermore, it is beneficial to start with a
small input power in order to calculate an initial g;, in the

linear range. Subsequently, the power can be enhanced
successively, always using an input signal which was
corrected by the prior response. This is a sufficiently
robust way to obtain a well-shaped gap voltage with the
desired amplitude despite the non-linear behavior of the
system.

This approach was already implemented in the past [1]
and successfully used to improve the voltage profile of
the BB at COSY. However, the bucket part of the signal
still had a ripple in the order of 5—7% of the magnitude
of the barrier. This turned out to be disadvantageous
especially in combination with stochastic or electron
cooling, since the particles tend to collect in the resulting
local minima.

The procedure was now re-implemented in order to
challenge the causes of the ripple.

First of all, the signal analysis was improved. Well
measured Fourier coefficients are critical for the
correction process, since higher harmonics are of little
amplitudes, hence small numbers are divided by small
numbers. The influence of noise often led to instabilities,
and the correction did not converge. The main source of
noise is the 8-bit ADC of the oscilloscope, resulting in a
staircase approximation of the signal with only 256 levels
maximum. Therefore, a time span of at least 16 periods is
measured and cross-correlated with the reference signal.
This way, it is possible to detect every single period with
a minimal phase error. The distorted signal #(t) is found
by averaging over all detected periods.

Ripple Reduction
The ripple is caused by the low-pass characteristic of the
power amplifier. By design it is supposed to have a
constant gain up to 12 MHz. Above approximately
15 MHz the gain is almost zero. The spectrum of the
rectangular window function consists of slowly decaying
harmonics, since the borders of the window are angular.
The suppression of high harmonics leads to the observed
ripple.
This problem was approached in two ways. The first one
is to replace the rectangular window function by a raised-
cosine-window.
)
#TFEV

The effective width of the sine burst is reduced by the
round shape of the raised-cosine-window. A larger value
for u has to be chosen in order to roughly match the shape
of the two signals. In Fig. 2, the influence on the spectrum
is shown. The signal has hardly any power above the 10™
harmonic. Consequently, a truncation of the spectrum
leads to a much smaller ripple than in the case of a
rectangular window.

HﬂTrev(t) < HﬂTrev(t) COSZ (T[
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Fig. 2: top: Fourier coefficients of a BB-signal with
rectangular window (u=20%) and raised-cosine
window (u=26%). bottom: resulting ripple when
spectrum is truncated after the 4™ harmonics.

The second approach is a computer aided optimization
process. After an initial pre-distortion of the signal, an
optimizer routine tries to minimize the ripple of the gap
voltage by varying amplitude and phase of the single
harmonics. The goal function is chosen to be the ratio of
the amplitudes of the highest ripple and the wanted pulse.
This definition lacks of some important constraints, e.g. a
constant pulse width and a symmetric shape, but it turned
out to be sufficient in this simple form. The width
increased by a few percent during the optimization
process, which can be compensated by reducing the initial
value for u.

Measurement results

Measurements were made at fi.,=1.52 MHz, which is the
revolution frequency at COSY of protons with $=0.93.
The highest reasonable harmonic is H=10. This is not
sufficient to represent a pulse with of xu=10%. For x=20%
however, the analytical ripple is 5.4% with a rectangular
window. With a gap voltage amplitude of approx. 200
volts, a ripple of 5.6% was achieved with the new
implementation of the iterative pre-distortion process (the
old version had 7.5%). After 182 iterations of the
optimizer, the value was further reduced to 2.5%. The
highest achieved peak voltage was 435 volts, using a
rectangular window.

Table 1: BB signal path elements

Arbitrary Waveform Generator | Tektronix AWGS5012
Oscilloscope R&S RTE1024
Amplifier 2 kW solid state
Transformer material VitroPerm 500F

Additional measurements were made at 500 kHz, a
typical revolution frequency of HESR. Due to the small
frequency, it was possible to take 30 harmonics and
therefore shorter pulses. With u=20%, a ripple of 1.84%
(analytical value: 1.74%) was achieved with a rectangular
window. It was reduced to 0.8% (0.05%) by a raised-
cosine window. The optimizer could reduce this value
even further to 0.6%. For a barrier width of u=10%,
values around 2% could still be realized.
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Development of MAD-X based LOCO algorithm for COSY optics measurement as well as model improvement

C. Weidemann, M. Bai, F. Hinder

COSY’s diverse capabilities of phase space cooling and the
flexibility of its lattice with respect to ion-optical settings
makes COSY an ideal test facility for accelerator technol-
ogy developments [1, 2]. High demands on beam control
and beam based measurements have to be fulfilled for fu-
ture experiments such as the proposed precursor experiment
for a direct measurement of the electric dipole moment of the
deuteron (see [3] and references within).

One major task toward reaching this goal is the improvement
of the model of COSY, which currently reaches a precision
for AB/P of 30 to 50 %. A technique called linear optics from
closed orbit (LOCO) [4] has succesfully been employed on
light sources and storage rings to calibrate and correct lin-
ear optics. Therefore, a LOCO algorithm in C++ framework
using MAD-X! for optics calculation is currently under de-
velopment.

LOCO is based on the analysis of a measured orbit response
matrix (ORM), which contains thousands of data points re-
flecting the focussing structure of the ring ([4], equations
in [5]) . A typical ORM at COSY contains about 2400 en-
tries, representing the orbit deviations caused by a change in
the deflection strength of each of the ~ 40 correction-dipole
magnets measured with the ~ 60 beam position monitors
(BPMs) (30 horizontal, 30 vertical) along the ring. An au-
tomated ORM measurement system was implemented in the
past year allowing to collect a full data set within 30 min-
utes [5].

In addition, an ORM based on the existing COSY model
can be calculated using MAD-X. LOCO now adjusts the pa-
rameters of the lattice model in order to minimize the >
difference between the model (My,,4) and the measurement
(Mmeas)

o2

2
X2 _ Z (Mmod,ij —Mmeas,ij) _ Z E1%7 (1)
ij i k=i,j

where Gj; are the errors of the linear fits to the beam dis-
placement at each BPM(i) plotted against the current in each
steerer magnet(j). The model parameters under investigation
so far are listed in Tab.1. By varying these, dEy /dK) can be
determined for every parameter:

—Ex = —-AK|. 2
k= gg, Ak 2)
Applying a singular value decomposition (SVD) of this non
square matrix allows for the determination of its pseudo in-
version and the direct recalculation of the correct parameter
settings using
dEx

_ T _ = ool
—x ~USVI =Y dsvi and 3)

1
AK ==Y Vi—il - Ex. 4
) (U 4
Since the response matrix is not linear to most of the param-

eters LOCO must be iterated until it converges to the best set
of parameters.

IThe MAD-X Program (Methodical ~ Accelerator  Design)
http://madx.web.cern.ch

Table 1: Parameters under investigation.

parameter name number
BPM calibration 60
BPM roll, position (s) 2 x 60
Steerer calibration 40
Steerer roll, position (in s) 2 x40
Quadrupole gradients 56

Quadrupole rolls and misalignments 6 x 56

Iteration: 0 Max: 1.03 Min: -1.13 RMS: 0.196
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Fig. 1: Comparison of the measured and calculated ORM
(AM; j = Miod,ij — Mmeas,ij) before applying LOCO.
Here, the measurement was simulated by randomly
dicing the gradient of all 56 quadrupole magnets.

For developing and benchmarking the LOCO algorithm the
measured ORM is for the moment simulated by dicing pa-
rameter errors in a realistic range. The comparison of this
“measured” ORM to the model ORM using the existing
COSY lattice without parameter errors forms the reference
Ey for the first iteration (see Fig. 1). Subsequently one pa-
rameter is modulated in three to five steps and a new ORM
is calculated for every step. The change of every ORM entry
with respect to the “measured” entry is plotted in a separate
graph as function of the parameter change. The slope of a lin-
ear fit to these data points yields the entries of the so-called
error vector dEy /dK;. This procedure is repeated for every
parameter and the error vectors are combined to one matrix
dEy /dK. The pseudo inverse of that matrix is than multiplied
to the reference ORM E (see Eq. 4) yielding the new param-
eter settings AK. These settings are then used to calculate
the new model ORM for the next iteration. This procedure
is repeated several times, where the program allows to adjust
different parameters within individual iterations.

The example shown in Fig. 1 is the ORM comparison for
a Gaussian distributed change of the quadrupole gradients
with 6 = 1% of k. As one can see only the diagonal matrix
elements are significantly affected, meaning that the applied
variations do not introduce phase-space coupling, but change
the beam response in one plane to a kick in the same. Figure 2
displays in the top panel the root mean square (RMS) devia-
tion of the reconstructed parameter setting with respect to the
measurement (APar = ki oq — Kmeas) and in the bottom panel
the B-beat ([Bmod — Pmeas)/Pmeas) for three iterations. As vis-
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Fig. 2: Top panel: APar = kyoq — Kmeas for the 56 quadrupole
gradients for the starting conditions (red curve) and
after up to three iterations.

Bottom panel: The AB/Pmeas in the horizontal plane
can be improved by about four orders of magnitude
assuming almost perfect BPMs.

ible APar is improved from 9.0- 1073 to 1.8 - 10~® meaning
that the diced variations are very well detected. The B-beat of
initially 0.1 was decreased to 5.5- 107, The resulting AORM
after three iterations is displayed in Fig. 3 showing average
(rms) deviations of only 1.4-1073 mm/mrad. These numbers
were achieved assuming an error of 10~°m for the position
measurement of the BPMs. The effect of the error of the po-
sition measurement on the reconstruction of different model
parameters is currently under careful investigation. In Fig. 4
the resulting AB, /By for the variation of quadrupole gradi-
ents is plotted as function of the iteration number assuming
BPM errors from 1 nm up to 1 mm. Summarizing this graph
the optical functions can still sufficiently be reproduced for
Ax = 1073 m. The reconstruction of the parameter settings is
usually a bit worse.

Besides studying the effect of the BPM error on the pa-
rameter reconstruction as well as the corresponding optics
further investigations are ongoing. Namely, the study of
the sensitivity of the LOCO algorithm to different machine
parameters, the sensitivity to the step size of the parameter
variation, the sensitivity to the cut value of the SVD analysis,
and the distribution of individual parameter variations on
different iterations. In addition, alternative minimization
algorithms will be investigated.

Iteration: 3 Max: 9.0e-05 Min: -8.5e-05 RMS: 1.4e-05
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Fig. 3: AM;; after applying LOCO for three iterations. The
assumed BPM error is 1 nm.

After finalization and robust benchmarking of the LOCO al-
gorithm it is planned to exchange the ORM, which was de-
rived using diced parameter settings, by ORMs measured
at COSY. A set of orbit response matrices was recorded
in a dedicated beam time in November 2015, where only
quadrupole gradients have been changed. The goal is to
reconstruct these changes. In a second step the measured
ORMs are supposed to be utilized for improving the exist-
ing COSY model using LOCO.
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Fig. 4: For the variation of the gradient of all 56 quadrupole
magnets the AP, /B, is plotted as function of the iter-
ation number of the LOCO algorithm. The resulting
precision clearly depends on the error of the beam po-
sition measurement, which is varied from 1 nm up to
I mm.
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Measurement of the Harmonic Content of the HESR Dipoles with a Single 3D Hall Probe

J. Hetzel*

For the upcoming facility of antiproton and ion research
(FAIR) in Darmstadt, IKP is responsible for the construction
of the High Energy Storage Ring (HESR) [1]. In December
2014 the series production of the bending sector dipoles has
started. For beam dynamics calculations the field description
of these dipoles is included as one source of non-linear parti-
cle motion. This is done in terms of so called harmonic con-
tent or multipole components 4, and B, [2], as defined in

Tref

I n—1
Bo(r,0) +iB,(r,0) = Y (B, +i4,) (r> e® (1)
n=1

Here B, and Bg are the magnetic field strength’ in radial and
polar direction averaged over the length of the magnet. r and
0 are the polar coordinates of a point inside the aperture of
the magnet with origin at the reference trajectory. rr is a
fixed reference radius. In previous calculations (e.g. [3]) the
utilized harmonic content is based on model assumptions. As
the first dipoles are available now, these assumptions can be
replaced by a harmonic description based on measurements.

Different techniques can be applied to measure the harmonic
content. In straight magnets the most common techniques
are rotating coils and vibrating wires. As the sector dipole
is curved in the transversal direction, rotating coil technol-
ogy with a coil along the whole trajectory!, cannot be used.
Alternative approaches with shorter coils [4] used at different
positions along the trajectory or a modified description of the
harmonic content along with vibrating wire technology[5]
are subject to current research and development. To mea-
sure the multipoles of the HESR dipoles a different approach
based on hall probes is used”. The current work serves as a
prove of concept for an automated device for the measure-
ment of the dipoles which is currently developed in coopera-
tion with ZEA lJiilich.

Points to be Measured

Fig. 1: Sketch of points at which a measurement is per-
formed. The magnet is located such that the center
of the entrance face is at (0.,0.,0.).

The principle of the topical measurement is the following:
The hall probe is located at equidistant points at a circle with
fixed radius with respect to the main trajectory. This circle is
in the plane normal to the main trajectory. The radial com-
ponent as well as the polar component are then measured at
each point. Afterwards the circle is moved along the trajec-
tory and further measurements are carried out. This proce-
dure is repeated until the mesh of measured points describes

! And therefore it is averaging over the whole magnet as desired.
2Similar measurements have been successfully tested at Alba
University[6]

the surface of a bend cylinder through the whole dipole (cf.
fig. 1). These measurements also include the fringe field out-
side the geometric boundaries of the element. The measured
values for each polar coordinate are then averaged along the
trajectory. Afterwards the harmonic content is estimated via
a Fourier transform of the measured and averaged data.

In comparison to the other measurement methods mentioned
above, a hall probe based measurement has the advantage
of being able to resolve the field locally. On the other hand
this results in the necessity to calibrate the orientation of the
probe with high accuracy. For the current measurement a sin-
gle 3D Hall probe [7] attached to a computer driven transla-
tion stage is used. The probe used in this setup is measur-
ing in horizontal, vertical as well as in longitudinal direction
with fixed orientation with respect to the translation stage.
Therefore the measured field in radial and azimuthal direc-
tion (cf. eq. 1) as well as the influences caused by bending
in longitudinal direction have to be calculated by rotational
transformations from the measured data.

Prior to the measurement the position of the probe with re-
spect to the dipole as well as the orientation of the axes of
the translation stage is measured by a laser tracker. A possi-
ble roll o or pitch angle B cannot be identified by the laser
tracker measurement. Therefore the first step is to identify
these quantities based on field measurements within the mag-
net.
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Fig. 2: Measurement of magnetic field inside the dipole to
identify roll and pitch angle of the probe. The binned
part is the measurement while the continuous line is a
Gaussian fit to the data.

As the field well inside the dipole is constant in the vertical
direction and vanishes in the longitudinal and horizontal di-
rections, only the subpart of the probe oriented in y direction
should measure values differing from zero. A non-vanishing
value in either x or z direction can directly be interpreted
as caused by a non-zero roll or pitch angle. To correct for
these angles a measurement on a circle at z = 150 mm inside
the magnet to ensure the absence of effects from the fringe
field is taken. All values are averaged and the pitch and roll
angles are identified. For the present setup a roll angle of
o= 5.8 mrad along with a pitch angle of p = —42.3mrad are
identified by this method (non vanishing By and B; in figure
2). In all succeeding steps these angles are taken into account



by multiplying a rotation matrix to the measured data Bpe,s

B sin(ot) cos(o) 0
B'=| cos(a)cos(B)
—cos(o)sin(B)  sin(a)sin(B)  cos(B)

The curvature of the magnet is taken into account by multi-
plying another rotation around the vertical axis by the yaw-
angle y(z). This angle depends on the longitudinal position
zZ.

cos(y(z)) 0 sin(y(z))
0 1 0 -B.

—sin(y(z)) 0 cos(y(z))

The achieved values are then averaged along the longitudinal
path according to

[soTh
I

5 < B; d N B
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where N is the number of measured circles, Az, is the
medium distance of the n-th circle to the adjacent circles, and
Legr is the effective length of the magnet at the reference tra-
jectory. At present B, is not calculated as it should cancel out
due to the symmetry of the magnet. In future one could use
this fact as cross check for the validity of the measurement.
The values for B, and By are transformed to the desired val-
ues by

B — Bxx—i—Byy ny—Bxy
r /2y /2 2

As the positions on the measured circle are equidistant,
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Fig. 3: Normal components of the dipole in units (cf. text,
eq. 2). The vertical error bars show the variance over
repeated measurements.

the desired multipoles from eq. 1 can be found directly via

Fourier transform over B, and Bg. The result is shown in fig-

ure 3 for the so-called upright harmonics b, and shown in

figure 4 for the so-called skew harmonics a,. Following a

common convention the shown values are normalized to the
main component B :

B, 4 A, 4

b, =—x10 =— x 10" 2

n @1 I an $1 ( )

As indicated by the relatively large error bars in figs. 3 and

4, reproducibility is still an issue. However the actual setup

—sin(a)cos(B)  sin(B) | -Bmeas-

B=0.43T

Fig. 4: Skew components of the dipole in units (cf. text, eq.
2). The vertical error bars show the variance over re-
peated measurements.

has known flaws, such as missing temperature stabilization
or a huge incertainty of positioning the probe due to a vi-
brating connection between probe and traslational stage dur-
ing movements. Considering, that the results shown here
are inline with previous simulations [8] as well as the fact,
that even with those flaws some components could be repro-
ducibly resolved, the actual setup serves as prove of concept
for further developments of the hall probe based system. As
well this is the first confirmation that the simulated and the
actual magnetic field of the dipole are in good agreement.
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Development of an automatic adjustment of the transport channal of the 2 MeV electron cooler at COSY

A. Halama

The 2 MeV electron cooler has been installed in the COSY
ring in 2013 for cooling the proton and deuteron beams in the
entire energy range of the machine and to gather knowledge
for a proposed 4/ 8 MeV cooler at the HESR (FAIR) [1].

Cooling Section

Fig. 1: Cooler magnetic system layout. Edited from [2]

Beam transport and beam parameters

The electron beam is guided by a longitudinal magnetic field
through the entire beamline. This allows a lossless transport
while maintaining the low electron beam temperature. The
wide energy range of 25 keV to 2 MeV[1] and the given
geometry make manual adjustments of the beam line time
consuming. A cool beam, i.e. an electron beam with low
transverse and longitudinal velocitiy spread is crucial for a
high cooling efficiency. For this and for suitable recupera-
tion conditions, the beam parameters of interest are the orbit
and the dipole and quadrupole motion, informally called lar-
mor and galloping motion. The cooling efficiency also scales
with electron current. The beam is easier partially or totally
lost having a higher beam current with unsuitable beam pa-
rameters. For this reason a precise beam transport setup is of
great importance.

Larmor motion

This kind of motion occurs as a superposition of cyclotron
motion due to a velocity component perpendicular to the
magnetic field and the beam’s inherent longitudinal motion.
It manifests itself as a helical spiral trajectory. The profiles of
the dipole bending field and the longitudinal guiding field of
the bending sections do not match exactly therefore larmor
rotation occurs within the bending section. Given the con-
dition of an integer number of oscillations inside the bend-
ing section[2], the dipole motion will stop at the exit. This is
the case, because the beam propagates without any phase ad-
vance and gains therefore no larmor amplitude. The longitu-
dinal magnetic field integral varies for some bending sections
because adjacent magnetic elements cannot be matched due
to limited current ranges and/ or limited knowledge about the
magnetic profiles. Therefore the condition of an integer num-
ber of oscillations cannot be fulfilled to a satisfying extend by
manual adjustment of the magnet currents within a reason-

able amount of time. The beam passes through three bend-
ing sections of 90° and one bending section of 45° to reach
the cooling section halfway of the transport channel. As mis-
matches are present, the oscillation past each passage of the
bending sections sums up. The larmor rotation is dealt with
using short dipole magnets to transmit a kick that counteracts
the resulting rotation within the cooling section. A suitable
setting for the short dipoles can be found using an automa-
tized larmor response procedure. This procedure can only be
used to measure and compensate the larmor rotation for one
straight section with an individual longitudinal field setting,
like the cooling section. Although a beam, suitable for cool-
ing can be delivered as the oscillation may be compensated
for the cooling section, the beam gains again larmor ampli-
tude propagating downstream towards the collector. This way
an acceptable collector efficiency cannot be guaranteed. An-
other symmetrically located pair of short dipoles can be used
to compensate the larmor rotation shortly before decelera-
tion, but because there is no chance to implement a direct
larmor response procedure, there is little chance to assure
manually a high collector efficiency. Till now there is only
an indirect measurement for the larmor rotation. The elec-
tric current for the longitudinal magnetic field in the beam
line of interest is varied. Since the magnetic wave number of
the larmor oscillation changes accordingly, the phase of the
oscillation will change at a stationary BPM downstream. Po-
sition changes are logged and used as a curve to fit and yield
the amplitude, i.e. the larmor radius.

Galloping motion

Magnetic gradient fields between adjacent elements cause
beam heat up. Although this can be seen as incoherent local
larmor oscillations with changing phase and amplitude for
every electron, it is still a symmetric effect with respect to
the magnetic axis. The term galloping growth can be applied
here, as the individual larmor radii increase linearly with dis-
tance to the axis. As a result the beam starts seemingly to
wobble and maintains this motion due to the magnetic lens-
ing of the longitudinal magnetic field. The transverse velocity
distribution and therefore the beam tempreture is increased.
As such a heated beam is not suitable for cooling, one tries
to avoid gradient fields. At two particular locations a gradi-
ent field is inevitable. There is a weaker magnetic field within
the accelerator column and the stronger adjacent longitudinal
field at the first and last bending section. To reduce the heat-
ing effect a matching section is installed to shape the magnet
field, such that the integrated gradient field effect through-
out the passage is decreased. Finding a solution for an ap-
propriate magnetic setting manually proved time consuming
and most delicate. To quantify the galloping growth, the lar-
mor radius of the electron beam is measured several times
with various parts of the beam made visible to the beam po-
sition monitors. The electron beam is superimposed with an
intensity-modulation, because the beam would be invisible
to the BPM system as a pure DC beam. A separate modula-
tion by quadrant is possible to only highlight a quarter of the
beam. If the larmor oscillation coefficients of the center of
charge are subtracted from each quarter beam’s coefficients



then the galloping motions remains. This is possible as the
larmor motion is coherent and fully determined by the cen-
ter of charge measurement. The obtained resulting radius is
the galloping radius per unit of distance between the absolute
center of charge and the center of a single quadrant .

Cross section
\windovy

Fig. 2: 9 trajectories in the cooling section are shown. Larmor
and galloping motion are superimposed.

Model based adjustment motivation

Till now the orbit is adjusted manually using a set of dipole
corrector magnets distributed along the beam line. The set-
tings for the magnets are derived empirically by known en-
ergy settings and adjusted one magnet after another for op-
timal operation. The mentioned short dipoles for larmor ro-
tation compensation do also affect the orbit as well as any
changed orbit, using correctors, results into a changed accu-
mulation of larmor amplitudes. Therefore the orbit adjust-
ment and the larmor respone procedure have to be performed
sequentially multiple times until the wanted beam properties
converge. For the reason of time saving and gaining more
knowledge about the beam’s behavior, a model basis is called
for. This would allow for the prediction of the electron beam
behavior for various settings and can be used for fast opti-
mization. For this reason a model is under development for
the automatic model based adjustment of the 2 MeV elec-
tron cooler. The implementation of the model based adjust-
ment will result in a cold and well controlled beam transport
to achieve high cooling efficiency and suitable recuperation
conditions. It allows then higher beam current as well as fast
and save operation in the upper energy range.

Model description of the 2 MeV Electron Cooler

The model consist mostly of magnetic field maps obtained
using COMSOL Multiphysics 5.0 and the underlying imple-
mented physics of electron motion. Other than many com-
monly used models the magnetic elements are not simplified
and translated to transfer functions, because the magnet den-
sity is considered very high and there are small upstream in-
fluences onto the electron beam. Magnetic assemblies of all
magnetic elements were constructed and simulated in reason-
able sets with each 1 A of current. Field maps of magnetic
assemblies as plain coils in vacuum and those situated within
their magnetic shielding were individually simulated. This
serves the preparation for the inclusion of saturation effects.
During development COMSOL delivered magnetic field data
as data point clouds according to the vertices of the mesh. For
performance enhancement the fields have been parsed into
equidistant grids for fast indexed referencing. Approximated
magnetic field values for any point are given by linear inter-
polation of the eight vertices of the surrounding data grid

cube. The accelerating electric field was implemented us-
ing a homogeneous static field which scales with the chosen
high voltage. Trajectories of an electron beam are obtained
by logging an electrons path, which represents the center of
charge, driven by its equation of motion. Firstly the magnetic
field influence is considered as follows: Given the starting
conditions as known position in three-space, ¥,the magnetic

—

flux density, B(,), at this location and absolute velocity,V,

one obtains derived from Fienr = Fipren; = q¢(V X B) , where
V="V, +Vand V| B:
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For reasons of simplexity the velocity, V,,,,, is scaled down
accordingly. The differential time step has to be kept as small
as reasonably possible, for example 1 picosecond. Some ad-
ditional steps to satisfy physical behavior are implemented
but not mentioned. In case of the applied electrostatic field,
during acceleration and deceleration respectively, a second
step is carried out:
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Vnewg = V|| +vL

For this step, one convention changes, where now V || E E:=
electrical field;B:= magnetic flux density; f := speed of light
ratio;y := Lorenz factor; Ey;, := kinetic Energy; g := electrical
charge; mg := rest mass.; d:= acceleration

Magnetic influence throughout most magnetic elements is
steady. This allows for simple trajectory fits according to:
X(z) = X0 —l—z’é—)z‘ + Aysin(kyz) + Bycos(kinz) and

Yo = Yo+ z% + Aysin(knuz) + Bycos(knz) respectively.
Where it turns out that: Ay = —B, and A, = By as the phase

advance between the x and y coordinate is J. The magnetic

w%‘{l as the number
Ymgy ﬁ C ltutal

of oscillation per unit of length times 27. The geometric sum
of A and B yields the larmor radius. r1gpmor = VA% + B2
Within the first development stage, the model does not cover
saturation and hysteresis effects. Since the transport channel
of the 2 Mev electron cooler contains no yoke but only mag-
netic shielding surrounding the beam line, applying a linear
model seemed reasonable. Nevertheless future plans foresee
usage of the magnetic field data obtained in vacuum and ap-
propriate scaling factors to cover saturation and hysteresis as
follows:

Linear model: B;

wave number km is given byk,, =

_ (dByac dBield
total ( dl + dl )1

— 4By —kt
o = a4+ Boshiera(1 —e™)

Hysteresis model: B = = di‘}"" I+ Boshieta(1— e X))+ Brem
, where By, = aBgpie1q and a being a factor and By 1S not
a function of applied electric current. As measurements are
ongoing, appropriate constants and factors for those elements
where those effects become visible are looked for.

Saturation model: By

Automatic adjustment

The described model embedded within a control GUI deliv-
ers 3D electron trajectories corresponding to the chosen elec-
tric currents applied to the magnetic elements. Any beam
responses can be obtained by varying currents of magnetic



elements and comparing the former trajectory with the re-
sulting new one. These responses are used for a sequential
orbit adjustment as well as larmor rotation compensation.
Since more information about the beam’s behavior is avail-
able, compared to the 12 distributed pairs of BPMs, effects of
higher order can be quantified. The fulfillment of the condi-
tion of an integer number of larmor oscillations renders fea-
sible, using a model basis. Furthermore, a simulation of a
distribution of electrons yields information about galloping
growth in various magnetic sections. This way it is possible
to set up the matching section between accelerator column
and the first and last bending section to result in more favor-
able beam conditions. A planned automatic procedure will
firstly set up the main magnetic fields allowing the most fa-
vorable beam transport without using corrector magnet. The
matching section will be set up to yield minimal galloping
growth firstly within a straight section, which replaces the
first bending section and thereafter within the first actual line
section. The orbit and larmor rotation will be corrected iter-
atively. Finally there will be a check for disturbing gradient
fields, which would induce the galloping effect. At this point
the process might repeat from correcting the orbit and larmor
rotation in case those were affected previously.

Current development stage

The Model is coded in Java. Magnetic fields with a satisfy-
ing degree of accuracy have been simulated and parsed to
be fed into the control GUI. Simulated electron dynamics
reflect the expected physical behavior. Trajectory fits result-
ing from semi-automated response determinations have been
used to correct the larmor rotation in the cooling section and
the overall orbit. Galloping growth can be decreased using
a simulated straight replacement of the first bending section
for the setup of the matching sections. The matching section
consists of 7 independent solenoidal coils to shape the gra-
dient transition between two different field strengths. Since
all coils affect the galloping growth, a simple gradient re-
sponse optimization was implemented. Iteratively every coil
current is slightly varied. This setting with a decreased gal-
loping growth will be kept. Within the simulation, this pro-
cedure led to significant beam performance increase. There
are ongoing measurements to compare the magnetic field in-
fluence of the 2 MeV electron cooler to its model and rescale
magnetic profiles if necessary.

Fig. 3: 3D trajectory representation of the electron beam
through the entire magnetic structure.

Fig. 4: 3D trajectory representation of the electron beam
zoomed through the cooling section.

Outlook

The field maps will be refined to accurately reflect strongly
varying gradients. COMSOL simulations for this task are
ongoing. When scaling factors for the magnetic profiles
agree with the manual response measurements, the model
will be tested to predict accurate electron beam behavior.
Deviations will indicate where and how to rescale certain
magnetic field maps. An Ethernet connection from the
control software to the power supply and BPM system
will be implemented for remote control and direct fast
feedback. Procedures for the automatic adjustment will be
implemented and tested on the 2 MeV electron cooler. As
soon as long term reliability is ensured, the software will be
integrated into the control system of the cooler.
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Comparative numerical study of two BPM designs for the HESR

A. Halama, C. Bohme and V. Kamerdzhiev

Beam position monitors (BPM) are mostly passive devices
to measure the transverse beam position of a charged particle
beam. The following results were obtained, considering the
HESR antiproton injection beam with parameters as follows:
kinetic energy of 3 GeV, 6 o bunch length of 150 m, at least
107 particles.[1]

Diagonally cut cylindrical design

The design corresponds to the commonly known cylindrical
diagonally cut capacitive BPM pickup. The key feature to
this design is the constant linearity across the entire aperture.

Fig. 1: The image shows the diagonally cut cylindrical BPM
design. The pickup electrodes are highlighted in red.
The grounded holder cylinders are shown in green.
The beam pipe is shown in blue.

The 3D model of the pickup was analyzed using COMSOL
5.0 Multiphysics and LTSpice. The first analysis allowed for
capacitance determination for any pair of independent elec-
trode, as voltage was applied between two electrodes and the
electric field was simulated. A necessary byproduct is the ca-
pacitance. All involved capacitances have been determined
such as electrode against ground and electrode against any
other electrodes. These results were used for the simulation
of the electrical equivalent circuit. The signal shape of the

image current source is gaussian and given by
1

Iim(t) = —21\'\/%7%63_7(%)2 [2]. The voltage drop resis-
tor, i.e. the input impedance of the following preamplifier
was chosen to be 500kQ. This sets the cut off frequency
with an estimated capacitance against ground of 20 pF to
about f.,; = m ~ 16kHz. The characteristic
frequency is 1.86 MHz and equals the o-width in the fre-

quency spectrum.
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In order to obtain a signal response as voltage drop propor-
tional to the longitudinal beam shape, the following condi-
tion must be fullfilled; the cut of frequency is much smaller
than the characteristic frequency content of the beam shape.
Capacitances of the diagonally cut cylindrical design were
determined as follows: Cel-ground = 19pF and Cel-el =
7.6 pE. Capacitances between both measurement planes were
not considered at this stage. Given the image current and the

Iim(l) =

capacitive and resistive values for the equivalent circuit, an
output voltage for a centered beam was obtained as Vo pir =
49 uV. This values can also be obtained using the follow-
. 3 Lgpy Ne 7%(1‘6”36)2
ing f(.)rmula: U,-m.g.z 727 Liner Cut e Bunch
mentioned condition is fulfilled.

, as long as the

Position dependent parameters

The signal yield and sensitivity distributionof the BPM were
determined. For this, the entire equivalent circuit had to be
used.

Fig. 2: Entire equivalent circuit, containing each electrode
as image current source with parallel capacitance to-
wards ground and all coupling capacitances between
all electrodes.

Appropriate scaling factors for the image current sources to
reflect the positional response correctly and the missing ca-
pacitances were included. Those contained the capacitances
of each electrode to any other and all electrodes towards
ground. For the diagonally cut cylindrical design two elec-
trodes are situated closer together, two are further apart and
two pairs have an intermediate distance to one another. This
leads to an asymmetric capacitance distribution. As a result
of that, the electrical center and the mechanical center do not
coincide. The displacement is approximately 0.1 mm for both
axes. The characteristic linearity could be verified. But due to
the asymmetric distribution of cross capacitances the sensi-
tivity changes slightly for any other position. A prototype of
this design is expected to be available soon for characteriza-
tion and comparison to verify the simulation results.

Design utilizing four straigt symmetrical electrodes

Following the recomendation given in [3], another possible
design was investigated. This design is characterized by its
symmetry and smaller capacitive coupling between the elec-
trodes.

Fig. 3: The image shows the initial BPM design. The pickup
electrodes (red) and the beam pipe (blue) is shown.




Manufacturing tolerances will result only in little deviation
from the expected behavior. As the length and angular cover-
age was open for discussion different sized BPMs were sim-
ulated and compared to the first design.

Capacitance in pF
BPM Design diag. cut sym. straight
Dimensions 77mm | 27cm; 60° | 27 cm; 82.5°
electrode - ground 19 18.6 21.8

elec, - elec,_ 7.6 3.1 3.6

elecy - elecy 2.3 4.3 7.4
elec, - elecy 42 1.3 — —
elec, - elecy a3 09 — —

Table 1. Exemplanary summary of capacitance values.

These lead to the voltages such as:

QOutput voltage in pV
BPM Design diag. cut sym. straight
Dimensions 77mm | 27cm; 60° | 27 cm; 82.5°
electrode - ground 49 61 72

Table 2. Exemplanary summary of peak to peak output
voltage at electrode for a centered beam.

Noise and signal-to-noise ratio

The spectral noise density is given by the thermal noise of
the input impedance filtered by the intrinsic capacitance with
the low pass cut-off frequency f.,, = ﬁ. For that reason,
the rms noise level is different for any other capacitance that
is given with a different geometry. Three bandwidths have
been looked at for that in particular.

signal-to-noise ratio
BPM Design diag. cut arc-like
Dimensions 77mm | 27cm; 60° | 27 cm; 82.5°
full yqsi bandwidth 1.39 1.78 2.36
broad band filter
200kHz - 1200 kHz 4.50 >-81 8.45
narrow band filter
430 kHz - 520 kHz 1.44 1.94 2.82

Table 3. Signal-to-noise ratio for the different BPM types
and sizes. Determined by rms ratio resulting upon
sharp-edge filter fourier transformed frequency spectrum.

Sensitivity

Another point of interest is the sensitivity distribution of the
BPMs. For this, an array of beam positions was simulated to
yield signal levels for all electrodes at these locations. These
beam positions reflect a pencil beam behavior as the relative
influence of a longitudinal line like charge. This influence
towards each electrode is used to scale the image current
source in the equivalent circuit appropriately. Upon calcu-
lation of the difference over sum signal value, this obtained
value has to be scaled using the sensitivity to yield the po-
sition. Unlike as the diagonally cut BPM, the capacitive arc-
like BPM shows no constant sensitivity across the transverse
plane. Therefore one is free to select from a variety of po-
sition yielding formulas, as common digital post processing
has to be perform in any given case. Possible formulas are

for example [2]:

(1) y= qup _Udown
Uup + Udown ’

Uup - Udown
Uup + Ud(}wn + Uleft + Uright ’

(2) y=b

U,
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(3) v (Udawn)

or with a 45° arrangement

(Ul +U2) — (U3 *U4)

4) y=b

@ =, s 1 U
U +U,

5 =bl

(5) y=bin(g )

Fig. 4: The projection of a pencil beam resulting from for-
mula (3).

The sensitivity of the diagonally cut BPM was determined
to be 0.9 %/mm. The center sensivity of the proposed design
varies for every applied position determination formula.
Formula (1) through (5) lead to higher center sensitivi-
ties, ranging from 1.21 %/mm to 4.8 %/mm for the 60°
pickup. Where this drops off to the range of 0.67 %/mm to
3.36 %/mm for a beam at half aperture position. The values
for the 82.5° pickup are about 5 % lower.

A decision regarding the manufacturing and testing of a
prototype of the proposed design will be made as soon as the
error analysis is completed.
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Design of a test bench to characterize BPMs for the HESR

S. Srinivasan, N. Giese

A test bench is a virtual environment with tools for mea-
surement and manipulation to manually verify the correct-
ness of a device under test (DUT), here, beam position mon-
itors (BPMs). The test bench that will characterize the BPMs
for the HESR will be stimulus type, containing the stimulus
driver and the DUT. This will eventually provide a condi-
tioned response elicited by the stimulus.

BPMs are beam diagnostic devices implemented to pre-
cisely measure the transverse beam position. However, prior
to beam operation, it is necessary to characterize the BPM
which involves establishing a relationship between beam po-
sition and sensitivity, developing a look-up table and deter-
mining its electrical center. This will be achieved with the
help of a standalone test bench using stretched wire method.

Stretched wire test bench at COSY

The fundamental design concept is the in-tower mounting of
the BPM along with its main stand elements within two BPM
reference boxes made of aluminum. This aids in realization
of the stretched wire passing through the hollow center of
the BPM, thus avoiding any wire bending due to gravity. The
whole setup will be rested on a granite slab of surface flatness
smaller than 9 um. This will aid in precise mounting of BPM
reference box on to the BPM as well as damping the ground
vibrations.

With the BPM fixed on the BPM reference box from either
ends, the stretched wire is moved by micro-mover stages to
yield wire-BPM relative displacement through their position
readout. Moving the wire instead of the BPM is preferred
as the calculated weight of the BPM assembly exceeds the
normal load capacity of the translation stages. Figure 1 rep-
resents the front, isometric and side view of the test bench
setup.

stretched wire

Fig. 1: Front, Isometric and Side view of the test bench

The test bench that will be assembled on the granite slab will
have the following components:

BPM and its assembly: The design for the HESR BPMs
has been chosen as per the technical demands of HESR. The
BPM chosen is a capacitive pick-up with a cylindrical geom-
etry [1]. Figure 2 shows the 3D view of the HESR pickup
electrodes.

Two electrode pairs (i.e. pickup), which are galvanically iso-
lated, are held in place ( one each in X and Y plane) by a
grounded supporting cylinder.

The BPM assembly, Fig. 3, housing the grounded cylinder at
its centre, has its one end fixed with a non-rotatable flange
and the other with a rotatable flange. Moreover, the vacuum
surface on these flanges house two reference pins (each on
X and Y plane in gold, Fig. 4), at 10° offset in CW direc-
tion. These guide through slots are provided on the vacuum
surface of BPM reference box, to precisely measure the me-
chanical center of the BPM.

Fig. 2: Isometric view of the pickup electrodes

Fig. 3: Isometric view of the BPM assembly

BPM reference box: Two reference boxes (same dimen-
sions) made of aluminum will be used to house the BPM
assembly. The reference box, as shown in Fig. 4, is provided
with precisely machined reference edges (marked) to initially
mount the assembly from either ends, on its vacuum sur-
face, in horizontal plane. Such a strategy is chosen for the as-



sembly, primarily to minimize mechanical deviations as one
end of the BPM assembly has a rotatable flange and also to
zero the mechanical aberrations on the vacuum surface while
mounting. The reference box also entails press clamps (in
red) to secure the BPM assembly.

Fig. 4: BPM reference box

Optical micrometer: Two RF656-25[2] optical microme-
ters, from Riftek, will be mounted in XY assembly, as shown
in Fig. 5, from the inside of the top plate of the BPM refer-
ence box. The two reference pins, mentioned earlier, will fall
within the micrometer’s measurement range, 4.5 mm from its
receiver’s end. Such an arrangement is prioritized, as the po-
sitional information of the beam analogue i.e. the stretched
wire will be measured with respect to the reference pins.

Fig. 5: XY assembly optical micrometer

Micro-mover stage: The two linear stages will be orthogo-
nally mounted (master-slave) on the base plate of the BPM
reference box, providing the wire-BPM relative displacement
in (X,Y) direction. The M-ILS150HA[3], as shown in Fig. 1
(XY assembly), will be chosen for each translation stage, be-
ing a high performance precision micro-mover driven by DC
motors from Newport. The maximum linear travel range is
150 mm with an on-axis accuracy of £2 um and the small-
est incremental linear motion of 0.3 um. The maximum nor-
mal load capacity is 250N (25.5kg) which can withstand the
weight considerations of the wire elements in the test bench.

Wire elements: The selected wire will be stretched through
the BPM assembly, from the upper BPM reference box to the
bottom BPM reference box. This will be achieved by fixing
it between the wire spanners and allowing it to pass through
the BPM assembly, thereby one spanner acting as a hang-
ing weight, employing gravity. In the bottom BPM reference
box, the wire spanner will be mounted on a spring load to
compensate for tension loss whereas in the upper BPM ref-

erence box, the wire spanner will be mounted on the pulley
platform to provide easy access, as shown in Fig. 1. The wire
elements, will then be mounted on the slave linear drive at
both ends.

RF matching networks: The RF matching networks will be
used to provide undisturbed excitation signal and measure S-
parameters via a network analyzer).

Metrology of the stretched wire test bench

For the design of the test bench, we have decided a target
accuracy of 50 um in positional measurement of the BPM.
Therefore, the uncertainties that can be introduced by the test
bench should be minimized, as it is required for linearity and
offset characterization tests. This is critical for such high pre-
cision measurements as the misalignments of the wire in the
test bench can adversely affect the accuracy of the HESR
BPMs. In such sense, the typical misalignments that will be
considered in this metrology test includes mechanical fabri-
cation, linear drive positioning uncertainties, and the assem-
bly of the test bench elements. Moreover, the concern that
the test bench could be deformed under load conditions was
eased by FEA stress analysis simulation, giving maximum
displacement in nanometer ranges.

Wire tilt: The inclination of the wire with respect to the BPM
cross-sectional plane will be measured by the XY assembly
of optical micrometer RF656-25 on either ends of the BPM
assembly. Deviations in the positional information from the
micrometer assembly will imply the wire tilt. This can be
rectified by correcting the positions of the linear drives until
same measurements are observed in micrometer assemblies.

Coplanar linear drive and micrometer assembly: The
coplanar arrangement of the linear drive assembly and the
micrometer assembly aids in reducing positional uncertain-
ties. Such uncertainties can be rectified by the usage of mi-
crometer screws on the optical micrometer platform.

Wire Offset: Followed by the wire tilt correction, the wire
is positioned at the BPM mechanical center with the help
of linear drives. The BPM mechanical center will be mea-
sured at ZEA metrology section i.e. a 3D CMM (Coordinate-
Measuring Machine) with a linear measuring tolerance of
2.8 um. This positional information will be used to refer-
ence the measured electrical center to its mechanical fiducial
and provides the reproducibility of the test bench. The opti-
cal micrometer platform will be placed coaxially, as such an
arrangement would mean on-plane observation of the BPM
cross-section. After positioning the wire at the BPM mechan-
ical center with the linear drives and verifying with optical
micrometers, this position will be referenced as the home po-
sition for further measurements.

In this test bench, the uncertainties due to wire rotation on the
wire center is minimum as the arrangement of the test bench
restricts these. This is determined by the readings of the lin-
ear drives provided the optical micrometer reading remains
unchanged in the cross-sectional plane. This is an important
parameter as by definition wire center is the only point which
does not change its position under rotation or torsion.

Orthogonality and parallelism of wire trajectories: As per
manufacturer’s specifications, the relative orthogonality be-
tween linear drives mounted in XY configuration is £2.9°.



This might change the trajectories followed by the wire in
XY plane. Nevertheless, the wire trajectory deviation will
be measured with the help of optical micrometers on ei-
ther ends for a wire travel within the optical micrometer’s
measurement range, obtaining much smaller deviations. The
pitch and yaw of the linear drive is £75 prad (£0.0043°)
and £50 prad (£0.0029°). Corresponding to these deviations
(pitch is responsible for non-parallelism), the slope of the X
and Y coordinate is 0.0875 um/mm. Hence, for a linear travel
of £45mm in either X or Y coordinate will result in a devia-
tion (both ends) of 3.9375 um.

Future Works

Followed by the construction of the test bench, we consider
the stretched wire signal excitation as the primary method to
detect BPMs electrical center and characterize it. This can be
achieved by using fixed pulse shapes to generate a look-up
table at fixed frequencies.
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GAN-BASED HIGH POWER AMPLIFIER FOR THE HESR MAIN
STOCHASTIC COOLING SYSTEM

R. Stassen, B. Breitkreutz, N. Shurkhno, H. Stockhorst

Abstract

The stochastic cooling system for the HESR consists of
various broadband, active devices like low noise amplifier
or programmable delay-lines. Most critical parts of the
active elements are the high power amplifiers. The
stochastic cooling power amplifiers for the HESR will be
based on new GaN devices. Nonlinearities of these
devices necessitate a dedicated analysis of the use in
stochastic cooling systems.

HIGH POWER AMPLIFIERS

One of the most critical parts in the active chain of the
stochastic cooling system will be the high power
amplifiers. Different concepts have been analysed to find
the best high power, broadband amplifiers. Several
decades ago GaAs (gallium-arsenide) was the first choice
to build high power solid-state amplifiers in the GHz-
range. Since some years GaN (gallium-nitride)
technology became very attractive not only for expensive
military applications [1]. Higher voltages and higher heat-

densities allow much higher power with better
efficiencies.
Noise tch-
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Figure 1: Setup to determine intermodulation products
due to non-linearities with the aid of a notch-filter.

Stochastic cooling is mostly dominated by highly
amplified noise. Noise-peaks can easily drive amplifiers
into saturation. Due to non-linearities intermodulation
products (IMD) will always occur even far below the
1 dB compression point (Pygg). Normally, these IMD
products are not visible, but with a notch-filter (comb-
filter) - which is already in use in the longitudinal cooling
system — these products can be measured. Noise will be
filtered by the notch-filter in the same way as sinusoidal
signals and the notch-depth can be directly measured with
a spectrum analyser when highly gained noise is used.
IMDs will reduce the notch-depth they will fill up the
notch-depths. Figures 1 and 2 show a corresponding
measurement. Starting with a 50 Q load as noise-source,
two low-noise preamplifiers boost the noise level (blue
curve) to about -80 dBm. After the notch-filter one can
clearly see the noise reduction by the notch (notch-depth:
about 35 dB). The insertion loss of the notch-filter can be
compensated by an additional medium power amplifier
(green curve). After the high-power amplifiers (DUT:

device under test) the notch-depths are reduced. The
results of one 50 W GaAs amplifier and an 80 W GaN
based prototype already optimized for the HESR cooling
system are shown.
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Figure 2: Filling up the notches due to IMDs-products of
noise by non-linearities of power-amplifiers.

In a first view the GaAs amplifier looks better than the
GaN prototype. But when the input level was increased to
a comparable gain regarding the 1 dB compression point,
no great difference could be realized. One has to keep in
mind here that the noise level is far away from the 1dB
compression point. Although GaN devices are not as
linear as GaAs

High notch-depths in the whole frequency-range are
essential for a good stochastic filter cooling. IMD
products will create additional noise which acts as an
additional heating term to the beam particles. The cooling
time and particularly the equilibrium momentum spread
will be increased. The existing stochastic cooling system
of COSY was used to demonstrate this [2]. The notch-
depth of the optical notch-filter can be easily changed to
demonstrate the influence of a finite notch-depth. Figure
3 shows the normal longitudinal cooling of 5x10° protons
at 2.6 GeV/c with the initial momentum distribution
(yellow) and the final distribution (blue). The average
notch-depth was in the order of 30 dB and better.
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Figure 3: Starting and final beam distribution with a
notch-depth of more than 30 dB.
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Figure 4: Starting and final beam distribution with a
notch-depth of about 15 dB.

The equilibrium momentum spread was reached after
about 200 seconds. After changing the notch-depth to
about 15 dB the equilibrium value was doubled (Fig. 4).

The same behaviour can be found in the simulations as
demonstrated in Figure 5 [3]. Further simulations have
shown that notch-depths higher than 30 dB will no longer
improve the cooling time and equilibrium value.

Still not solved is the discrepancy of the equilibrium
with high notch-depths. The larger measured equilibrium
emittance cannot be explained with residual gas scattering
and IBS (Intra Beam Scattering) plays no role at this
energy.

Beside the IMD with highly gained noise several
additional requirements are important for a successful
stochastic cooling system.
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Figure 5: Simulated and measured beam equilibrium as
function of different notch-depths.

Not only a flat gain and phase response but also flat
group-delay behaviour over the entire frequency band
allows an optimized stochastic cooling. The good
experience at the COSY stochastic cooling system - to
build each active element in the cooling chain as good as
possible — led to a required gain variation smaller than
1dB, phase-change less than +/-10° and a group-delay
within +/- 100ps. The output power is in the order of
80W.

The signal delay from pickup to kicker in the stochastic
cooling system is limited. Highly integrated technologies
like LTCC will be mandatory to build compact and
electrical short amplifiers. After several years of
prototyping and market validation all high power
amplifier of the main system (2-4 GHz) have been
ordered now at the Canadian company Nanowave. Here
all necessary technologies to build such amplifier are in-
house.
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Status of the HESR BPM

C. Bohme, A. Halama and V. Kamerdzhiev

1 Introduction

The HESR, part of the FAIR project in Darmstadt, Germany,
is dedicated to the field of antiproton and heavy ion physics.
The envisaged momentum range is 1.5 GeV/c to 15 GeV/c.
The racetrack shaped ring will be 575 m long.

2 BPM system

The BPM system is designed to measure the beam position
throughout the ring. 22 BPMs are located in each arc of the
ring and will be co-located to sextupole magnets. An illustra-
tion of the elements between two dipoles in the arc sections
is given in Figure 1. 32 BPMs are planned to be located in
the straight sections, giving a total number of 76.

Fig. 1: Illustration of the elements between two dipole mag-
nets in the arc. From left to right: Dipole magnet (red),
pumping vessel, sextupole magnet (purple), BPM,
quadrupole magnet (ocher), steerer (blue), pumping
vessel, dipole (red). Magnetic coils are in orange.

The BPMs consist of two cylindrical diagonally-cut pickups.
Both sets are rotated by 90° towards each other in order to
measure the location in both plains. The setup is shown in
Figure 3. The inner diameter of the pick-ups is 89 mm and
the length 77 mm with a cut of 3 mm between the pickups
using an angle of 55.5°. The expected signal levels depend
on the ion charge, the amount of ions, and the bunch length
and can be calculated using
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The capacitance was calculated using COMSOL Multi-
physics 5.0 software. For the lowest case, the first injection of
antiprotons with 10 particles in the ring, the signal level was
calculated to 49 uV, and the highest case, again antiprotons
with 10! particles stored, the signal level is 390 mV.

The achievable resolution € is dependent on the capacitance

between the pick-up electrodes:
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with CD the capacitance between the pick-up electrodes and
Cges the capacitance to ground. The CD value was deter-
mined to be 7.6 pF. With this value o = 0.0146mm ™.

Fig. 2: Comparison between the design of the COSY BPM
(left) and the current HESR design (right). Pictures
have been scaled to fit the inner diameter of both
BPMs. The distances between the BPM pick-ups
and the carrier tube on ground potential have been
widened in order to reduce the capacitance and so in-
crease the signal level.

The pick-up design is based upon the COSY BPMs [1]. The
length and diameter is shrunk by a common factor in order
to keep the length to diameter ratio. As can be seen in Figure
3 the electrodes are mounted into a carrier tube which is then
inserted into the beam pipe. In order to enhance the signal
level, which is proportional to the capacitance to ground, ef-
forts were made to increase the distance from the beam pipe
to the carrier tube without changing the inner diameter of the
BPM nor the outer diameter of the beam pipe as shown in
Figure 2. In detail:

e Increasing the gap between carrier cylinder and elec-
trodes.

e Shorten all screws to the minimum length.

e Increasing the diameter of holes in the carrier cylinder
for the signal connections.

e Introducing bevels on the small edges of the pick-up
cylinder.

e Removing all unnecessary holders of the carrier cylin-
der, left from production.

e increasing the gap between the two electrodes to 3 mm.



Fig. 3: Illustration of the BPM between a sextupole magnet
(left) and a quadrupole magnet (right).

These efforts lead to an increase of about 50 % in signal level
shown in simulation.

Furthermore, the influence of the coupling of the pick-ups of
one plain to the other was examined. The coupling effects
the sensitivity of one plain if the beam moves in the other
plain. Also the electrical center is shifted in one plain by the
movement in the other plain. Simulations showed, that by
moving the beam by 1 mm in e.g. Y direction, the offset in X
direction shifts by 2.6 ym.

A prototype of the HESR BPM is being manufactured in the
central machine shop of the Research Center. It is expected
to be ready for testing by February 2016 . A test bench for
testing the prototype and later on the entire series, is under
construction [2].

3 BPM Redesign

In November 2015 a COSY beam instrumentation review
was performed, where, although not in the main scope of the
meeting, the design of the envisaged HESR BPM was dis-
cussed [3]. This lead to a recommendation from the review
committee to use a pickup utilizing four straight symmetri-
cal electrodes instead of the cylindrical diagonally-cut style.
The benefit is, that the electrodes can be longer resulting in
a higher signal level. Such a design can be made very sym-
metrical eliminating the systematic errors associated with the
inherent asymmetries of the diagonally-cut pickup. The dis-
advantage is the non-linear behavior. However, the modern
readout electronics, directly digitizing the signals and per-
forming all calculations afterwards, is capable of correcting
for these effects. Initial simulations concerning the dimen-
sions and the resulting signal level and sensitivity have been
performed and are presented in [4].

4 Ion Clearing

For antiprotons clearing of residual gas ions trapped within
the beam is regarded crucial [5]. Therefore a constant voltage
should be applied to clearing electrodes distributed at critical
locations throughout the ring. The required field strength has
been calculated to be >500 V/m. Simulations showed that a
voltage of = 100 V will be sufficient to fulfill this request,
depending on the shape and size of the electrodes. Therefore

Fig. 4: Overview of the old design with cylindrical
diagonally-cut electrodes and the proposed design uti-
lizing four straight symmetrical electrodes. Taking the
outer boundaries like the position of the quadrupole
and sextupole magnets into account, and keeping the
electrical feedthrough in the center of the pickups, the
electrodes can be roughly 25 cm long compared to a
total length of roughly 15 cm before. [4]

higher voltages might have to be applied in order to effec-
tively clear the ions out of the antiproton beam.

In a first approach the BPM electrodes have been envisaged
to be used for ion clearing as well. The advantage is, that the
system is already distributed throughout the ring. But this
way the electrode locations may not be optimum in respect
to the B-functions. Another disadvantage is, the injection of
the HV to the electrodes comes with adverse effects like a
bigger capacitance and the power supply noise. These effects
will disturb the measurements possibly up to a point where a
BPM can no longer be used for position measurements but
exclusively for ion clearing. Therefore a modified approach
based on the installation of dedicated clearing electrodes is
preferred.
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Upgrade of the BPM Readout Electronics at COSY

C. Bohme and V. Kamerdzhiev

1 Overview

The measurement of the ion beam position is one of the stan-
dard beam instrumentation tasks. At COSY the original BPM
system commissioned in the early 90’s is still in operation.
It is based on analog processing with 8 bit digitization. The
position data transfer is done through a shared 10 Mbit coax-
ial cable Ethernet, preventing the fast transfer of measure-
ments of the distributed BPM. Therefore the system is cur-
rently limited to less than one measurement every 2 seconds
of all BPMs in closed orbit, or showing the turn-by-turn data
of one BPM.

The aging processing modules introduce additional prob-
lems. The drifts of parameters like gains and offsets are quite
big, making it necessary to calibrate the system quite of-
ten. As there are no in-situ calibration signals the calibration
can only be done by taking the modules out of the system
and performing manual adjustments on the bench. Further-
more, the capabilities of the position processing CPU mod-
ules (VXI form factor), do not allow for post-processing us-
ing a calibration table. Moreover, an increased failure rate of
the analog modules is being observed.

To be able to fulfill the requirements of the future exper-
iments e.g. driven by the JEDI-collaboration, requesting a
better control of the beam, it is crucial that systematic un-
certainties associated with the current system are minimized.
Therefore several upgrade paths were examined.

2 Current Status

COSY is equipped with 32 cylindrical and rectangular
diagonal-cut style BPMs. During commissioning 28 BPMs
of two types were installed, a cylindrical type with 150 mm
diameter and a rectangular type 150 mm - 60 mm [1]. The
selection was made to fit into the beam pipe, which is round
in the straight sections and rectangular in the arcs in order
to fit into the dipole magnets. Later on 4 BPMs were added,
with special geometries to fit within the beam pipe of a dif-
ferent diameter close to experiments, giving a total number
of 32. Two of them are installed within the recently added
2 MeV electron cooler [2] and use their own electronics for
readout, which is different from the others. The other two at
the ANKE experiment, use the standard readout hardware.

All the BPMs excluding the ones installed in the 2 MeV elec-
tron cooler are read out by the same type of electronics [3],
whose concept is shown in Figure 1. The readout electronics
for each BPM (except for the pre-amplifiers) consisting of 2
analog modules, 2 digital modules, one CPU, and one timing
receiver board is housed in one VXI crate. The pre-amplifiers
are directly connected to the N-type vacuum feedthrough of
the pick-ups. This low noise pre-amplifier has a fixed gain
of 13.5 dB with an input impedance of 500 £Q and a band-
width of 100 MHz. The gains and offsets of pre-amplifiers
have to be exactly matched pairwise for one plane of one
BPM in order to avoid incorrect measurements. The pream-
plified signals are fed into an analog module, where sum and
delta signals are produced using a hybrid. These signals are
then treated separately and can be further amplified in 6 dB
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Fig. 1: Current Beam Position Monitor electronics assembly

[3].

steps from 0 dB to 66 dB. Furthermore, both the sum and
the delta branches have two signal paths. A narrowband path
features 3 possible filter settings with bandwidths of 10 kHz,
100 kHz, or 300 kHz and an additional amplifier that can be
set from 0 dB to 18 dB in 6 dB steps. The broadband path
with 10 MHz bandwidth can be used for turn-by-turn mea-
surements while the narrowband signals are used for closed
orbit measurements. The analog outputs are unipolar, the
sign of the narrowband delta signal is detected separately and
the information is transmitted by a separate TTL signal line.
After the analog signal processing the signals are digitized in
a digital module. This is done using 20 MHz 8 bit ADCs. For
the narrowband signal the sampling frequency is lowered to
1 MHz or 100 kHz, depending on the selected analog band-
width. For the sum signal only 7 of the 8 bits of the ADC
are used, the 8th bit is used to indicate the polarity of the
delta signal. The digital module generally has the possibility
to buffer 4096 data points, while few modules can store up to
32768 data points for turn-by-turn measurements. The CPU
of the VXI crate then calculates out of the narrowband signal
the beam position using a scaling factor for the specific BPM
geometry. It is also possible to transfer the raw data to the
control system, display and export it.

3 Upgrade Scenarios

Several upgrade scenarios were explored. This included the
replacement of only the digital part, keeping the analog pro-
cessing in place and allowing it to digitally correct for the
drifts introduced by the analog parts. Because of the decreas-
ing reliability of analog modules currently being observed,
this scenario was ruled out and a complete upgrade of the
readout electronics was decided. Three scenarios were taken
into account:

3.1 LIBERA

The LIBERA system is a commercially available system
from Instrumentation Technologies d.d. It consists of a yTCA
4.0 crate with up to 4 BPM readout cards, each for 4 chan-
nels, thus a complete BPM. The BPM signals are directly
digitized using 250 MHz 16 bit ADCs. The signals are after-



wards processed using an FPGA. The FPGA is responsible
for almost all processing within the unit. Within the system
a PC is included to take care of the interaction with the user
and the control system. The system has a free-running algo-
rithm to detect the bunch. An RF reference signal is fed into
the system for error detection only, if the bunch is longer than
the RF reference, a failure is assumed and the detection is re-
set.

3.2 Spectrum Digitizer

The company Spectrum is offering a PCle digitizer card with
basically the same specifications as the LIBERA system: 250
MHz 16 bit digitizer with 4 channels. Drivers for a.o. Lab-
View and C++ are provided. Although the card features a
FPGA, this is not foreseen to be programmed by the user.
Therefor the computation of the beam position would be
done in software on the PC processor afterwards.

3.3 CERN Open Hardware

CERN OPEN hardware repository allows excessing current
electronics designs potentially leading to significant reduc-
tion of development time and cost compared to an in-house
development. This option is being considered.

34 uTCA

This standard is adopted from the telecom industry and mod-
ified according to scientific needs. The main feature is that
boards can be inserted from both sides into a crate, separating
an analog signal processing from the digital one, minimizing
digital noise on the analog part. Several vendors supply com-
ponents needed for the construction of a possible BPM read-
out solution. In this case the whole programming would have
to be done in house, although several other labs like DESY,
ESS or SLAC have solutions based on this standard in oper-
ation or planned, so that collaborations would be possible.

3.5 Control System Adaption

For all upgrade solutions, significant effort related to the inte-
gration of the new BPM readout electronics into the existing
control system is necessary. The COSY control system was
developed in house in the early 90’s and does not include
sufficient DAQ functionality to ensure efficient operation of
a turn-by-turn BPM system. Evaluations are made if a mod-
ern control framework like Control System Studio (CSS) or
FESA based could be used as a mediator between the new
electronics and the current control system to minimize the
effort extending the existing control system. Within the cur-
rent control system only features already existing for the old
hardware would be available, while the full set of features
would become available using the new framework. With this
approach other accelerator sub-systems undergoing an up-
grade in the future could as well use the new framework as
mediator, replacing the control system currently in operation
completely in a medium to long time frame.

4 Next Steps

In November 2015 a review of the BPM upgrade plans was
performed at the IKP by the experts invited from DESY,

CERN and the GSI. The recommendation given was, that
the LIBERA Hadron system appears to be the most suit-
able candidate for the upgrade due to limited time and man
power available for the project [4]. The recommendation is
also based on the fact, that the COSY team is responsible for
the construction of the HESR where the Libera system will
be used for the BPM readout. Choosing the same technology
for COSY ensures the most efficient use of resources avail-
able. For detailed testing one LIBERA unit was ordered and
is expected to arrive in February 2016. One Spectrum digi-
tizer was ordered as well, which was delivered in November
2015. Based on the results of the tests a decision will be made
in 2016 regarding the choice of the BPM readout electronics.
The implementation and commissioning is foreseen in early
2017.
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Prototype of DAQ for commercial stand-alone devices with Ethernet interface

Sergey Trusov, Sergey Mikirtytchiants, Leonid Eltcov, and Yury Valdau

In the experiments at an accelerator it is often necessary to
continuously control some parameter of the installation with
high precision. It is very convenient to use for this purpose
commercial stand-alone measurement devices available on
the market. Often, in such applications there is no need for
the permanent control over all the device parameters, which
is usually available at the device front panel or via the web
interface. Hence, such equipment is usually configured at the
beginning of operation and perform a measurement either on
a command from operator at remote host or as a reaction on
the external trigger.

Nowadays, almost all the companies which produce test
and measurement equipment offer software solutions for the
readout and remote control of their devices. Unfortunately, in
most cases, solutions from different producers are not com-
patible with each other. The National Instruments [1] (NI) is,
essentially, the only company which offer hardware and soft-
ware for almost all the commercially available devices on the
market. But LabVIEW software and hardware from the NI is
rather expensive and often exceeds the needs of a particular
experiment.

Recently, large international consortium of test and measure-
ment equipment producers have started to develop and imple-
ment in to their products a support for the common opened
LXIT standard [2] (LAN Extension for Instrumentation). It has
many important features, in particular, it uses industrial Eth-
ernet interface for communication and affords a possibility to
supply a common trigger signal to the different devices. Un-
fortunately, many devices support LXI standard only to the
very limited extend and hence the major advantages of the
standard can not be used in the DAQ with these instruments.
Nevertheless, most of the modern devices have Ethernet in-
terface and support telnet communications over TCP/IP pro-
tocol. Hence, it is possible to unify a readout of such equip-
ment in one DAQ using standard industrial Ethernet. Devices
with serial or GPIB interfaces can be implemented into this
system by using commercially available Serial to Ethernet or
GPIB to Ethernet converters [3]. In such a system, synchro-
nisation and triggering can be done either over the network
using a server which is running on the readout PC (software
trigger), or using a dedicated triggering scheme (hardware
trigger) which is connected to the device. A scheme of this
kind of DAQ for the TRIC experiment [4] is shown in Fig. 1.
The purpose of this system is to readout, calibrate, and con-
trol a Fast Current Transformer (FCT) [5] - the new sensor for
the bunched beam, using commercially available high pre-
cision measurement devices. A set of front-end electronics
located close to the FCT (shown in green) transmit a sig-
nal over the coaxial lines to the measurement devices (shown
in blue). The temperature sensors on a 1-wire bus are read-
out using a serial-to-Ethernet adapter [3]. Dedicated calibra-
tion scheme together with an arbitrary wave form generator
is used for calibration of the FCT readout scheme both in the
laboratory and at COSY.

Measurement devices from different vendors (Agilent,
Keythley, and Stanford Research) are readout, and controlled
over the Ethernet using server, written in C. The new Ether-
net base device can be implemented relatively easily into the
DAQ readout using only one configuration file and dedicated
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Fig. 1: Prototype of the DAQ for the TRIC experiment. The
Fast Current Transformer (in yellow) is readout and
calibrated using custom build front-end electronics
(in green) and commercially available stand-alone de-
vices (in blue), which are triggered and synchronised
using dedicated triggering scheme (in violet), which
gets external control signals from COSY and other
experimental installations. All the devices are config-
ured and readout over Ethernet (in red) by a server
running on one of the PC connected to this network
segment.

Keithley
2601A

readout function. Experimental data from all the devices to-
gether with the corresponding time-stamp information from
every system are stored in a text or binary file on a read-
out PC running under the Debian Linux OS. The data stream
from the FCT readout system can be easily included into the
data stream from the standard DAQ from ZEA, usually used
for other experiments at COSY.

External synchronisation and hardware triggering for the
TRIC experiment is done by using the functionality from the
most advanced LXI device available in our system (Keithley
2601A) and the dedicated FPGA-based trigger module. The
trigger module gets control signals from COSY and other ex-
perimental installations and produces a hardware trigger sig-
nal. Devices get trigger signals and perform measurements
(or other actions) according to preloaded during initialisation
procedures.

The first tests in the laboratory have shown that this FCT
readout scheme allows one to reach the precision in aver-
aged beam current measurement better than 10~# for 1 mA
using the available lock-in amplifier. The FCT readout sys-
tem together with a trigger scheme, which is under prepa-
ration now, will be used for the beam current measurement
during the TRIC beam time scheduled for summer 2016.
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Feasibility study on muon production with laser-accelerated protons or ions

P.Fedorets®®, M.Biischer¢, H.Gliickler?

Muons are used as probes to investigate properties of a
various types of materials. Muons for solid-state research
are currently available at four facilities: PSI in Switzer-
land, ISIS in England, J-PARC in Japan and TRIUMF
in Canada. Here we present a simulation study on the
use of laser-accelerated protons and ions for the gener-
ation of muons and give an estimate of the muon rates
that can be achieved with state-of-the-art high-power
lasers.

Muons are generally produced from charged pion decays
which, in turn, are generated in nuclear interactions of
accelerated protons with the nucleons in a secondary
scattering target. The typical threshold for pion pro-
duction is 280 MeV in the laboratory frame. This still
is a serious challenge for laser-acceleration technologies
since the maximum proton energies currently amount
to 130 MeV [1]. However, due to the rapid progress of
laser technology one expect that the required energy can
be achieved in a few years from now. For our estimate
we use an extrapolation [2] based on available DRACO
data at FZ Dresden/Rossendorf [3] for the amount of
produced protons at energies of 300, 400 and 500 MeV.
Figure 1 shows the energy spectra of protons for the
data and the extrapolation.
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Fig. 1: Averaged measured proton energy spectrum from
DRACO (green-line, upper energy axis). The
dashed yellow line is an exponential fit to the
data. The scaled function predicts the proton
spectrum in the higher energy range (dashed red-
line, lower energy axis) and the blue line is the
spectrum of a proton bunch generated with a
Monte-Carlo code. The figure has been taken
from Ref. [2].

The pions that are produced from laser-accelerated pro-
tons have a broad energy distribution. The low energy
fraction is stopped and decays inside the target, the oth-
ers leave the target and decay in flight. Muons produced
near the surface of the target from pion decay at rest
are called surface muons. They have a fixed energy of
4.1 MeV and are fully polarised.

Ref. [4] presents a Geant-4 simulation for the ISIS target
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Fig. 2: Simulated variation of the pion yield with proton

energy for an incoming beam of 10 protons [4].

geometry (graphite target with a thickness of 0.7 cm).
Here most of the protons (> 96%) pass through the
target without interacting. The pion-production cross
section increases rapidly with proton energy, as shown
in Fig. 2. Figure 3 presents the result of a simulation for
the muon yield for 10° primary protons. The spectrum
shows a peak from surface muon production around 450
MeV proton energy. For higher proton energy a higher
fraction of energetic pions can leave the target and decay
in flight outside.

Based on Fig. 3 the yield of muons has been re-
calculated for the extrapolated amounts of laser-
accelerated protons at energies of 300, 400 and 500 MeV.
The results are presented in Table 1. Despite of the in-
creasing pion production for higher proton energies, the
surface muon output drops by about one order for each
100 MeV. This drop is due to the decrease of the laser-
proton yield per laser bunch for the higher proton en-
ergy. The absolute numbers of surface muon production
from the laser driven protons are significantly below the
typical yield of 107 — 10° muons/s at PSI and J-PARC.

Tproton, MeV 300 400 500
A MeV~! 1.6-107 | 1.9-10° | 2.25-10°

N, total/shot ~ 150 ~ 30 ~4

N, surface/shot | ~ 130 ~ 25 ~3

Table 1: Simulated count rates for muon production
with laser-accelerated protons.

An alternative approach is pion production through
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Fig. 3: Simulated variation of the muon yield with pro-

ton energy for the incoming beam of 10° pro-
tons [4].

heavy-ion collisions. Figure 4 shows data for laser driven
CS7* ion production at the Trident laser facility, Los
Alamos [5]. The maximum carbon-ion energies are in ex-
cess of 1 GeV (or >83 MeV /nucleon). The absolute ion
numbers with energies above 900 MeV were estimated
to be in the order of 107 ions per shot. Figure 5 shows
the double differential cross sections for pion production
in collisions of C ions with Li, C, and Pb targets, at a
beam energy of 85 MeV /nucleon.
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Fig. 4: Carbon C%* energy distribution from the Trident
experiment [5].

The count rate of the pion production from C+Pb in-
teractions can be estimated as

do
dN/dE =1L- iE
where do/dFE is the double differential cross section
averaged over 4mw. From the cross-section data at
27°,90°,120° [6] do/dE was assumed to be 0.5 of
4 - (d%c/dQAE).
For the calculation of the effective target areal density,
full overlap of the ion beam with the target was assumed
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Fig. 5: Double differential cross sections (dd;—jE) for 7t

and 7~ emission at 90° from C+Li, C+C and
C+Pb interactions at 85 MeV /nucleon [6].

and a target thickness of 1 cm was used. It is important
to check that the C ions are not stopped in the Pb target
before they reach the rear surface at 1cm. Since it is
very difficult to find data on the range of the C ions
in Pb, we used those for the range of « particles. The
stopping power of a particles and C ions per amu in
Pb is very similar [7]. According to the Bethe formula
the particle range is proportional to its kinetic energy
and inversely proportional to the mass multiplied by the
squared charge of particle. Therefore, at equal kinetic
energies (12-:85=1020 MeV) the range of C ions can be
calculated from the a range from the ratio of masses and
squared charges. The range for alphas with 7" = 1020
MeV then is 77 g/cm?® [8] and the range for C ions in
Pb amounts to R ~9 cm for charge 1 and 0.25 cm for
charge 6, which is assumed in most papers of laser driven
C ion acceleration. That means the assumption of a Pb
target thickness of 1 cm is not valid and C ions with
energy 1020 MeV will stop earlier. We therefore reduce
the effective target density by a factor 4:

L = Nearbon - Peft - 1/4 = 0.825 - 10?2 (cm? shot) ™" |

where Ngarbon = 107 is the assumed yield of laser-
accelerated carbon ions, and peg the effective Pb target
density,

Np - ny

Peff = PPL * MW

“liarget = 3.3 - 1022 atoms/cm2



where pp, = 11.34 g/em®, GMW = 207.2 g/Mol
is the Gram-Molecular Weight, Nx = 6.022 -
10%® molecules/mole the Avogadro constant, and n, = 1
the number of atoms per molecule.

The estimated count rate for pion production from
C+Pb interactions then is:

3—2 =(5—1)-1072 (shot - MeV) ™!
at an energy of ~50 MeV (cf. Fig. 5).

The total pion yield in an energy interval of
AE=50 MeV is around 1 pion/shot. Simulations on the
ratio of the pion and muon production rates from Ref. [4]
give a value of ~ 1072 (for a C target). With this num-
ber we expect an absolute muon count rate in C+Pb
interactions of 10~2 muons/shot.

Our estimate on the possibility of muon production
with laser driven protons and ions shows that the muon
yield is at least a factor of 107 below that of dedicated
muon facilities. Therefore, the realization of a laser-
based muon source would require significant progress of
laser performance (pulse power, repetition rate) and/or
target technology (for example mass-limited cryogenic
targets like clusters or pellets).

AN/dE =L -
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SEU Tests with the STS-XYTER Version 1 ASIC

J. Lehnert' and P. Kozcon!
GSI, Darmstadt, Germany

The sensors of the CBM Silicon Tracking System (STS)
are connected to 8 STS-XYTER frontend ASICs with
128 channels each developed at AGH Cracow [1]. The
ASICs are located just outside of the active area of the
STS and exposed to high charged particles rates and to-
tal integrated doses over the full lifetime up to 100 kRad.
In order to ensure proper functionality in this environment
and to reduce single event upsets (SEU) which manifest as
bit flips, the ASIC design implements a DICE (Dual Inter-
locked Storage) cell architecture for the configuration set-
tings of each channel as well as for critical global settings.

SEU Testing of DICE Cells at COSY

During the CBM electronics beam test at COSY Jiilich!
in October 2015, the first version of the STS-XYTER fron-
tend ASIC, produced in a UMC 180 nm process, was char-
acterized for the first time with respect to single-event ef-
fects in its DICE cell architecture. Goal was the quantita-
tive assessment of SEU cross sections for the DICE cells,
which may strongly depend on the actual cell architecture,
and the comparison to the regular flip flops in the design [2]

Tests were performed in a dedicated high-intensity pro-
ton beam used in parallel for multiple irradiation stud-
ies within CBM, which allowed running at rates up to
3 x 10° protons per spill on the setup, which provided
a good compromise between sufficient statistics for the
SEU investigations and a stable (not fully DICE protected)
readout interface. Device under test was a single STS-
XYTER version 1 ASIC bonded to a prototype frontend
board (FEB). The ASIC was centered in the proton beam.
The FEB was connected to a standard readout and control
chain with a SYSCORE3 readout board and a data aquisi-
tion PC with a HTG-K7 board and a FLESnet based read-
out. For the purpose of the test only the control function-
ality of the system was used, i.e. reading and writing to
ASIC registers. The test used 32240 bits each of DICE cells
and flip flops respectively, arranged in a two-dimensional
structure of 8bit DICE discriminator threshold values and
8bit flip-flop counters for 130 channels with 31 discrimi-
nators each. The test procedure consisted in a continuous
readback of a predefined pattern from the DICE cells and
of fixed random values from the read-only counters and a
check for bit flips in the expected register values. Repeated
readback allows to distinguish SEUs from readout errors.
An ionisation chamber from GSI detectorlab (B. Voss) with
QFW based readout was placed behind the ASIC to pro-
vide an accelerator-independent and continuous measure-
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ment of beam intensities? .

SEU Test Results

The test was done for a total of 48 hours of effective ir-
radiation. In this period, 3467 bit flips for the flip flops
were observed and 116 bit flips for the DICE cells. These
numbers provide a direct quantification of the relative SEU
rate of the DICE cells with respect to flip flops. The fac-
tor of 29.9 is in the expected range for DICE cells. With
a preliminary estimate of the proton fluence larger than
2 x 107/cm?/s, the SEU counts translate in an SEU cross
section below 1.1 x 10715 cm?/bit for the DICE cells which
is consistent with literature values.
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Figure 1: SEU counts for the individual bits of the DICE
cell threshold registers

The DICE cells exhibit significant differences in bit flip
count over the 8 bits of the individual DICE registers (see
Fig. 1). This observation could be correlated with differ-
ent distance from bulk/well contacts for the individual bits
in the DICE cell layout. Consequently the upcoming re-
vision 2 of the STS-XYTER ASIC [3] will implement an
modified DICE cell layout. The expected improvement in
DICE SEU rate by a factor of up to 3 will be verified in a
forthcoming beam test.
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Radiation hardness tests of electronic components for CBM-STS low voltage
power supply

S. Lochner', P. Koczon', and A. Rost'
1GSI, Darmstadt, Germany

Electronic components installed in the field of reaction
products in future experiments at FAIR have to be radia-
tion hard. At present, selected parts like DC/DC converters
and LDO voltage stabilisers undergo exhaustive tests with
use of intense minimum ionising particles’ beams, mostly
about 3 GeV protons at the COSY facility, Jiilich!.

Test setup

For components like DC/DC converters or LDO voltage
stabilisers the output voltage level as well as the expected
transient voltage spikes rate due to single event upsets have
to be monitored during irradiation. Voltage level monitor-
ing (input and output) requires relatively low readout fre-
quency below 1 Hz and can be implemented on the inex-
pensive ARDUINO system [1]. Fast transients have been
monitored on a 4-trace digital oscilloscope Rhode-Schwarz
RTO1044 [2] . Measurement results have been recorded in
nonvolatile memory and analysed.

Selected ASICs

For the radiation hardness tests several DC/DC convert-
ers have been chosen. Selection criteria like circuit ef-
ficiency, chip size, coreless inductivity, apropriate output
voltage and sufficient output power as well as voltage set-
ting flexibility have been applied.

Figure 1: Base plate with PCB card holder and wiring.

Only one model of the LDO stabilizer produced in rad
hard technology has been examined until now. Alltogether
10 test boards with LTC3605, 3 boards with LTC3610 (Lin-
ear Technology), 4 boards containing LM2596S (Texas In-
struments) as well as 4 FEASTMP boards [3] have been
tested in two beam times. All tested ASICs were powered
on during the irradiation runs. The test boards were placed
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in a holder fixing their positions with respect to the proton
beam during the measurement as shown in Fig. 1.

Test results

The PCBs with tested chips were placed in a row along
the beam axis such that the irradiating beam punched
through all of them. A small ionisation chamber placed
on the beam axis behind tested chips was used to monitor
the beam intensity (Fig. 2, left).

ﬂﬂ,\h«’hﬁ{ﬂm

Figure 2: Beam intensity in one spill (upper left panel) and
avarage proton current (lower left panel). Beam spot on
Gafchromic self-developing dosimetric film (right panel).

The beam profile has been investigated with Gafchromic
dosimetric film [4]. In the course of the irradiation the film
developes a spot corresponding to the shape of the pro-
ton beam with the optical density corresponding to the in-
tegrated beam intensity (Fig. 2, right). The total dose is
known from the measurement with the ionisation chamber
and the position of the irradiated chips marked on the film.
A fractional dose can be estimated for each point on the
film by scanning the optical density. This allows to estimate
precisely the beam intensity integral and - consequently -
the dose at the ASICs’ positions. Out of the tested DC/DC
converters only FEASTMP survived more than 10! pro-
tons which corresponds to a dose of 4 x 10'2 cm~2. No
fast transients were observed on LDO voltage stabilisers.
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