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AbNrrrct-Thc ffoating wirc (FW) techniquc was applied to by cdculating the trajectories based on incasrlrcd and 
CalcuIated field ]naps a d  by “historic” floating wire 
techiique which yiclds the trajectories directly. We report on 
dle colnparison of tl,c rcs,Ilts of botl, Inethods D2 as 
spectrometer and for the Di-D2-D3 “migemnent acting as a 
chicanc in the COSY ring. 

dctcrmine  particle trajcctorlcs in threc dipolcr which form the 
magnctic rpcctromctcr ANKE instidled in thc nccclerator ring 
COSY Juclich. Mcthodical improvcmcnts of the wcll-known FW 
techniquc result in extcndcd npplicabllity and high acciirucy. 
Thc FW mcasuremcntr do compare wcll with ficld map bascd 
trmjcctory calculation using thc GPANT corle. 

I. INTRODUCTION Ir. FL~ATING WIRE MERUREMENTS 

cosy JucliclI is operaling m p c t i c  spectronleter 
device ANKE a p p a l u s  €or tlie MeasurcIncnt of Nucleonic 
and Kaon Qcctibs) at tlte intcrnal berim of the accclcrator 
ring. Three dipole magncts, Fig. 1, are placed in onc of the 
straight sections of the COSY ring. The magnet D1 dcflects 
the proton bcam by a certain angle ‘p onto the target in front of 
tllc dipole D2. D2 bends the beam by tlic angle 2 ‘p and D3 F is the tension forcc in Ncrvton, I is the current in the wirc which is identical to D1 brings tlic bcam bdck to the original in A, p is f m  panicle monientum in GcV/c. Thc tcnsion force orbit. D2 sctves as the main spcctrornctcr magnet i n  order to is iisriaIIy produced by running IRC wirc ovcr a well-balanced scpamte tlic cjcctilcs emitted will1 different momenta in low friclion pulley and hanging a wcigbl of inass ni from it, forward direciiort. Mer this presdcction the particlcs arc 
furthcr analyzed by n sophisticated arrangemerit of detectors. g = 9.81 In s-2$ O u r  regi0m1 (hclmn) 
D1 \vi11 atso bc used 8s spectromclcr lor cjectiles cmittcd in Of accclcratioli of grdvity, wc get with in the 
backward direction. The niagncts had to be characterizcd in 

The FW technique is based on the analogy t h t  a flexible, 
c t ” t  carrying Wire, tensioncd in n magnetic field takes up 
the Position of the v&Ctory Of a cllarged prticlc with a 
certain *nolnC1ltum 

F / I =  3,335631 (1) 

= g ‘K 

‘nomcrl‘ump in MeV’c. 

view of tlieir propcrtics as spictroinctcr as we11 as in view or 
operating thc accelerdtor. This task was done in a twofold way 

A N K E  A. Procedure for Ejectile Trajectories in D2 

Poalllve elsclllas 
Fig. 1. The 3-dipole configurnlion of  the inagiicilic spcctronieter ANRE 
foriuing a 10.6 degree chicatic in the cooler ielescopc straight scction of 
COSY 
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Thc spectrometer propcnics of D2 for positively cbargcd 
parliclcs were deterriiincd for the maximum ficld of about 
1.57 T. In Fig. 2 is shown thc arrangcmcnt which we nscd for 
detcrrnining ejcctile trajcclorics 81 thc inagnct D2. One end o€ 
the wirc is fixed at the position of thc targcl. Thc wirc is 
passed through Ilm magnet, tracked over tlic pullcy, and 
tensioncd by the weight of a Inass ni Applying a certain 
currcnl, thc wire can be made frccly floating representing the 
trajectory or a particles with ilc morncntuin defined by 
currcnt and weight. Moving thc pullcy B littlc Jougside the 
magnct, tlic wirc will find its equilibrium with a different 
entrance snglc. Dctcrmining the position of slich trajectories 
in the fiefd free region oucsidc the magnct by a set or rulcrs on 
a mc;lsuring table and extrapolating these stmight lincs until 
Ibey cross, the focal point for n given condition or ficld 
strcngtli L3 and inonieiilurn p is found. Repealing the pro- 
ccdtirc with various wirc ciirrcnts a i d  appropriate positions of 
the pullcy, foci in tIic interesting miige of nionicnta arc round. 
Sincc the wire lenglh will have Iarge variations, it is 
ncccssary to match it by a spool mechanistn a t  the brgct 
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Pig. 2. Priiiciple oftlie floating wirc sct.np at the dipole D2. (a) wire lengih 
spool ineohanisin, (b) pullcy with pcndulunl, (c) wire position meiaiiring 
iablo with rulers. 

position. The choicc or the wire is ;I priniaty problcm. Wc got 
a 40 pm gold plated tungsten wirc which perfectly fulfilled 
onr requirements in view of electrical resistanoe, brenlung 
strength, and flexibility. Willi wcights of about 10 and 20 g 
and ciirrents bctwcen 90 and 210 mA the inkresling 
momentum rangc from 140 to  600 MeVlc for the maximum 
field of 1.5729 T was covcrcd. 

Ncgligiblc friction in the pulley can be acliicvcd by thc air 
benring principle. Fig. 3 shows a cross-sectional view of our 
pulley. It is a closcd axially syininetric construction. Clcan, 
pressurized air is axidly blown into tlte irtncr cylindcr, 
radially distributed into the 0.05 mm split bctwcen inner and 
outcr cylinder and leaving tlte pullcy st the cnds. l...2 bar air 
prcsaire werc appropriatc to carry the weights of thc outcr 
cyIinder (70 g) and thc tcnsion force weight (up to 30 g) 
without blocking die pullcy diic to Bernoulli forces at tlte air 
outlets. 

For low Inoinenta the D2 geometry docs not allow to put 
thc rueaswing table between magnet and focus, I1 is  well- 
known that if die focus is in front of the prillcy the wire will 
not bc stablc. As theoretically discussed by Kosodacv [Z] and 
cxperimeiitally proved by Boiinin and Milrnan [3], an 
iinbalanced pulley acting as a physical pcnduliin solves the 
problem. The procedure to find tlic cqiiilibrium for the wire is 
a bit morc complicated because the wire Icngtli has to bc 

Inner Cylinder ~ Air oiit , 

- 4- Air in 

Outer Cylinder ---. Wire Groove 

Pig. 3. Cross-scctioitd View of tho nir bearing piilley made of low 
pcnrcability ataiiitess stccl. At tlic groovc for carrying tlio wiro the dinnteler 
offlie p~illey is 60 inin. 

preciscly adjustcd to gct thc pendulum back into its nataral 
zcro position lo bc dcrcrinined before withoui thc wirc, We 
attached a wcight of  0.8 g at the pcripliery of the pullcy whccl 
and got stability for all investigated cascs. I t i s  zero point, 
observed by a 80 mm long pointcr, was reproducible within 
k 0.2 ... 0.3 degree corresponding to a k 4 mg uncertainty of 
tlie weight. Tllis uncertainty was not only due to the rcading 
error but also caused by small slow oscillations of the pulley. 
These are a combination of a rest of friction and an intrinsic 
moment of rotation due to the air flow. Sincc thcsc effects arc 
largely compensated by the pendulum rcstoring €om, it is 
advantageous to use the unbalanced pulley in any casc. In 
addition, the reproducibility is better because variations of the 
pullcy radius can be excluded. In earlier tests we had 
idcntificd a 90 dcgrcc scctor of tlic pullcy where the radius is 
constant within f 0.02 min. Considering all these error 
sources, including accuracy of tlie current incasiirement and 
stability of the current power supply, wc dctcrrnine the 
inoincntum error to be Ap / p  5 10-I. 
The wire positions in h e  reference systctn of die mnagnct 

were determined in two steps. First, the wire position above 
the measuring table and second, the position of thc table 
relative i o  the magnet. Looking tlu-augh a magnifying glass, 
transparent 0.5 mm scale rulers with mirrors below enabled a 
parallax free rcading with & 0.1 inm precision. The specid 
construction of our pulley allowed to cut the air flow just i n  
the moment when thc pendulum pointer was moving tlirough 
zcro. Oncc (lie pullcy oscillations WCE stopped, precise and 
reproducible readings were possible. The position of the table 
was dcteriniricd by standard siirvcying tahniques using a 
high-precision thcodolitc 141 and optical markcrs placed on 
the tablc, thc magnct, and thc targct point. Tlie holes for 
placing the penta-prisma markers on the table were 
manufactured in distances of 610 + 0.05 and 360 f 0.05 inm. 
They werc rcprodriced within 0.1 f 0.04 mm. Also the 
distance of the two marks at the D2 magnet was reproduced 
within 0.1 mm. Tlierefore, we assunic tlic absolute posilion of  
a crossing point of two trajectories to be accurate within 
I min. 

E+ Procedure jor n COSY Ti-ujecfory through D1 -D2-D3 

Tlic FW tcchniqric ivas also applied for tic sirnulation of 
the COSY beam through all thrce magnets in the [p = 10.6 
degrec position over the wholc momcnhun rhnge, Fig. 4. D1 
and D2 are assumed to bc idcnticnl and are supplicd by R 
single power supply. The task was to determine tlie powcr 
supply currents and ID2 for which t h e  chicnnc is 
balanced, i.e. tlic beam cnlmncc anglc in front of D1 and the 
exit angle behind D3 are zero under the additional condition 
that thc target between D1 arid D2 is also hit. The geometry 
was defined by two measuring tables. The reference for input 
ilnd output angle was determined by stretching a ffcxibb 
tluead between the fixpoint at Ute D1 table and the pullcy. 
Short rulers on rods between tlte magnets were itscd to 
measure the wire position in order to dclcrmine fbc irtdividual 
deflection angle of a single mngnet. To get the neccsmry 
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Pig. 4. Arrangcmcnt of magncts and meawing fablcs to deterinhe the necessary magnel currents for D2 and Dl, D1 to simulate a 10.6 degcc COSY boain 
trajectory by tho floatiiig wire tcclinique. 

currents with tho - duc to safety regulations - restricted 
power supply voltage of 60 V, a 80 pin tungsten wire was 
used. Obtainablc momenta wcrc 295 MeVlc wilh 308 mA up 
to i987 McVlc with 45.78 mA wire current far a weight OF 
30.765 g. Due to thc 8.5 in long and heavier wire it was 
necessary to iiitroducc two snpports hctwcen Dl-D2 and 
D2-D3 which reduced sagging from 30 lo about 4 min. Tlmc 
supports wcrc made of anodI7d and polishcd B inin diainetcr 
A1 tubes. Thc influence of transverse friction of the wire on 
these suppork was iniiuinizcd by exiting oscillations prior to 
thc reading of wire positions. This friction is of the Coulonib 
type causing a linear damping of the oscillation. The 
reproducibiiity in thc equilibrium statc obscrved at the tlrgct 
point was within f 0.2 min. 

111. FIELD MhPI'ING AND TRIUECTORY CALCULATIONS 

Due to thc size of the D2 we needed a largc ficld mapping 
rnachiiie which fortunately could be provided by GSI 
Dartnstadt. Its positioning incchanism could cover tlic area of 
about 3 x 1 in in onc run witlioul rcadjusttnent. Tlic machine 
mcasurcs all three field components with ;1 sei of tlww Hall 
probcs. The field was measured in five planes (tlic midplane 
and the vertical planes aty = - 7, - 3.5, + 3.5, -t 7 c i )  on a 
grid with steps of A x = 2 and A z = 1 cin, x ranging from - 54 
to + 40 a n  and z from - 121 to -I- 144 cIn. The maps were 
ineasurcd at the four ficld values 0.1297, 0.9997, 1.2387, 
1.5757 T deterinincd in the center of the magnet. For 
conipnring FW and iicld mapping results we used tlic 
inidpfane data and the cffcctive length of thc fietd which 
should be indcpcndeiit an calibration errors. In addition, a 
calibration or thc ccnval field valuc as a function of the 
inagiiet ciirrcnt was done by an NMR probe. 

The measured ficld area covercd the range necessary to 
dclcrminc the accelerator beam trajectory but was not wide 
enough for tlic calculation of the spectroinctcr mjmtories. 
Therefore, using the MAFIA codc 151, 3 D field calculations 
were caaicd 0111 which cover tlic lacking area. Thc combined 
fields are thcn uscd with the GEANT code [6 ]  IO gct the 
required tmjcclorics. 

IV. Coinparison of Results 

A. Spectrmerer Trnjectaries 

Fig. 5 displays results of spectrometer trajectories obtaincd 
wilh tlic floating wire technique. Thc six bundles of exit 
lrajcctories correspond to rnomcntr in die range from 140 lo 
600 McV/c. Ehch bundle represents the five input angles -10, 
- 5 ,  0, f 5, -k 10 dcgrcc adjusted relative to an accclcrator 
beam input angle of 10.6 degree. Thc crossing of the different 
trajectories in cadi bundle determine t i c  focus line in UIC 
midplane of the magnet. In the shown scale the foci are 
well defined, only at the liiglicst momentum of GOO MeVlc 
sornc aberration can bc seen. Magnified views on thc 
trajectory pattern around a focus demonstrate that ahnation 
is  clearly resolvcd by the measuremcnt. As an example, a 
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Fig. 5. Floaling wire crossings for the six momenta 140.4, 207.4, 291.3, 
400.2, 500.3, 6 0 . 4  McVh forming the midplano fnciis curve for the givcn 
Inrgci position, z = 296.7, x = 78.9 mm. The dashed line around the 
wdmpilar-type magnet represents the effective field boundary. 



magnified vicw on the 291.3 McVk pattern is shown in 
Figure 6 (a).Tlic width of ttic aberration is comparable to a 
momcntuin deviation of 1%. Tlic single points indicate 
crossings obtaincd with trajectory cnlciilations using the 
cumbined map of measured and cdculatcd fields. The 
agreement is  ratlicr good. Anothcr proof for tlic accordance of 
tlie results or both inethods is shown in Figurc 6 (b). 291.3 
MeV/c trajcctories were calculated backwards starling from 
the mcasrlred wire position. Within thc line width all five 
trajectorics cross in a point. The true targct point is only 3 mIn 
away in longitudinal direction. For thc other tnaincnta the 
result i s  not as perfa  biit tlic deviations arc not more than 10 
m m  longitudinally and 2 rnrn tmsversely. It i s  interesting to 
note that cornpmble good results are obiairtcd with thc 
MAFIA Beld alonc as long as tlic NMR calibration for the 
maximum ficld value is applied. 
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Pig. 6. (n) Compirison of menwired nnd calculated irjectorics in a magnified 
view for thc 291.3 MeVlc focns pottcrn. (b) BnL-kward oalcidated Irnjectorics 
fall togctlict in a point very closc to tlie true farget position. 

l3. Accelerator Trajectories 

Fig. 7 shows a plot of tlic currents I Dj,I)> and I n 2  versiis the 
fiill momcrtmtn range possible for tlic 10.6 degree 
arrangement. The acairacy lirnirs wcre 5!.* - gout 5 I mrad and 
dx < 1 min. Tliesc limits should Iinvc becii small enough 

to cnablc static orbits in COSY. As a crosscheck thc currcnts 
wcre determined with thc magnclic mcasurcmcnt dab, For D1 
and D3 wc got good coincidence betwccn the rcsult of both 
methods. Random variations wcrc wilhin f 0.5 mnd. A 
systematic deviation appcercd for D2. The PW method gave a 
2 mrad largcr dcflcction at the same magnet current. The 
reason for this discrcpaticy is unclear but was not iniporiant 
becausc a k r  having installed ANKE into the ring, a 
circiilating bcam at injection could itnmcdiatcly bc obtained. 
Also aocclcration worked. Dynamic cffccts duc io eddy 
currents are bcirig handlcd by the backleg windings or D1 and 
D3 I 

V. CONCLUSIONS 

The coinprison of ttic D2 cjectile trajectories dctcnnincd 
by field map my tracing aid  floating wirc mcasuremcnts 
reveals that 3 D magnctic field codes like MAFIA can provide 
reliable rcsnlts. The floating wirc tecliniquc was successfilly 
applied also for ihc critical case “focns in front of thc pulley” 
by using ttic principle of an unbalanced pllcy.  A fiuther 
iinprovemcnt is ihc rncthod of “freezing in tlie wirc”, made 
possiblc by the desi@ of our pullcy. A inoinentuin accrirncy 
of Ap i p 5 has bccn actiicvd. The precision and 
accuracy for, position ineasurenients can bc obtained with tlic 
best siirvcying inslrurnaitation availablc oiily nowadays. 

Having at hand rhc well-developed FW apparatus it was 
possiblc to cliaracterize the thrcc ANKE mapcts with 
saicient acciimcy iii order to guararitcc thc circulation of thc 
accclcrator h a m .  Oiice this is achicved, tho fine adjustincnt 
can bc pcrformcd by the accclcrator bcam itself. Machine 
expcrirncnts at COSY arc Imdcrway in this direction. They 
will also clarify the 2 nmd discrcpmcy betweeii tlic FW and 
the field map rcsult. 
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Fig. 7. I l l ,  D3. niid D2 niagnct ciirrcnts for a 10.6 d c p c  trajectory i n  the 
IWKB chicane dekmiincd by tlic P W  technique. l‘hc mluos derived from ttic 
field measurements arc in good coincidrmcc. Exprosscd in deflection aiglo, 
DI. D3 valtles ngree within f 0.5 nirad. . For the 112 appenred a systematic 
devialion such ihat tbc FW nicthod generally yiclds a 2 iiirnd iargcr dcflcction 
at all exccpt tlic highest momenta. 
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