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The floating wire technique was applied to characterize the focusing properties of the D2
spectrometer magnet to be used in the ANKE installation of the CO8¥hJaccelerator facility.
Trajectories corresponding to 140—-600 MeV/c ejectiles emerging from a target in front of the
rectangular-type D2 magnet were measured in order to determine the location of foci where
detectors for the physics experiments were to be placed. The focus for trajectories of the same
momentum was localized by varying the trajectory start angle at the target. To overcome the
problem of instability, which arises when the pulley has to be located behind the focus, an
unbalanced pulley was used. Other improvements include methodological features such as the
particular design of our air-bearing pulley enabling a “freezing-in” of the wire movement and
therefore yielding a very high accuracy of the wire position measurement, the use ofum 40
gold-plated tungsten wire best fulfilling the mechanical and electrical requirements, a fast-regulating
power supply in combination with an absolutely calibrated current meter, and the excellent accuracy
of modern surveying instrumentation. An overall momentum accuracAfp<10 2 and a
position accuracy of the trajectories &fL mm in the vicinity of the foci have been demonstrated.

The precision and accuracy of the floating-wire measurements are discussed and compared with
ray-tracing calculations based on measured and calculated field mag00®American Institute

of Physics. [DOI: 10.1063/1.1357232

I. INTRODUCTION based on field maps have to be applied. The availability of
measured and calculated field mapermitted—as an im-
The ANKE dipole spectrometer facility for the momen- portant crosscheék-the comparison of the FWT results
tum separation of particles ejected from proton-induced rewith trajectories calculated for the same geometry.
actions at internal targets has recently been installed in the Some decades ago, the FWT was commonly applied to
COSY Jilich cooler-synchrotron ring.The installation con-  determine the magnetic properties of spectrometer and espe-
sists of three rectangular dipoles, D1, D2, and D3, forming &ially accelerator magne®s/ A current-carrying wire freely
triangle-like chicane in one of the straight sections of thefloating in the magnetic field is balanced by the equilibrium
accelerator ring. The three magnets guide the circulatingf magnetic force and a mechanical tension force. The ten-
COSY beam through a thin target in front of D2 and at thesjon force is usually produced by running the wire over a
same time D2 is used for the separation of ejectiles emitte@lajanced low-friction pulley and hanging a weight from it.
in a forward direction. One of the experiments performed isThe wire takes a position representing the trajectories of a
the near-threshold production & mesons. They have to  charged particle of a certain momentum. The focus formed
be selected from a huge background of protons ande-  py trajectories of the same momentum is found by varying
sons. A combination of different particle detectors, calledihe start angle of trajectories at a predefined target point in
telescopes, placed at the focus surface of the spectrometgpnt of the magnet. Straight trajectories can then be mea-
magnet solves this task. The required experimental accuraGyred in the field-free region outside the magnet. The obtain-
was to be able to locate the focus position of a certain moapje accuracy is determined kiy the friction and hysteresis
mentum within 1 mm where the momentum should beof the pulley and the wire(ii) the accuracy of the wire po-
known with 10°? relative accuracy. The well-known sjtion measurement, ani) the stability of the magnetic
floating-wire technique(FWT) appeared to be a rather field and the current in the wifdUsing air-bearing pulleys,
straightforward method to directly determine the necessaryccuracies of p/p from 103 to 10~ were reported?® The
foci for the fixed geometry of th&™ experiment. Other \yire remains stable as long as the tension force is applied in
experiments  with different geometries of target andgont of the focus. Steffen has discussed the instability of the
detectors demand a more general knowledge of trajectorieSyire when the tension force is applied behind the focus and
through the magnet. Here, numerical ray-tracing techniquegow to overcome the problem by using, e.g., an unbalanced
pulley>®
¥Electronic mail: j.stein@fz-juelich.de The location of the focus surface at our D2 magnet re-
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FIG. 1. Principle of the floating-wire setup at the D2 dipdk.Wire-length

spool mechanisnip) pulley with pendulum weightAm) and wire stressing _200
weight (m), and wire-position measuring table with rulers. ~.
to ‘
. X X . . . Reference |
quired in some cases placing the wire position measuring Prisma ﬂ .
. . . Theodolite
device behind the focus. Therefore, it was necessary to study

-300
the principle of the unbalanced pulley in detail. The overall

momentum accuracy in the physics experiments is expected
to beAp/p~10 2. In order to be precise enough, our FWT -100 0 o 20

. z Coordinate (cm)
apparatus was devised to have an accuracyAgip
~10 3. We report on the results and on improvements to thesIG. 2. Floor-plan view of the measuring-table arrangement for a low and a

FW techniques and methodologies for the D2 spectrometéﬁgh momentum. For lower momenta the focus is in front of the pulley, for
the higher momenta it is behind the pulley. The table position relative to the

magnet. magnet is determined by a high-precision theodolite.
Il. EXPERIMENTAL ARRANGEMENT AND p=2.9413m/l. )
PROCEDURE

The pulley is oriented to the direction of the wire by
rotating it around the vertical axis. The position of the tra-

Figure 1 gives a schematic view of our FWT setup at thgectory is measured outside the magnetic field by a set of
D2 magnet illustrating the measurement principle. The D2ulers on the measuring table. By varying the wire length and
magnet is a rectangular C-type magnet with outer pole diat the same time moving the pulley slightly alongside the
mensions of 1408658 mnt. The pole edges are canted with measuring table, different start angles can be set. A pre-
45° and 60° phases yielding a pole face area of XD  defined angle is adjusted when the wire is aligned to the
mn?. The gap height is 200 mm. The starting position of theangle control ruler directed towards BPig. 1). Extrapola-
wire in the midplane of D2 is fixed by a small wheel which tion of the trajectories until they cross determines the focal
is part of a motor-driven spool mechanism to vary the wirepoint for the given momentum. Repeating the procedure with
length. The whole spool mechanism can be rotated aroundifferent current values and different measuring table posi-
the vertical axis thereby defining the start angle of the wiretions, the foci for all desired values of momenta are found.
This axis is located at the designated target position 300 mm A number of practical difficulties had to be overcome in
in front of the D2 poles and 80 mm off the longitudinal axis order to exploit this elegant principle with the desired accu-
of the magnet. The wire is passed through the magnet gafacy. The planned physics experiments with D2 required the
and hung over the pulley. The tension of the wire is pro-determination of trajectories in the momentum range from
duced by the weight with masa fixed to the free end. Sup- 140 to 600 MeV/c at a maximum field of about 1.6 T. Figure
plied with a certain current, the wire freely floats in the 2 illustrates a floor-plan geometry of D2 with the accelerator
magnet field following the trajectory of a single-charged par-beam trajectory and trajectories for two momenta, 140 and
ticle with a momentunp. 500 MeV/c, assuming a hard-edged field of 1.6 T with an

The relationship between tension foféecurrentl, mag- ~ approximate effective length and width of 1500 and 758 mm,
netic fieldB, and momentunp of a particle with charge state respectively, given by the outer dimensions of the poles plus
g is given by half of the gap height. The expected focus is indicated by the

dashed line. Provided the magnetic field is stable and con-

FI1=Bp=3.3356p/q, @ stant during the measurements, the accuracy depends essen-
wherep is the radius of the trajectory curvature in meters andially on how accurately the tension force can be determined.
F, I, B, and p are in units of N, A, T, and GeV/c, An air-bearing design for the pulley is a common technique
respectively>® With F=gm, m in grams, andg=9.811 to reduce friction to a negligible amouti.Absolute current
ms 2, the local valugAachen of the acceleration of gravity, measurements of the order dfl/I=10"* can easily be
the momentunp in MeV/c is obtained: achieved today.

A. The principle of the floating-wire technique
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The challenging problem was the fact that for low mo-
menta, from 140 to 300 MeV/c, the measuring table with the
pulley could only be placed behind the foalsg. 2). With a
well-balanced pulley, the wire is not stable under such con-
ditions. The wire is pulled into the field or drops out of in
the detailed theoretical investigation by Kosoddeand in
the first experimental demonstration by Bounin and
Milman*! it was shown how the wire can be stabilized by
using an unbalanced pulley, for instance, by attaching a /
small weight Am) at the periphery of the pullefFig. 1.

Since the movement of the wire is connected with a turning ~ Outer Cylinder
of the puIIey_in one direct_i(_)n_or the ther’ the restoring fc'rceFIG. 3. Cross-sectional view of the air-bearing pulley made of low-
around the inherent equilibrium position of the pulley pre-permeability stainless steel. The diameter of the pulley is 60 mm at the
vents the wire from moving away. If the wire length is pre- groove for carrying the wire.

cisely adjusted such that the pulley, acting as a physical pen-

dulum, moves back to this equilibrium position determinedq achieve self-stabilization of the outer cylinder with respect
without the wire, the tension force is again well defined. Theyg small axial forces. The outer cylinder with the wire guid-
unbalanced pulley also permitted a “force-free” current CON-ing disk has a weight of 70 g. The diameter of the groove
nection to the pulley. A piece of 40m tungsten wire was pottom is 60 mm. The air pressure required to lift the disk is
fixed at the position of the pendulum weight and led in agpproximately 0.5 bar. Clean dry air from a central
wide bend to the power supply connectéig. 1). compressed-air pipeline was used via a pressure-control
As a consequence of such a setup, the measuring tablgyve. During the measurements we applied a pressure of
can always be located at or close to the crossings of thghout 1.5 bar. The pulley was fixed to a support which al-
trajectories. The accuracy of the crosspoint determination igyyed the pulley groove to be aligned with the direction of
appreciably improved in this case, since long-distance eXme floating wire. The support was mounted on a motor-
trapolations are avoided. The positions of the measuringriven table so that the pulley was horizontally movable
table and the target with respect to the magnet were detegjong the measuring table. An integral part of the pulley
mined by modern surveying techniques applying a speciallyjeyice was a thin pointer fixed to the wire-guiding disk in
selected high-precision theodolifewhich measures angle order to control the zero position of the unbalanced pulley
and distance at the same time by using prismatic reflectors Hee Fig. 1 At the tip of the pointer at a radius of 80 mm the
the magnet, the measuring table, and the target poski®n  yeading precision was-0.3°. This corresponds to a wire
2). For the target position measurement the target wheel i%ngth variation of=0.16 mm. The wire spool mechanism
replaced by a prismatic reflector. was therefore equipped with a precision gear with manual
The choice of the wire is another point of practical im- fine control.
portance. In order to cover the whole range of foci, wire  The performance of the pulley was investigated with re-
lengths from 3.5 m for 140 MeV/c to 5.7 m for 600 MeV/c gpect to the concentricity between the pulley groove and the
had to be used. A gold-plated tungsten wire:48 in diam-  gyrfaces upon which the air acts. Attaching a 200 mg weight
eter fulfilled all electrical and mechanical requirements. Withgf the periphery of the wire guiding disk, the well-balanced
currents form 0.09 to 0.21 A and a weight of about 10 g,njley was transformed into a physical pendulum. Using the
momenta from 320 to 140 MeV/c could be defined. A weightq wm tungsten wire, two 20 g weights were suspended to
of about 20 g was used for the range from 650 to 280 MeV/cthe left and right of the pulley. Adding additional small
The use of two different weights was necessary so as not t®eights of some milligrams on one or the other 20 g weight,
exceed the safety regulation limit of 60 V of the current|gft and right displacement angles of the pendulum were
power supply. The resistance of the wire at 0.21 A was abouheasured over a range of abat##5° as a function of the
90 (/m, and the maximum electric power was then not moreaqgitional weights. This procedure was repeated for the other
than 4 W/m, which kept the temperature of the wire belowtnree sectors of the disk. The deviations from the ideal dis-
100°C. With weights between 10 and 20 g sagging of thgyjacement function indicated the inhomogeneities of the con-
wire was calculated to be negligibitess than 2.5 minwhile  cengricity. Deviations of up to 6@m radius variations were
the wire was still flexible enough to be manipulated. found. However, a 90° wide region could be selected where
the radius was constant within 20m. This region was used
for further application. The value of the radius variation in
the selected sector was confirmed by observing wire dis-
The design of our air-bearing pulley fabricated from placements through a measuring microscapagnification
low-permeability stainless steel is shown in Figt®3Com-  30) while turning the pulley over a range of 150°. In addi-
pressed air enters axially into the inner cylinder, is distrib-tion, the pulley revealed a slight intrinsic moment of rotation
uted through radial holes into the 0.05 mm split lifting the caused by the air flow in the split which was found to be
outer coaxial cylinder with the wire guiding disk and flows about(10+5) mg equivalent load. This intrinsic moment of
out radially along the gaps formed by the two side disks. Theotation, referred to as the “turbine effect,” only has to be
width of the side gaps, about 0.25 mm, is adjustable in ordeconsidered for the balanced mode. In the unbalanced mode it
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B. Pulley design and properties

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



2006 Rev. Sci. Instrum., Vol. 72, No. 4, April 2001 Stein et al.

is compensated by the pendulum action. The uncertainty ofABLE 1. List of the various error sources influencing momentum and
+5 mg stems from air-flow-induced fluctuations which canPOsition of measured FWT trajectories.

also be interpreted as friction. This uncertainty is included in
the reading error of the equilibrium position.

Error source Value

Relative random errors of momentum

Dispersion of current readings A1) meas +1x10°4
C. Operational procedure Dispersion of tension force AF/F)peng +3x1074
Resulting momentum errgrms) (AP/P) randon™ +3x1074

The pendulum weight necessary for stabilizing the wire
if the pulley is placed behind a focus can be estimated folAbsolute geometrical errors
lowing the theory of Kosodael. The weight should be as \Viré position reading on rulers =0.1 mm
. . . . . Positioning and alignment of rulers +0.2 mm
light as possible so that the uncertainty of the pointer reading e position relative to the magnet 0.5 mm
does not contribute too much to the Uncertainty of the wirerable orientation relative to the magnet +2 mrad
tension. However, a system close to instability becomes imbispersion in settings of start angles *4 mrad
practical due to the low oscillation frequency around the ) )
equilibrium state. A weight oAm=0.8 g for the 10 g load Relative systematic errors of momentum

. M f th i igh AM/M +1x10°5
(1.2 g for 20 g attached at the periphery of the pulley was ass of the main weight .

) 2D Acceleration of gravity Aglg +2Xx10°°
found to be appropriate. In these cases the oscillation frecalibration of the current meter AU o +2x1074
quency of the pulley was acceptal§e0.5 Hz. The pointer  Radius of the pulley AR/R +6Xx10°*
reading uncertainty was about the same as the uncertainfyift of the magnetic field AB/B +2x107*
caused by the turbine effect. esulting momentum errgrms) (Ap/p)sye~ +7x10°4

The principle of the unbalanced pulley enabled a specific
experimental procedure to be applied which turned out to be . L . .
extremely advantageous. Cutting the compressed-air flow aﬁt;ove thg. table iﬂd |IIum|na_1t|ngog(1)eIW|re from t.T)T side made
lowed the oscillating pulley to be stopped exactly in the"™ e[rrr]eatlrt;?s V;llt a preC|S|gn f - mm ;?ost5| e.f Al al
equilibrium state. In this “frozen state” the reading of the € table plate was made ot a special stress-iree Al al-

wire position at the table was highly reproducible. At the I:y. rlt ;Nais alccrlrjlratﬁ:?]/ rgiccmﬁdl totbe ﬂatn\qu:;[hg to.%hmmr.i
beginning of the investigations, additional slow movements our precisely machined borehales to accommodate Ine prns
atic reflectors were arranged in a rectangle with lateral

of the wire were observed due to fluctuating convective heal?;ngths of 616-0.05 and 35€:0.05 mm(Fig. 2). The coor-

losses from the hot wire. This effect was avoided by reduc- . . o .
dinates of these four prism positions together with two mag-

ing the regulation time constant of the wire current power o - :

supply. net positions and the target position were determined for
To find the equilibrium of the wire in the unbalanced each separate table location. The basic coordinate system of

mode is slightly more complicated since the wire length is not measurement IS formed by.the position Of. the theodolite

longer a free parameter. Wire length and position of the pulf”lnd a reference prism placed in the prolongation of the mag-

ley have to be adjusted alternately until the pulley pointer isnet axis. Applying appropriate coordinate transformations,

back in its zero position under the condition of a well- g‘; :;I;:rgr?:glgg(s)r?j?nzz ;at?slfes:m'tﬂa:g gﬁnie;ﬁﬂeméce’::r
defined wire start angle. A typical time needed for this op- Y 9

eration was 15 min so that a full set of measurements for 0n8f th_e magne(Fig. 2)'.A least-squares f'.t to the four p0|_nts_
obtained for each trajectory was used in order to obtain in-

momentum could be performed in about 2 h. Neverthelessf, ) . ) .

comparing the main error sources of the balanced and unbal(—)rm"’lt'c?n about the_ strmghtness of Fhe t_r ajectories and about
anced mode, we would always prefer the unbalanced mOOLéncertaanes of the_lr. position and direction. .
because it avoids the extrapolation of trajectories which in- The target position only 300 mm away from the iron

troduces random errors in wire position readings at the mea(?dge is already located in the fringe field. In order to provide

suring table. The main random error in the unbalanced® well-specified start angle, the curvature of the trajectories

mode—the uncertainty of the pulley pointer reading—can b&"2S taken into account. The deviation of the wire from a

kept small compared to the other errdsee Table |, Sec. straight trajectory 150 mm in front of the target point was
V) ' theoretically determined and checkeg B 1 mm paral-

lax-free mirror scale mounted on the angle control risee
Fig. 1.
D. Wire-position determination

RAY-TRACING CALCULATIONS BASED ON FIELD

The position of a wire stretched over the measuring tabl(%l/:APS

was measured by a set of four 0.5 m long rulers with 0.5 mm
scaling mounted on a 76660 mnt X 20-mm-thick alumi- The ANKE dipoles D2 and D1/3 were designed on the
num plate. The rulers were mounted on the table at relativeasis of three-dimensional field map calculations. ViaelA
positions of 0, 101.1, 250.5, and 535.1 mm. Mirrors belowcodé* has turned out to be the most appropriate fobi.

the rulers enabled a parallax-free reading. The height of therder to verify the theoretical results, D2 was experimentally
measuring table was adjusted such that the wire passed 3-avestigated using an appropriate field-mapping machine.
mm above the rulers ensuring good visibility of the wire andIn the physics experiments, ray tracing is a necessary prereq-
its image. Placing a lens on a glass plate about 100 mmisite for momentum reconstruction. TkeEANT codé?® is
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-250 FIG. 5. Demonstration of the reproducibility of the FWT measureméats.
Five 140.4 MeV/c trajectories for different start anglés. The apparently
thicker line represents two 0° trajectories measured on different days. As an

-100 0 100 200 300 indicator of the momentum resolution, the dot-dashed line was determined

z Coordinate (cm) with 1% higher momentum.

FIG. 4. Measured floating-wire crossings for the six momenta 140.4, 207.4,
291.3, 400.3, 500.3, and 600.1 MeV/c forming the midplane focus curve f0r291_3, 400.3, 500.3, and 600.1 MeV/c, five trajectories were
the given target positionz& —99.67 cm andk=—7.86 cm. The dashed r d with start anal 0£10° —5° 0° +5° +10° rela-
line around the magnet represents the effective hard-edged field boundar);: ace start angles ! T ! ela
tive to an assumed accelerator beam angte D9.6°. For the

first three momenta the unbalanced pulley was applied, for

used as a powerful tool to cover all aspects of the detectio;t]He other three the balanced one. The momenta were derived
process. The comparison of calculated trajectories based o :

field maps with those directly determined by FWT measure—azc.og?éngstg d%qégl;v he_rr(? ms \r/::]ui Olf 4t8e3r;g$&g\f”t:ean d

ments will give the necessary confidence in the correctnes, 9'3233 us! th. 9 I280 650 'a Vig — dified b

of the momentum reconstruction procedure. : g In the range <o9-— eyivas moaitied by a
few systematic corrections. Expressed in equivalent mass,

For this article, themATHEMATICA? program package ; .
' . . . hese weret(10+1) mg for the piece of wire between the
Wi t Iculate the tr tories. It provi featur . .
as used fo calculate the trajectories. It provides featu etsuIIey and weight,—(10=5) mg for the turbine effectonly

such as interpolation of field maps and numerical solution®™" ;
for differential equations. The equation of motion for during measurements with the balanced pyliagd +(7 to

charged patrticles in the D2-midplane magnetic field reads 15+3) mg for small magnet|c_ forces acting on the current
supply wire when the measuring table was close to the mag-

net (for 140.4, 207.4, 400.3, and 500.3 MeY/&agging of

the wire may influence the balance of forces and may cause
a deviation of the trajectory from the midplane of the magnet
where the vertical component of the field strength is lower.
In the worst case at a free lengthdm sagging was 2.5 mm,
which is negligible. The geometrical conditions for the mea-

mﬁ]aztsur.zd Sa_nd c?rllculated f|elg maps art(ra] g'r\]/e'? n ?%ﬂ: surement were chosen such that they represent a typical ap-
mm™ grd. since the measured map in the horizonta parl(i)lication in the planned physics experimentdaximum

covers only 80% of the range necessary for ejectile trajectomagnetlc field, target at a nominal positionf — 100 cm

ries of interest, the measured map was complemented by tl?fndx= —8 cm) The measured target position= — 99.67
calculated map. The numerical accuracy of thelATH- ’ '

cm andx=—7.86 cm was close to the nominal position.

EMATICA calculations was checked by tracing a hypotheticaLI-he dashed line in Fig. 4 represents the midplane focus curve
trajectory in the forward direction and, using the result Ob'for the applied maximum field of 1.573 T

tained, back to the target. A maxim_um deviati_on Qf 0‘2_ MM Aperration is not resolved in the global view of Fig. 4.
f_rom the starting point Is o_nly seenin the Iongltudm_al d|rec-0n|y the +10° trajectory for 600.1 MeV/c does not hit the
tion for low-momentum trajectories where the bending anglg 5 point formed by the other trajectories. A magnified
'S IaInge: he FWT he ch - .view on the focal area clearly resolves aberration. As an
uring the measurements the characteristic maX"example, the aberration pattern for 140.4 MeV/c trajectories

mum field valueBnay at the center of the magnet was is shown in Fig. %a). Here, the pulley was operated in the

chel;:ked by adHaII plrgbe. A nucle}ar magn?t|ﬁ reson‘T‘ncﬁnbalanced mode. The trajectories near the focus were lo-
probe was used to calibraliy., as a function of the supply cated at the measuring table yielding the highest possible

current over the whole current range. The measured value chrecision of trajectory position readings. As a check for the

100% current was 1.573 T. overall reproducibility a second 0° trajectory was determined

once more after the whole apparatus had been shut down and

switched on again the next day. Figurébindicates these

two 0° trajectories by a slightly thicker line. A second 0°
Figure 4 shows an overview of the results of the FWTtrajectory determined with a 1% higher momentum clearly

measurements. For each of the six momenta, 140.4, 207.demonstrates a reproducibility 6f10™3, It should be noted

B(z,x)
Bp
whereB(z,x) is the local magnetic field value taken from the

field map by interpolation anBp=3.3356 is the magnetic
rigidity (Tm) of a particle with momentunp (GeV/¢). The

X"+ [(1+XI)2]3/2:O, (3)

IV. EXPERIMENTAL RESULTS AND ERROR
DISCUSSION
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that before starting a measurement under new conditions the
equipment hd a 1 hwarm up.

In order to comment on the overall accuracy it is neces- -115
sary to study the various error sources in detail. Two kinds of
errors can be distinguished: errors involved in the momen-
tum determination and errors influencing the accuracy of the — _;5
wire position determination. Random errors of wire current
and tension force may occur within one set of measurements
for a certain momentum and in measurement sets for differ-
ent momenta. Once the wire is fixed in an equilibrium, we
may have dispersion of current readings and dispersion of
the tension forcésee Table)l The error sources are mutu-
ally independent and, when added quadratically, yield a ran-  _130
dom error of ApP/P)andon = 3X 10" 4. The dispersion of
the tension force is caused by the uncertainty of the pulley
zero point, +0.3°, comprising fluctuations of the intrinsic
moment of rotation, friction, and reading errors. The random

x Coordinate (cm)

-125

-135

error holds within a set of measurements for one momentum 36 38 40 a2 M
as well as for sets of different momenta. The second kind of z Coordinate (cm)
error is purely of geometrical origin comprising the position x Coordinate (cm)

and orientation of the rulers on the measuring table as well as

position and orientation of the latter relative to the magnet. Po = 500.3 MeV/ ¢ (b)
Finally, there are systematic errors which are the same inall 70

measurement&Table |). They are also mutually independent
and, added quadratically, yield\p/p) s~ =7x 10" %,

The geometrical errors essentially depend on the dis- _175
tances between crosspoints and the closest ruler. These errors
are minimized if the trajectories cross at the measuring table
as is the case in the unbalanced mode. This error depends on
the accuracy and precision of the theodolite. The manufac-
turer gives values of 0.001 mrad for the angle and 0.5 mm
for the distances. The precisely machined distances of the
drilled holes in the table plate yielded a direct measure of the  -18s
accuracy of the theodolite. Ten measurements of these dis-
tances for five different table locations resulted in mean val-
ues of 610.1%0.04 standard error and 350:£0.05 mm 152 154 156 158 160
standard error with a maximum deviation of 0.25 mm com- z Coordinate (cm)
pared to 350 and 0.17 mm compared to 610 mm. The 1 m
distance between the two marks on the magnet was a|Wa)F§G. 6. .Comparison of measured trajectories with field-map-based calcu-

L . “lated trajectories for two selected cas@s:unbalanced pulleyb) balanced
accurate within+0.05 mm. These numbers reveal the hIghpulley. The agreement in the focal region is in the ordeApfp=102 as
performance of modern surveying instruments and ensur@dicated by 0° trajectories measured with a 1% higher momentum.
that the absolute locations of trajectory crosspoints relative
to the magnet are accurate withir0.5 mm. Due to the ex-
treme angle accuracy, the orientation error of the measurinmpdependent of small input angle deviations. It is formed by
table is assumed to be smaller than 2 mrad. the foci of a series of trajectories of adjacent start angles. At

The measured field mapsnabled the assumptions to be the tip of the aberration triangle, however, dispersion of the
checked for the various errors of the FWT data. In Fig. 6start angles leads to increasing uncertainty. Using the cross-
measured and calculated trajectories for 291.3 and 500.8oint of trajectories in the limit of small angles with respect
MeV/c are compared in the focus region in a magnified viewto 0° enables the unique definition of the focal point. In our
The 291.3 MeV/c trajectories were determined with the un-case, the crossings ef5° and —5° trajectories are precise
balanced pulley, and the 500.3 MeV/c trajectories in the balenough for positioning of the detectors.
anced mode. The agreement with the calculated trajectories Tracing the trajectories backwards, starting with the
is almost perfect. The dot-dashed line refers to 1% highemeasured trajectories in their focus region, provides another
momentum. The difference between measured and calculateday of assessing the measuring errors. Here, the start angle
trajectories corresponds thp/p=<0.5x 10" 3. error is not involved since all trajectories originate from the

It is interesting to discuss the shape of the aberrationarget point. Figure 8 shows such backward trajectories for
pattern in view of start angle errors. The five trajectories in291.3 and 500.3 MeV/c in the vicinity of the target. The
Fig. 5 form a kind of triangle with a hyperbolically shaped trajectories meet almost perfectly in one point indicating
“hypotenuse.” As shown in Fig. 7, this linghe caustitis  very small random errors within a group of measurements at
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FIG. 9. (a) Superposition of measured trajectories calculated backwards in
the vicinity of the target(b) The same trajectories superimposed by the
assumed measuring errors for momentum, position and orientation demon-
strating the overall measurement accuracyApip<10~3,

-2
z (cm)

FIG. 7. The crosspoints of adjacent trajectories with slightly different start
angles form the caustic of the aberration, here shown for 207.4 MeV/c. The
caustic is insensitive to start-angle errors. The nominal focus can be defin

by the crossing in the limit of small angles. Fhe least-squares errors of trajectories and the assumed errors

for the measuring table. The comparison clearly demon-
) _,  strates that the experimental estimates concerning the errors
the same momentum. For instanceA@/p=+0.3X10"" 416 correct. The overall results shown in Fig. 9 confirm the
would move the 500.3 MeV/et5° trajectory such that it recision and the accuracy of the FWT as well as the reli-
would cross the other trajectories just as optimally as in theyyijity of the field mapping measurements. It is interesting to
291.3 MeV/c case. However, a clear displacement from the e "that the applied = 1.573 T fits well with the FWT
measured target position is evident, which may be due tQoqits and that the purearia field, with its By, normal-
several systematic errors such as overall momentum errorg,qaq o 1.573 T, results in a deviation equivalent to a 0.15%
and/or table position errors. It should be noted that lack oty high fBdI product® The availability of an independent
mechanical precision in mounting the prismatic reflector ONyethod to experimentally determine charged particle trajec-
the axis of the target rotation mechanism might have been ag ries for the ANKE magnet D2 resolved a number of ques-
additional cause. An estimate of the target rotation error igjons about the ray-tracing calculations. It was also shown
shown as an ellipse around the measured target position. Theat modern field map codes like the three-dimensional
small rectangle describes the dispersion of theodolite readzaria code may deliver results close to the original accuracy
INgs. goal of Ap/p~102. A double check with a method like the

Figure 9a) shows all the trajectories calculated back- g\ may then provide the desired confidefice.
wards in the momentum range from 207.4 to 600.1 MeV/c.

All the trajectories meet close to the measured target point

forming a waist of 2 mm width. Compared to the measuredACKNOWLEDGMENTS
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