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MOMENTUM RECONSTRUCTION PROCEDURE
FOR A NONFOCUSING SPECTROMETER
WITH WIDE-APERTURE ANALYZING MAGNET
AND NONUNIFORM FIELD

LSAzhgirey1, W.Augustyniak2, LFarhi3'4, RA.Kunne3, L.V.Malininal,
E.A.Strokovsky1

The SPES-4 spectrometer at SATURNE II has recently been equipped with a
detection system working in coincidence with it. This system uses a wide-aperture
dipole magnet. In the paper a method is described to determine the momentum vector
and interaction vertex of the detected charged particle from its trajectory parameters
measured outside the inhomogeneous field of the magnet. The feature of the set-up is
that all detectors are placed outside the dipole field, while the target is inside the ~1 T
field and the incoming track is not measured. The feature of the method is that it is
simple and fast, while it uses only the straight line part of the particle trajectory, which
can be measured with sufficient accuracy.

The investigation has been performed at the Laboratory of High Energies, JINR.

Ilpoucuypa BOCCTaHOBJieHHH wvinyjibca
AJiH HecjjonycHpyiomero cneKTpoMerpa c iimpoKoanepTypHbiM
aHaJIH3HpyH>UlHM MarHHTOM H HeOflHOpOAHbIM

MarHHTHbiM nojieM

JI.C.AjKzupeu u dp.
SPES-4 cneKTpoMeTp Ha SATURNE II 6bin HeaaBHo ocHameH fleTeKTHpyrouiefi

cHcrreMofi, pa6oTaK>mefi B coBnaaeHHH c HUM. 3 r a CHcreMa BicnioHaeT B ce6si uiHpoKO-
anepTypHMH MarHHT. B c r a n e onnctiBaeTcs Meraa onpeaeJieHHH HMnynbca H KOopziHHaT

B3anMozieHCTBHi) 3apii)KeHHOH MacTHUbi no napaMeTpaM TpaeKTopHH, H3MepeH-
BHe HeoaHoponHoro MarHHTHoro no^a aToro MamHTa. OcoSeHHOCTb pacnoJiojKeHHs

aeieKTopoB 3aicnioHaeTcsi B TOM, HTO Bee OHH HaxoiWTca 3a o6jiacTbK> nojia, Toraa KaK
MHmeHb HaxoiiHTca BHyrpH oG^acTH c HanpsxeHHOCTbio nojia ~ 1 T, a napaMeTpu Bxona-
mero B MHmeHb TpeKa He H3Mep»K)Tcsi. flocTOHHCTBa MeTOfla B ero npocrroTe H 6ucTpoTe,
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XOTSI Hcnojib3yeTca TcuibKo npaManHHeftHaa nacrb TpaeieropHH Hacraubi, KOTopas M O * C T

6biTb H3MepeHa c aocrraTOHHOH TOHHocrbio.

Pa6oTa Bbino/iHeHa B Jla6opaiopHH BUCOKHX 3HeprHH OHHH.

1. INTRODUCTION

Several years ago a strong isoscalar excitation of the proton in the region of the Roper
resonance N*(1440 MeV) was measured at SATURNE (see Ref.l) in the inclusivep{a,a')X
reaction using the SPES-4 spectrometer. With the goal of an exclusive study of this excitation
in the interactions of a particles and polarized deuterons with protons, the SPES-4 spectro-
meter at SATURNE II has been equipped with a detection system working in coincidence with
it. This system includes a wide-aperture dipole magnet, TETHYS, a hydrogen target located
between the magnet poles in the region of the magnetic field, proportional and drift chambers
to measure particle coordinates outside the inhomogenous magnetic field of TETHYS. In this
paper we describe a simple and fast procedure that uses only the straight line parts of particle
trajectories to reconstruct the values of momenta and angles of emission from the target of
the particles detected. Recently the same problem has been considered in Ref.2 for a selected
set of parameters defining the trajectories. The method proposed in this paper seems to be
more general.

The paper is organized as follows. The brief description of the experimental set-up, SPES-
47r, is given in Sec. 2. In Sec. 3 we present the results of measurements of the magnetic
field of the Tethys magnet. The description of the method of momentum reconstruction of
particles detected by the spectrometer is given in Sec. 4. The application of this method to
the experimental data obtained in p(d,d')X charged experiment with SPES-47T is illustrated in
Sec. 5.

2. DESCRIPTION OF SPES-4TT SET-UP

The scheme of SPES-4TT set-up used in a series of experiments at SATURNE II beams
is shown in Fig.l.

It consists of a large acceptance nonfocusing magnetic spectrometer ("FS+LS") in com-
bination with the high resolution focusing magnetic spectrometer SPES-4 [3]. The particles
of high momenta (in this experiment the d') were detected in SPES-4, while the secondary
charged particles of low momenta (protons, pions, deuterons) were detected in the nonfocus-
ing spectrometer "FS+LS". In the typical experiment with SPES-4?r, reactions of the type
b + t ->• s + ci+c2 + ... + X were studied. Here b is the beam particle, t is the target particle,
s is the scattered particle detected in SPES-4 and Cj (i = 1,2,..) is a charged particle detected
by the "FS+LS" spectrometer.

SPES-4 spectrometer is ~33 meter long and consists of two almost identical bends,
made of four identical dipoles, six quadropoles and a correcting sextupole; two scintillation
hodoscopes (/ and F) placed at the intermediate focus (/, after the first bend) and in the
final focus (F), 2 cm thick scintillators (A£-detector) placed after the hodoscope of the
final focus in order to measure ionization losses of the detected particles and two drift
chambers (with four wire planes each) before the F-hodoscope. These chambers provided
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Fig. 1. Schematic view of SPES-4ir set-up

Final
Focus

the momentum resolution of ~0. l% and the angular resolution of ~ l mrad. The acceptance
of the spectrometer is ~ 2 x 10~4 sr. Particles are identified by the values of p/z, time of
flight and the energy lossed in the AU-detector*.

In the past, SPES-4 has been used as a stand-alone spectrometer. When used in coin-
cidence with the detection system partially surrounding the target, care has to be taken that
the through-going beam is trapped correctly. In practice this means that the direction of the
outgoing beam and the particle detected in SPES-4 are separated not more than a degree at
the entrance of SPES-4. Therefore in this experiment the outgoing beam was trapped after
the first dipole of SPES-4 by 50 cm thick lead collimator.

The "FS+LS" spectrometer consists of two arms: the lateral arm (LS) and the forward arm
(FS), each equipped with a scintillator hodoscope used for trigger and particle identification,
as well as coordinate detectors (the drift and proportional multiwire chambers).

The lateral arm (LS) has two multiwire proportional chambers, each with three planes
with a wire spacing of 2.5 and 4.7 mm, respectively.

The forward arm (FS) (described in detail in Ref.2) consists of six chambers with a total
of twelve planes of drift cells; the coordinate resolution of these chambers is ~ 0.3 mm in
the "drift mode"; when only a number of active wire is used for tracking (the "proportional
chamber mode"), the resolution is 1.2 mm because the distance of the two neighbourgh drift
cells is 4.33 mm.

The forward scattered particles and the unscattered beam passed free through the hole in
each of the forward arm chambers into entrance of SPES-4.

Particles detected in the FS or LS arms are identified by the values of p/z, time of flight
and the energy lossed in the hodoscopes.

Both arms are located in the fringe field region of the dipole magnet TETHYS. Its pole
face has the shape of a square with a side of 100 cm; the pole aperture is 50 cm. The magnet

"Here p is the momentum of the detected particle; z, its charge.
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is oriented with its iron yoke in the direction of the incoming beam (with momentum of
3.73 GeV/c) which passed through the hole (of 20 cm width and 10 cm height) in the yoke
to the target (6 cm of liquid hydrogen) placed at a distance of ~ 25 cm downstream from the
yoke.

Events were selected by coincidence between signal from SPES-4 (which corresponds
to coincidence between counters of / and F hodoscopes of SPES-4) and the logical sum of
signals from hodoscopes of FS and LS arms.

3. MAGNETIC FIELD OF TETHYS

The vertical component of the magnetic field was measured at three field strengths (6,
9, 12 kG), both in the median plane and in the plane 15 cm above the median plane in a
rectangular grid of 98 by 129 points, with a spacing of 2 cm.

The field in the region of the beam was measured over the whole distance from the
entry hole in the magnet's yoke up to the entrance of SPES-4, in 5 cm steps. From the
measured field values, a 3-dimensional field map was constructed using an algorithm taken
from the ZGOUBI tracking simulation (Ref.4, see Fig. 2). First, the median plane field was
extrapolated to a surface of 4 x 3.7 m2.The BY component and the partial derivatives with
respect to X and Z were interpolated by polynomial fits. Next, all three field components
outside the median plane were obtained by a Taylor series development of the Maxwell
equations. The second order of the Taylor series development was used.

The out-of-plane measurements were used to check the consistency of this procedure. It
was found that the differences between the calculated and the measured field components are
in absolute value less than 100 Gauss in each point.

4. METHOD OF MOMENTUM RECONSTRUCTION

To determine the momentum and the angles of the particle emitted from the target when
its trajectory parameters are measured by the drift chambers, we have used a method where
explicit functions are constructed, which give these values in terms of the measured quantities
(see Refs.5).

The realization of the method has two steps:
— "Teaching" the code: generate trial tracks and find necessary coefficients.
— Use the "educated" code with the found coefficients in order to get vector of the

momentum using coordinates in the reference planes:
1. Estimate the momentum vector in the Homogenous Field Approximation (HFA);
2. Correct the HFA result using the coefficients.
In this method a number of trial trajectories have to be computed, which represent the

space of possible trajectories in the set-up. These trajectories are used as a basis to obtain
the explicit reconstruction functions. In the following we choose a reference frame with the
z axis along the TETHYS magnet, from the target to the forward hodoscope and the y axis
along the main component of the magnetic field.
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Fig. 2. Magnetic field components By,Bz,Bx for 9 KGs field. The broken line corresponds to
y = 15 cm; the full line corresponds to y = 45 cm

The initial conditions for each trajectory can be described by a 4-dimensionaI vector P
with components

A = i/(pc),

Pi = tan #3 = tantf cos<^,

P3 = sin By = sin 1? sin <p,

(1)

where p is the momentum of a charged particle; ztarg is the z-coordinate in the target; #x

and 9y are the emission angles in the horizontal and vertical planes, respectively; and d,<p
are the angles in the spherical coordinate frame. With these initial conditions and with use of
the magnetic field map, each trajectory can be computed.

The lower and upper limits of the interval, where each variable Pi,P2,P3,Pi run, were
chosen in such a way that the full acceptance of the FS was covered. Note that in general
case the particle trajectory has five degrees of freedom in six-dimensional phase space and
therefore to describe the trajectory one needs five independent variables.

In our case the width of the beam is small with respect to the resolution on the vertex
coordinates that we may expect. Therefore we assume that four independent variables are
sufficient to describe the particle path. For each coordinate interval we have taken a grid of
discrete, equal length, steps. The number of steps N\, N2, AT3, N4 were chosen in such a
way that the required accuracy in the final function can be achieved. Next, we followed the
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Fig. 3. Definition of the coordinate system

trajectories through the magnetic field for all possible combinations of these variables, a total
of iV = Ni • N2 • N3 • N4 trajectories. For each trajectory we determined a 4-dimensional
vector X of coordinates

X2 = X4 = y2, (2)

where xi,yi and £2,2/2 are the coordinates of crossing by a particle the first and the last
planes of drift chambers, respectively.

To be able to reconstruct the momentum variables, we first calculate a vector P' under
the assumption that the field is constant inside the region indicated by the solid line in Fig. 3
and zero outside. In this Homogenous Field Approximation (HFA) the components of P' can
be related to coordinates (x, z) of the point, where the particle crossed the boundary of the
homogenous field at an angle of 0:

sin 6T =
2Lxcos(3-(L2 -x2) sin/3

(pc)xz =
(cos 8X + cos 0) tan | '

(Pc)y = (pc)xz tan 0y,

L — Z — Ztarg

(3)

Here (pc)xz and (pc)y are the components of momentum in the xOz plane and along the
y axis, respectively. C is a constant proportional to the strength of the magnetic field.
<j> = 0 - 9X is the angle of deflection of a charged particle in the field. Outside the magnetic
field the particle movement is assumed rectilinear; therefore the coordinates x, z, and angle
0 can be readily related to the coordinates of the particle when crossing the drift chamber
planes.
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To relate estimation P' of the momentum vector with the real one P , we proceed as
follows. First we calculated the mean values

1 N

J f e = l

for each component j , and the correlation matrix

~ < x i >)• (5)

If the eigenvectors of the correlation matrix are wi (I = 1,..., 4), one can define a new set of
coordinates £ as the component of the observable X in the coordinate system defined by the
Wf.

where wu is the i-th component of the eigenvector corresponding to the l-th eigenvalue.
This procedure reduces the region of interest. For the matrix of the ratios Qik = Ptfc/P/fc
(i = 1,..., 4) we determine in a similar way the eigenvectors Vj of the correlation matrix

N

^ < Qi >) (7)

and define variables
£>JQi- (8)

For each component of ( we can make a 4-dimensional fit, using £ as variables, thus deter-
mining 4 sets of coefficients Cj,

G =$>, / ; (£ ) , (9)

where /;(£) is some function of £, for instance, a polynomial. The coefficients Cj can be
computed making use of the Gram-Schmidt orthogonalization process [6].

The procedure is now complete. For actual data one needs to calculate the HFA vector
P' from a set of chamber coordinates X according to (3). The vector £ is defined by the
transformation (6), while £ follows from the coefficients Cj and equation (9). Finally, the
components of the momentum vector P are calculated from

y G - (10)

5. APPLICATION

The above general approach developped by Wind in Refs.5 has been applied to Monte-
Carlo simulated trajectories and to the real data from the reaction d + p -> p + d. The data
from this reaction has been taken in the p(d, d')X experiment using the SPES-4?r spectrometer
and the polarized deuteron beam of Saturne II.
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5.1. Application of the Method for Sim-
ulated Events. Particles detected in FS-
spectrometer (TT, protons, deuterons) have typi-
cal momenta in the region from ~0.4 to
3 GeV/c. This range was divided in two
parts: from 0.4 to 0.9 GeV/c and from 0.75 to
3 GeV/c. The coefficients Cj were determined
for each of the parts separately. Furthermore,
since the magnetic field was highly symmetric
about the horizontal plane, the interval of P$
was considered for one half of the magnetic
field only. Eight equidistantly spaced points
were chosen in each of the intervals of Pi and
P2 , 4 points in the interval of P3 and 6 points
along' the 6 cm long target. The trajectories
through the magnetic field were computed for
both sets of these 1536 points and 30 coeffi-
cients Cj for each P* were determined to cal-
culate P from actual observations, as described
above.

One of the important factors which lim-
its the momentum resolution of the "FS+LS"
spectrometer is the length of the target.
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Fig. 6. Difference between the starting and re-
stored momenta. The broken line corresponds
to HFA method; the full line corresponds to the
method of coefficients
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Fig. 7. Event distribution on the plot of "momentum in SPES-4" (GeV/c) - "time of flight in SPES-4"
(ns). Deuterons in SPES-4 from inelasic p(d, d!) reaction (the big "mountain"), protons from p(d,p)d
(the small peak), and p(d,p)pn (the tail of the small peak) reactions are separated clearly

As a test, the accuracy of the method was compared under two conditions: 1) the point of
interaction in the target is known and 2) there is uncertainty in this variable.

The accuracy has been estimated by generating tracks with random values Pi, . . . , P4, uni-
formly distributed in their respective ranges, performing tracking, calculating the coordinates
X\,...,Xn and then using these Xi to determine the P'k by means of the known coefficients
Cj. The distributions of the differences of calculated values (pc), tan Ox, sin 6y from respective
starting ones are shown in Figs. 4—6, where:

- the broken lines correspond to the HFA vector P'k,
- the full lines correspond to the reconstructed vector P^.
The RMS deviations of these differences for these two variants in comparison with the

homogeneous field approximation (HFA) are given in the Table.

Table. RMS deviations of differences between initial
and reconstructed momenta and emission angles

calculation: HFA complete ztarg known
Ap/p 0.222 0.0591 0.0038
A9X 0.035 0.0197 0.0064
A6V 0.016 0.0014 0.0006

It is seen from Figs. 4—6 and the Table that the method used for evaluating momenta and
emission angles of particles gives better results than HFA. The relatively moderate accuracy
of the reconstruction of momentum and emission angles of particle detected stems from the
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Fig. 8. Momentum and the emission angle of deuterons from dp -* pd at 180° at cm.; here the
"proportional chamber mode" was used for tracking

poor knowledge of the ^-vertex coordinate of the track of the particle emitted from the target.
Indeed, the computation with a known value of z-coordinate yields a large gain in accuracy
of the reconstruction in comparison with the HFA, as can be seen from the Table.

5.2. Application of the Method to Real Events. The method has been applied to the real
data from semi-exclusive p(d,d')X experiment using the SPES-4TT set-up. Detected events
come mostly from two reactions (Fig.7): the inelasic p(d, d')Xch (deuterons were detected in
SPES-4) and elastic backward (in cm.) p(d,p)d scattering. The latter reaction was unambi-
giously identified by detecting recoil proton in SPES-4 (with momentum of 2.93 GeV/c) in
coincidence with scattered deuteron in FS (with momentum of ~ 0.8 GeV/c).

The momentum reconstruction procedure has been applied to the reconstruction of the
momentum of the slow deuterons from this reaction.

The reconstructed scattering angle (6X) and momentum of deuterons are shown in Fig.8.
It is seen that the reconstructed momentum Pd = 0.805 ± 0.029 (GeV/c) and the scattering
angle 9X = 0.008 ± 0.022 (rad) are in good agreement with kinematical calculations for
p + d -» d + p at the beam momentum of 3.73 GeV/c. The widths of the momentum
and the angular distributions are determined by the uncertainty in the z coordinate of the
interaction point, multiple Coulomb scattering in air and in the material of the drift chambers,
the accuracy of measurements of the coordinates and the accuracy of the measurements and
extrapolation procedures of the magnetic field map.
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6. CONCLUSION

The method used for evaluating momenta and emission angles of particles gives consid-
erably better results than HFA, although the z coordinate of the interaction vertex is known
poorly (with accuracy of 60/ \ / l2 = 17.3 mm).

The application of the method to real events demonstrates its feasibility. The Monte-Carlo
description of the set-up and the available field map provide good tool for estimations of the
systematic errors of the momentum reconstruction method used.
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