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A Wide-Range Magnetic Spectrometer
For Electron Scattering In Medium
Energy Range
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A non-focusing magnetic spectrometer designed for electron scattering in
medium energy region is proposed. The positions read out from the position-
sensitive detectors in the spectrometer are used for track reconstruction and
momentum measurement through a computer program. The structure of this
spectrometer is rather simple and no special technique and element are
required for the correction to aberration. It is suitable for the usage of a
spectrometer with a large solid angle and wide momentum range. The momen-
tum resolution, momentum range, and acceptance in our case are calculated
by Monte Carlo simulation.

1. INTRODUCTION

The electron scattering by nuclei and nucleons plays an important role in the study of

-nuclear and nucleonic structure. The injector of the Beijing Electron and Positron Collider

(BEPC) [1] is an electron linac with an energy of 1.4 GeV. The electron beam from this
linac can be used in many aspects of the electron scattering [2], such as: (1) delta-isobar
induced by the electrons in nuclei; (2) studies of longitudinal and transverse response
functions and Y-scaling in the quasi-elastic region; (3) measurements of form factors for
some light nuclei (A < 4) in the large Q® region.

In order to meet the needs of the above experiments, the specifications of the
magnetic spectrometer are selected as follows: momentum resolution < (1-2)%, solid
angle = 1-4 msr, momentum acceptance Pmax/Pmin = 1.5-2.0.
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So far the magnetic spectrometers designed for the electron scattering in medium
energy range are of focusing type only. Some of the spectrometers have single dipole
structure (D) [3], others have double dipole structure (DD) [4] or even more complicated
structure [S]. The specifications of all these magnetic spectrometers are within the range
of 103~ 10~*for momentum resolution, 1-17 msr for solid angle and Pmax/Pmin = 1.1-1.5
for momentum acceptance.

In order to obtain the focusing condition for a focusing type magnet, a larger object
distance should be selected for medium energy electrons, because it is proportional to
the radius of the curvature of the particle in the magnetic field. if we need a larger solid
angle at the same time, a larger aperture of the magnet has to be selected and the
aberration has to be corrected very carefully as well. Thus, such magnet even with smaller
momentum acceptance is still very large, precise, and expensive.

A non-focusing magnetic spectrometer designed for larger momentum acceptance
with single dipole structure (D) is proposed in this paper. The positions of the particle
recorded by the detectors located at the front and the back of the magnet can be used to
determine the trajectory and momentum of the particle through computer programs. The
construction of this spectrometer is rather simple, no special element is needed for the
correction to aberration and it is cheaper. A calculation by Monte Carlo simulation in our
case shows that the momentum resolution AP/P = 0.16% (FWHM), solid angle Q = 3.6
msr and momentum acceptance Pmax/Pmin = 1.7 can be obtained for such a magnetic
spectrometer at deflecting angle a = 50°.

2. PRINCIPLE AND FORMULAS

A non-focusing spectrometer with single D structure is shown in Fig. 1a, where T is
the target. A particle ejected from a target point Po(x0,60.,y0.¢0) goes through the multiwire
proportional chamber MWPC at P1(x1,61,y1,¢1) and enters the magnet M. The positions
of the particle at the entrance and the exit of the magnet are P2(x2,62,y2,¢2) and P3(x3,03.y3,
¢3) respectively. Then the particle goes through two multiwire drift chambers MWDC1 and
MWDC2, and through the scintillation counter S consecutively, then finally enters the
shower counter S.D.. The positions of the particle at the two drift chambers are P4(x4,04,y4,
¢4) and Ps(xs,05,y5,¢5) respectively. The position parameters, x1, xa, ya, xs, ys, read out by
the multiwire proportional chamber and multiwire drift chambers can be used to determine
the deflecting radius of the particle in the magnetic field through a computer program, the
momentum of the particle is thus determined. The lead glass shower counter S.D. is used
for particle identification, and the signal from the scintillation counter together with the
beam pulse will be the trigger for the data acquisition system.

The coordinate system and the meaning of the notations of the positions Pi(xi,6i.yi,¢i),
I = 1,2,..5 described above are the same as that in Ref. [6]. The direction of the motion
of the particles on the central trajectory is designated as coordinate z, and the direction
of the deflecting force by magnetic field to the particies on the centrai trajectory is
designated as coordinate x. Cocidinate J is perpendicular both to coordinate x and
coordinate z. An arbitrary trajectory of a particle is denoted by Pi(x.6i, yi, ¢i), where (x,y3)
represent the positions of the particle at this coordinate system, and (61, ¢i) represent the
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FIG. 1 (a) The sketch of the non-focusing magnetic spectrometer with
single D structure. (b) The geometric relations of the particle’s motion at
midplane of the magnet M.

angles of the projections of the particle’s trajectory on the xiz and yiz plane with the z axis
respectively.

In general, the position coordinates P4(x4,0a,y4,¢4) of a particle after going through
the magnetic field are determined by the position coordinates P1(x1,61,1, ¢1) of the particle
before entering the magnetic field and its momentum P (sometimes replaced by fractional
deviation of momentum & = (P - Po)/Po):
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Xy = xo(xu 91: Y15 P15 8), Oy= 64(”1: 815 ¥1s b1, 8),
}’<-J’4(xu en yls ¢'n 8), ¢’4=¢’4(x1: 61, Y1 ¢1, 8)- (1)

Therefore, provided that the specific forms are known, the momentum P of the particle
and its coordinates y1, 61, 1 can be determined by the measurements of x1, x4, y4, x5, and
ys. This is the basic principle of a non-focusing magnetic spectrometer.

There are two drift distances RL2 from P+ to P2 and RL4 from P3 to Ps. The relations
of these coordinates are already known,

%; =z, + RL2 X tan,, x3=12x,—RL 4 X tang,,
6, = 6,, 6, =6,,
Y2 =y + RL2 X tan¢,, ¥3 =y, — RL4 X tan¢,,
b2 = 13 b3 = ¢y,

The problem of solving Eq. (1) is si_mpliﬁed as

Xy = 33(3'2, 62’ V25 P2y 8), 6y = es(xza 62: V25 P2, 8)a
5 4 Yo y3(x29 625 Y25 P2, 8), ¢y = 4)3(2‘,, 625 ¥2, $2, ). (2)

2.1 The Motion on Horizontal Plane

The first and second order optical matrixes for bending magnets are given by
TRANSPORT program. We wish to have a spectrometer with a wider momentum accep-
tance and a larger solid angle. This is to assume that & and 82 are not very small, but y2
and ¢2 can still be designated as small quantities (practically y2/p < 0.02, ¢ < 0.015). Thus

we can expand x3 and 63 in Eq.(2) by Taylor series and retain to the second order of y2
and ¢2:

Xy == xg(‘xz’ 82’ 0,0, 8-) + Ty} + T 134922 + T1«¢§:
s = 63(x;, 6,, 0, 0, 8) + T13yi + Tasdaps + T, ©)

where x§(xz,62,5) and eé(xa,eg,a) are the optical formulas of the motion of the particle on
the midplane of an uniform-field magnet, as given in Ref.[7]. The geometric relations of
the motion of the particle on the midplane of the magnet M are shown in Fig. 1b.

B = g5 +sin™ | sin(a+6,—g,) —200 3 & (&
3= (g [sm(a 2= 8») p-“»m2°°5<2 ﬂa)

X
= segin e — = 83)],

xp == pcos 03 — pcos(a + 6;) — py(1 — cosa) + —24_cos (¢ —B4),
cosf
¥, = 14(1 — tanB,tan 8,),

= xp(1 + tanO;tan84),

X4
2
2R cos 84
xB

2R,cos85"

Bi= B4 — sin™t

(4)

Py = g5 —sin™*




Vol.12, No. 3 223

we can get x3 and 63 from, x2, 82, p by formula (4).

The magnetic field is assumed to be sharp cut-off in deriving formula (4). That is called
sharp cut-off approximation (SCOFF). In practice, the magnetic field decreases slowly by
a gradual descent. It was shown in Ref.[8] that the resuit of the deflecting angle for a
particle going through the uniform-field on the midplane calculated by the equivalent
boundary sharp cut-off approximation is identical to the calculated result with an extended
edge field (EFF). If we coincide the EFF trajectory with the SCOFFtraJectory in the uniform
fleld reg:on the displacements of these trajectories are Ax1 = g21 1/pcos /31 and sz =
g 11/pcos /32 at the entrance and the exit of the magnet respectively, where /1 and /1 are
determined by the actual distribution of the extended edge field. In general, 71, I1 <1, g
is the air gap of the magnet. These formulas give the corrections for the extended edge
field.

Theformulas of the second order coefficients Tjjk with EFF corrections were also given
in Ref.[8].

2.2 The Motion on the Vertical Plane

The formulas of the first and second order coefficients with EFF corrections can be
written by matrix equation:

o ol PR | VP | g VS s [ AT

where 1/f1 and 1/f2 are the effective lens strengths at the entrance and exit edges of the
magnet respectively. L is the length of an arbitrary trajectory.

F, = 1 _ tanfi

fi 4
1 tan £
F R e EER -——-—2
e e’
L =adp,
and
Bi=p + 6, — = — &L,(1 + sin%g)
R cos g, pcos’f, ?
frim= g — 0, + %2 gL + 5"1231)
2€0s £, pcos’f,

“'-a+9;—93,

where I and I2'are determined by the edge field at the entrance and exit of the magnet.
Letting L1 = xatan B1and L2 = xatan f2, expanding the matrix equation (5), we get

Y3 == {1 — F,L,— F\[(1 — F,L,)L + Lz]}}’z +{(I - FzL;)Lx
+ (1 — FxLl)[Lz + (1 s Fsz)L]}¢29
¢y = [—F,— F,(1 — F,L)1y,+ [—L,F, + (I—F,L)(1 — FxLx)]sz._ )
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Egs. (3), (4), and (6) are the optical formulas for the particle transferred from the entrance
to the exit of the magnet.

3. DETERMINE p AND 62 FROM THE MEASUREMENTS

The coordinates x1, x4, y4, Xs, y5 can be measured by the multiwire proportional
chamber and multiwire drift chambers. Then the coordinates xs, 63, y3, ¢3 at the exit of the
magnet can be determined by xa, y4, Xs, ys.

In order to deduce p and 62 from x3, 83, y3, 3 and x1, at first we assume that the motion
of the particle is at the midplane of the magnet. x2 and 62 can be obtained from x3, 63, x1
by the following formulas:

62 == Zﬂa —_— — eg — 2tan™? (M),
Acosfp

%,=x 4+ RL 2 X tan6,,
where

A——Zp.sin—g—cos(g——ﬁs )-— sin (¢ — B4 — 83),

cosf 4
B = x3 + p,(1 — cosa) — 2 cos(a — 84).
, cosf 4
The quantity p can be calculated by
o o x :
. 2p,sin7cos<—2—'—-ﬂa )+‘cos—;dsin(d—ﬁd—ﬂa) )
sin(a-l-ez—ﬂ,)—sin(@;— B8z) )

¥s
Interchanging [ %] and [ b ] and also the subscripts 1 and 2 of other variables, Eq.(6)
2

still holds. Substituting p from (7) to inverse functions of (6), we can get y2 and ¢2, and
also we can calculate the second-order coefficients Tijk, then the new values of x3 and 63
can be obtained from (3). From x1 and the new values of x3, 63 we can get p and 62 again.
The calculation is iterated until the difference between the successive two p’s is less than
a given error.

Then the momentum of the particle can be determined by P = (p/pg)Po, where Poand
Po are the central momentum and central radius respectively.

4. A MONTE-CARLO-SIMULATED CALCULATION FOR THE SPECTROMETER

Magnet M of the spectrometer shown in Fig 1(a) will be rebuilt with a MA type deflecting
magnet which was used in the beam line of DESY 7 GeV synchrotron. After rebuilding the
parameters of the magnet are expected as follows: maximum magnetic field 18 kG, air
gap 6 cm, effective length 132.7 cm and the width of the uniform-fi eld region 36 cm. The
deflecting angle & of the central trajectory can be adjusted accordmg to the desire of the
experimenters, but we set 81 = B2 = /2 for better focusing at y direction.
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The position resolutions of the multiwire chamber and multiwire drift chamber are
designed to be 0.5 mm and 0.2 mm respectively. In order to reduce the angular uncertainty
of the particles induced by multiple scattering, two helium bags with 1 atm pressure will
be inserted between MWPC and two MWDCs.

The uncertainty of 84 induced by position uncertainties of MWDC1 and MWDC2 is
about 0.03°. The total thickness of the material from MWPC to MWDC2 is about 10~2
radiation length. Estimated angular uncertainty by multiple scattering is 0.02° at particle’s
momentum of 800 MeV/c. The momentum resolution of the spectrometer is determined
by the position resolution of the detectors and muitiple scattering. Therefore the effects
of the muitiple scattering and the position resolution of the detectors are carefully
considered in the Monte Carlo calculation. The corrections of the multiple scattering have
been considered at the positions of MWPC, MWDC1 and MWDC2 in the computing
program.

5. RESULTS

The momentum spectrum and angular spread A82 of the particles with P = 800 MeV/c
were calculated at the central momentum Pg = 800 MeV/c and @ = 30°. The results are
shown in Fig. 2. From Fig. 2 we get AP (FWHM) = 1.9 MeV, corresponding to the
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F1G. 2 The momentum spectrum and angular spread of the particles with
P = 800 MeV/c (Po = 800 MeV/c, a = 30°).
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FIG. 3 The dependence of momentum resolution and angular resolution
on «a at central momentum Pg = 800 MeV/c,

momentum resolution AP/P =~ 0.24%, and A82 (FWHM) = 0.068°. The main factors
affecting the momentum resolution and angular resolution are the deflecting angle «,
position resolution of the detectors and angular uncertainty due to multiple scattering.

The dependence of the momentum resolution AP/P and angular spread Af2 of the
particles with P = 800 MeV/c on the deflecting angle a at central momentum Pg = 800
MeV/c are shown in Fig 3. The momentum resolution AP/P decreases rapidly in the range
of @ = 10°-30°, then slowly for bigger a value and A6z increases from 0.068° to 0.084° for
a = 30°-60°.

The dependence of the acceptance of the spectrometer on the momentum at several
deflecting angles a are shown in Fig. 4. The relative acceptances of the spectrometer have
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FIG. 4 The dependence of acceptance on momentum of particles (Po =
800 MeV/c).



Vol.12, No. 3 227

_. 0.5 =10.4 k
£ B 4 kG
=

0.4
s
w
§ 0.3
3
§ 0.2
3
2
s 0.1
E
Q
£ 1 1 Il 1 I ! I

600 800 1000 1200
P(MeV/c)

FIG. 5 The dependence of momentum resolution on momentum of
particles at a certain magnetic field.

a rapid descent from 1 to zero at lower momentum region, but a rather slow descent at
higher momentum region. A proper decrease of the size of the drift chamber MWDC2 can
make a rapid descent of relative acceptance at higher momentum region and remain
unchanged in lower and medium momentum region.

In a certain magnetic field the deflecting angle a’ depends on the momentum of the
particle, thus the momentum resolution AP/P also depends on the momentum of the
particle. Fig. 5 shows the dependence of the momentum resolution on the momentum of
the particles in a certain magnetic field.

The characteristics of the spectrometer are summarized in Table 1 according to the
above results. Such a spectrometer is good enough for electron scattering experiments
as described in section 1. 3

6. DISCUSSION

In our calculations we neglected the error caused in the installation of the
spectrometer to the angles of 81, 82 and « and to the positions of the optical axis. We also
neglected the effects of the momentum loss of the particle through the spectrometer. After
all these factors are considered, the actual momentum resolution will not be as good as

TABLE 1.
The Characteristics of the Spectrometer (at central momentum
Po = 800 MeV/c)

deflecting angle @ 10° | 20° 30° 40* 50° 60°
magnetic field B (KG) 3.51 7.0 10.4 13.8 17.0 20.1
momentum Ap | P =800 MeV/c 0.699%0.40%|  0.24% 0.199% 0.16% | 0.14%
resolution p
P = 600—1200 MeV/c (0.2—0.44)% |(0.15—0.26)9%]|(0.13—0.24)%
angular spread A8, 0.068° 0.072° 0.076° 0.084°

Poaz/Paia ) 2.5 2 | 1.7 1.6
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the above results. Of cause these effects can be minimized by careful corrections. But the
momentum spread of the beam of the electron linac is about (0.6-1.0)%, in addition, the
effects from the target have to be considered. Finally the momentum resolution of (1-2)%
for the whole electron scattering facility is reasonably expected. It is possible to rebuild

the transport system into a "dispersion matched type system" for experiments with higher
resolution.
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