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ABSTRACT

A high-resolution spectrometer system and its application in the study of pro-
cesses topologically related to baryon exchange is discussed. The design of an exper-
iment on backward pion-nucleon elastic scattering from 10 to 100 BeV/c is considered

in detail.

INTRODUCTION

We propose an experimental layout consisting of a high-precision forward spec-
trometer and a recoil-particle detector to study backward meson-~proton elastic scat-
tering and other two-body final-state processes. Reactions that could be studied with
this apparatus are given in Table 1. Backward ‘n'ip elastic scattering would be studied
using the apparatus as described. Category II of Table I lisis experiments that could
be done by rearranging the detectors and using, in some cases, some additional equip-
ment. The beam momentum range and angular range to be investigated are listed in
Table I for many reactions. Detailed studies have not been made for Category II
reactions, although we shall show the feasibility of doing experiments 7-11.

Al of the reactions in Table I have the common feature that, for most production
angles of interest, one final-state particle leaves the target at a small laboratory angle
and momentum close to that of the beam; the forward final-state particle can then be
analyzed with a high-precision spectrometer. We thus envision a situation where the
rather elaborate forward spectrometer would be extremely versatile for studying
many reactions, while the additional equipment required to do an experiment would, in

general, be tailor-made to study a specific reaction.
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BEAM

A secondary beam produced at a small production angle (< 2.5 mrad) and with an
intensity of 10T pions (1r+ or w_) per burst at secondary momenta up to 100 BeV/c (for
a 1/4% momentum bite) is required. The proposed 2.5 mrad secondary beam would
be adequate up to 80 or 90 BeV/c. In a section of the secondary beam where the beam
particles are approximately parallel, two differential Cerenkov counters, which detect
K's and p's (or P's) respectively, would be located. The beam would then be focused
to a 2 mm diameter spot and have a 0.5 mrad divergence. A horizontal and a vertical
scintillation counter hodoscope (2 mm spatial resolution) would be located just down-
stream of the last beam element so that the beam particle direction can be determined
with a resolution § 0.1 mrad. The beam hodoscopes would not usually be part of the
trigger requirement because of the high beam intensity; they would be interrogated
only when a trigger occurred. For ‘IT+p - p1r+ it will be necessary to have an anticoin-
cidence on beam protons to maintain trigger selectivity in the forward spectrometer.
Thus it will be necessary to limit the positive beam intensity so that there are nomore

6
than 2 X 10 protons per pulse.

APPARATUS

The experimental layout, which will be described in the context of the 7p - pn
experiment, is shown in Fig. 1. The apparatus will analyze recoil protons with lab
angles between 1.5 and 50 mrad, while scattered ='s with laboratory angles from 70°
to 170° will be detected. We propose using a septum magnet (S1 in Fig. 1) to separate
the beam from the scattered proton so that the proton spectrometer can be located rel-
atively close to the H‘2 target. The proton direction is measured with wire planes, with
an angular resolution of 0.10 mrad, before and after the proton analyzing magnet S2.
Design specifications of 51 and 82 are given in Table II. Magnet S2 would bend the
protons by 60 mrad, yielding a momentum resolution of 0.25%. At 10 BeV/c the error
in momentum measurement due to the multiple coulomb scattering of the proton is
comparable to the inherent measurement resolution of the spectrometer. The last
elements of the forward spectrometer are a scintillation counter and a threshold gas
Cerenkov counter (C_ in Fig. 1) in anticoincidence. The azimuthal acceptance of the
forward spectrometer is 10%.

The direction of the scattered m is measured with an array of wire spark cham-
bers with an angular resolution of 1 mrad. In order economically to cover the pion
laboratory angular range of interest, the pion wire planes are split into two sets of
five planes each. A Cerenkov counter (C11 in Fig. 1), in coincidence, covers pion

laboratory angles up to 90°.
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TRIGGER

In the limit of 100% efficiency for Cp, only protons which have approximately the
beam momentum can satisfy the forward spectrometer trigger requirement. Similarly,
Crr prevents triggers from slow protons in the = arm. An array of anticoincidence
counters would cover the forward 2w sr laboratory solid angle not subtended by detec-
tors. These would be lead-scintillator sandwich counters and would drastically sup-
press triggers from four-prongs or final states with rro‘s. An anticoincidence counter
with a 1/4 cm diameter hole would be located just upstream of the H2 target. This
counter would prevent triggers from particles in the beam halo and would also be use-
ful for focusing the beam onto the HZ target.

The yields per hour for Type I reactions based on a 60-cm long HZ target are
given in Fig. 2. We have assumed a beam intensity of 107 T per burst, while the
positive beam intensity is as close to 107 pions per burst as is possible without ex-
ceeding Z X 106 protons per burst. We have used the Pb production curves of
Awschalom and White (NAL report FN-191) to represent expected yields from a W tar-
get and have taken the energy dependence of the ‘rrip - p'n=t cross section to be s-z.
The 1'r+p - p'n+ yield drops rapidly above 50 BeV/c because of the beam-intensity lim-
itation imposed by the upper limit for the proton flux. Setting a goal of 1,000 events
per momentum, we feel that the yield should be 10 events or more per hour. Figure2
shows that these backward mp experiments as we propose them are feasible up to 80 or

90 BeV/c.

MINI OMEGA

We have looked into the improvement given by adding a magnet of modest field
around the target. In the case of elastic scattering, the momentum resolution we have
specified for the forward spectrometer seems quite adequate to separate n's from p's
in the backward hemisphere, particularly when the constraint given by the pion direc-
tion is included. The question remains whether we can identify the p- clearly, apart
from its appearance as a bump in the forward spectrometer missing mass plot, by
measuring the 7~ momentum and 7° direction. We find that it is very difficult. In
Fig. 3, we have drawn a magnet of field 10 kG and one meter across. If we put detec-
tors as shown, the sagitta will be 4 cm so that we expect a momentum accuracy of
about 10-15 MeV/c, since momenta of decay products are 300-500 MeV/c. Then given
that there is a missing particle, we can estimate its momentum only toabout100 MeV/c
(the uncertainty in the forward spectrometer). So the p mass is uncertain to about

30%.
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Let us consider doing experiments 7-11 in Category II, all of which have a for-

ward unstable baryon. To be specific, consider

Tr_+p—>N;'=°+po
S+

Then we can require detection of both pions,and the p0 mass is measured di-
rectly to 5% which is very satisfactory. Now we ask if we can estimate the mass of
the N . Assume the p is at 180°. Then if the mass of the N s my, the momentum

of the p, as shown in Appendix I, is given by

-m
p = p - l 1 +__p
P Zm 4p 2
P mp

It is clear from this expression that even if Amp, Ap {p is the beam momentum)
are small compared to App, then A (mIZ\I) =4p X App which is very large even for
App of 50 MeV/c. .

So we turn to the forward spectrometer, restricting ourselves to N decay modes
having one pion. We know that the direction of the nucleon from the N>:< decay is very
close to the N* direction itself. We suppose that we measure the momentum of the N*
by momentum balance between the p and the beam pion. The uncertainty is dominated
by the beam uncertainty, about 0.1 mrad, and momentumn resolution of 0.25%. Then,

if the momentum of the decay proton is Py the mass of the N is given by

where @ is the laboratory angle between the N and the proton, and p now refers to the
N momentum (see Appendix II).

We also know that Py is between 0.70 p and p. So approximately

22 _p (2.2 2
mN mp~Ap(p mIT ,

where Ap=p - Py
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0 is less than 2 mrad for at least 70% of the N (1238) decay phase space, even
when p = 100 BeV/c. (If the N:; has two or more pions in its decay, the above formula

is still correct if m_ is taken as the effective mass of the pions.) Then

since the uncertainty in 6 dominates. In fact the difference in the masses squared is
measured to about 10% for the spectrometer in Fig. 1.

We conclude from this that if we wish to identify the reaction we wish to study
clearly, then the backward particle (e.g. p, K(;) must be recognizable by its mass
from the measurement of the charged decay. The forward baryon is identified by
measuring the proton from its decay in the forward spectrometer, using those events
in which the missing mass of the undetected particles is consistent with having one
missing pion. (There will be a small background of events with two missing v's.)
Thus we are confident that reactions 7-11 in Category II can be measured well when

the backward particle and the final decay proton only are analyzed. The mini-omega

magnet pays for itself handsomely.

APPENDIX I. KINEMATICS FOR FORWARD N
Let P - incident momentum
P, = fast forward N)k momentum
p, * backward particle momentum.

Then

p+m :/pz+mz+Jpz+mz
p 1 1 2 2

o2
. 1 z 2
prm, = Py 2p, Py T m,
z
my
_pZerp-Z_p:: Py tm,

Square, and keep terms up to 1/p, so that

2

2, 2 L2 2 Tp™ 2, 2
m_ - m —m, -—— = ,

B "M TR Py T T T Ty, 2"
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p is substituted for Py in the following; this is accurate to 0(1 /pz).

2 2
rm -] 2 2 T
P2 P P P 2 P
m mz l‘ﬂ2
2 p 1 1
2 = - - 1+
pP2 Tp T P 2m_p
p
2
I R § B, 2 _2) ™
My TM2 T 17" " ™2 zm
= ! 2 - 2 m, +m, m
m m2 Zm p m_m mp 1 N
2 2 2
N mp m, i m, 2 mz
L) Zm am? 2
p oP
2 2 2 2
m - m2 I'n1 I'I'l2
B2 . - [1+-=
2m 4p mZ
P P
it Amz, Ap are small compared to Apz
( 2
A rn1
then Apz = - e
2\ & 4pA
or A(mi) % - P. P,-

*
APPENDIX II. DECAY KINEMATICS FOR FORWARD N .

*
Let the mass of N be Moo, its momentum p
2
P 92
el

1 and particle 2 is a pion.

%
N decays to particles 1 and 2.

Assume particle 1 is a proton
From momentum conservation
p =p, cos 91 +p, cos 92

0=p, sin 61 =P, sin 02.
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Eliminate 92:

. 2+2-2 cos 6
p, =P Py PPy 1

From energy conservation (neglect mass of particle 2, and assume m_ << P,

m << p)-
2
m
2 + = + + + =P
P "Wy P ¥yt P 2p,
m2 m2
2 N P
+ = - - —.
Po "M TPy TP T g
Square and retain terms 0 (o).
2‘rm2=2+2+ 2—2 -m2p—~m2p1+ 2
P Ty TP YRy Ty 2PPy pp, NP p
p
2 11 _ _ 2 _P 2
m |1 el 2pp, (1 - cos 0) mp 5, +m,
m2 rn2
N p 2
A - = - +
o P (p 91) ZPD1 (1 - cos 6) m;
We remember that P, =P, and @ is small:
2 2 _p 2,2 2
My mp = 2p (p 6 +m2).
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Table I. Reactions.

Reaction Beam Momentum Angular Range
=+ £
1. wp-—prw 10-100 BeV/c® 0Ozuz-1.0 (Bev/c)2
II.
~ + -
1. Pp =~ v 7
+
2. pp ~ KK
3. pp —~ PP
+ + -
4. w p -~ 7 p polarization
+ * 2
5. mp—-Tp t< -1{BeV/e)
2
6. pp = pp t< -1 (BeV/e)
+ * %+
7. mp~TN u small
L pu®
8. pp - pNM’ up to 100 BeV/c t small
9. ﬂ_p - ;.aoN>‘<O
Lopn”
+ +
10. mp~K Y 4 small
+ +_z
1. = p-> K Z u small
12. ‘rr_p - pp-
L 77
13. K'p- pK' 10-30 BeV/c u small

aTo cover the angular range of interest between 10and20 BeV/c, it will be necessary
to do the experiment with the forward spectrometer in two positions, covering
1.5 -50 mrad and 40 -90 mrad respectively.
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Table II. Magnet Specifications.

Magnet 51 Sz Mini Omega
Maximum Field 17 kG 20 kG 20 kG
Length 4 m 10 m 1.3 m
Maximum Bend for 10 mrad 60 mrad -

100 BeV/c
Septum Thickness 1/4 cm 20 cm -
Aperture Height 1.0 cm 1.0m 0.5m
Aperture Width 3.0 cm 2.0 m 1.3 m
Cost ~ $50 K ~$2 M2 $75 KP

%The downstream analyzing magnet, S2, is a bulky and expensive item. Advantages
may be gained by subdividing it into several smaller units with successively increas-
ing aperture. This solution would not only improve the portability; but, by removal
of one or more units, it would also permit larger acceptances at lower momenta
where less bending power is needed. The specific way of subdividing, the questionof
normal versus superconducting coils, and the magnetic field strength are economic
as well as technical questions and are beyond the scope of this report.

This is a 48D48 presently in use at Brookhaven.
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Fig, 1. The experimental layout.
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