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We measured the average analyzing power and the efficiency of a neutron polarimeter
that was designed for use in experiments to measure the electric form factor of the neutron
at the Bates Linear Accelerator Center and at the Continuous Electron Beam Accelerator
Facility. The experiment was performed with polarized protons at the Indiana University
Cyclotron Facility. The detector station that housed the polarimeter was located outside
of the beam-swinger facility on the zero-degree line at a flight path of 65.55 m from the
target to the midpoint of the front analyzing detector array in the polarimeter.

Shown in Fig. 1 is the configuration of the neutron polarimeter that was calibrated. A
description of this polarimeter was reported previously.! It consists of 20 plastic (NE102)
scintillation detectors: eight front scattering analyzers and two rear arrays parallel to the
central ray of the incident neutron flux. Each rear array consists of two layers of detectors;
each layer is composed of three detectors stacked side by side and staggered. Each detector
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Figure 1. Configuration of the neutron polarimeter used in this experiment.

is 101.8 cm long X 50.8 cm wide x 10.16 cm thick. The eight front scintillators are 101.6 cm
long x 25.4 cm high x 10.16 cm thick. Placed immediately at the front and rear of the
front detector array are thin (0.95 cm) plastic counters to veto charged particles. The
design of the polarimeter is based on the properties of n—p scattering as a polarization
analyzer.

In order to simulate the experimental conditions at Bates, a lead-steel wall was con-
structed. The purpose of this wall is to shield the neutron polarimeter from the charged
particles and high energy photons coming from the target. The wall consisted of 4" of lead
sandwiched between two layers of 1.38-in thick steel. This wall was located about 25" in
front of the polarimeter. The wall was supported on concrete blocks.

The principle of measuring the average analyzing power and the efficiency for an
earlier neutron polarimeter was described previously.? The average analyzing power (A,)
of the polarimeter can be obtained by measuring the average scattering asymmetry (£)
for neutrons of known polarization. To obtain a neutron flux of known polarization, we
used the 07 — 07 transition to the isobaric analog state in the *C(p,7)!*N (2.31 MeV)
reaction at 0°. The polarization of the incident proton beam (which for this state is equal
to the polarization of the neutron) was 74.5%+0.5% for this experiment. The double-
scattering efficiency of the polarimeter was measured by making use of the 0° cross sections
of Anderson, et al.,® for the 2C(p,n)'?N(g.s.) reaction (which has a Q-value of ~18.1 MeV)
and those of Taddeucci, et al., for the 1*C(p,n)!*N(3.95 MeV,1%) reaction (which has a
Q-value of —4.58 MeV).*

The calibration was done at three different neutron energies: 195, 159.5 and 120 MeV.
The incident proton energy was selected such as to obtain these neutron energies. At
159.5 MeV, we measured the analyzing power and efficiency with and without the lead-
steel wall. Here we report only the results for T, = 159.5 MeV.
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Figure 2. Spectrum of the velocity ratio Ry = v /Vap for a neutron kinetic energy of
159.5 MeV.

The analysis was done using two different methods. The first method was described
~ in an earlier paper.? For this method, the measured velocity of the scattered neutron v
was determined from the calculated flight path and the time-of-flight between the front
scatterer and a rear detector. This scattered velocity was compared with the velocity

calculated for n—p scattering vnp. The kinetic energy of the scattered neutron Ty, is given
by:

2Tnc cos? 6
(v+1) = (y—1)cos? 8’

Events were rejected if vy was not sufficiently close to v4p. The cut on the velocity
ratio (Rv = Vsc/Vnp) is needed to discriminate against background events from the C(n,np)
reaction on carbon nuclei in the scatterer. A typical spectrum of the velocity ratio is shown
in Fig. 2 for T, = 159.5 MeV. Results for this method are shown in Tables I A and I B
for an incident neutron energy of 159.5 MeV.

In the second method, the events from the C(n,np) reaction were rejected by selecting
a portion of the time-of-flight spectra from one of the front analyzers to one of the rear
detectors. Shown in Fig. 3 is a typical rear-to-front time-of-flight spectrum (from front

Tap =
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Figure 8. Typical time-of-flight spectrum from front detector 6 to rear detector 9 with
hardware thresholds only. The analysis was done using software pulse-height thresholds of
4 MeV-ee for the front detectors and 10 MeV-ee for the rear detectors.

detector 6 to rear detector 9). This spectrum has a gradual rise (for longer times) and
a sharp falloff (predominantly from the edge of elastic n—p scattering). After this broad
peak, there is a y-peak. In order to separate the n—p events, we applied an upper cut just
at the left of this y-peak; the lower cut is determined so that only a certain percent of the
events are retained. The region between the two vertical lines in Fig. 3 contains the events
analyzed. The asymmetry, the analyzing power, the efficiency, and the figure of merit and
their relative uncertainties are listed in Tables IT A and II B as a function of the fraction
of events analyzed.

For both methods we observe that the asymmetry and the analyzing power increase
and the efficiency decreases, as we reject more events. The figure of merit has a maximum
at about Ry = 0.93 for the velocity ratio method of analysis; for the second method of
analysis, the maximum corresponds to about 45% of events being retained.

The analyzing powers obtained from the run with the Pb-Fe wall are slightly smaller
than the ones obtained without the wall. As discussed previously,? there may be a small
neutron depolarization in the lead-steel wall. A preliminary calculation® based on a simpli-
fied geometry for 160-MeV neutrons finds factors of 0.984 for Pb and 0.982 for Fe for a net
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Table I A. Asymmetry (£), analyzing power (A,), efficiency €, and figure of merit n[=
(Ay)%€] as a function of the velocity ratio Ry[= vsc/Vap) for 159.5-MeV neutrons incident
on the neutron polarimeter with a Pb-Fe wall. These data are based on events between
Ry and Ry"®* = 1.4

Ry | (6) (A,) | e (%) 1 (%) events retained (%)]
0.0010.1084+0.005 0.1‘45i0.006 0.40 0.0084% 100
0.3010.110+0.00510.148+0.006 | 0.39 | 0.0086 91
0.5010.1154:0.0051 0.1544+0.006 | 0.38 | 0.0090 82
0.600.12240.005] 0.16340.006 | 0.36 | 0.0095 74
0.7010.1361+0.005] 0.183+0.006| 0.32 1 0.011 62
0.80{0.15840.00510.21340.007{ 0.26 { 0.012 49
0.90 0.2024-0.0051 0.2714+0.007{ 0.19 { 0.014 31
0.93 ] 0.22340.006 | 0.2994-0.0081 0.16 | 0.014 28
0.94{ 0.2294+0.006 | 0.307+0.008} 0.15 | 0.014 26
0.95]0.2354+0.006 | 0.3164-0.008 1 0.14 | 0.014 25
0.9710.244+0.006 | 0.329+0.009| 0.12 | 0.013 21

depolarization of 3.4%. These results may depend slightly on the optical model. A Monte
Carlo simulation would be needed to treat the geometrical configuration properly. The
difference obtained experimentally for this polarimeter is consistent with this value. The
efficiency is the same with and without the Pb-Fe wall because the efficiency depends only
on neutrons incident on the first detector of the polarimeter. The statistical uncertainties
for the analyzing power are smaller than the ones obtained in an earlier calibration run?
with a V-shaped polarimeter used for Bates E85-05. For runs without the wall, the statis-
tical uncertainties A(A4,)/(A,) are typically 2% here, compared to 3.2% for the calibration
of the old polarimeter.
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Table I B. Asymmetry (¢), analyzing power (A,), efficiency ¢, and figure of merit n[=
(Ay)?€] as a function of the velocity ratio Ry[= Vsc/Vnp] for 159.5-MeV neutrons incident

on the neutron polarimeter without a Pb-Fe wall. These data are based on events between
Ry and Ry*** = 1.4.

R | (&) (4,) | e (%) n (%) events retained (%)
0.0010.1144-0.003 ] 0.15340.004 | 0.43 | 0.010 100
0.30(0.11740.003 | 0.157+0.004 | 0.42 | 0.010 94
0.50 0.123:|:0.003 0.16540.004 | 0.40 | 0.011 87
0.60 0.131i0.003 0.17540.004 | 0.38 | 0.012 81
0.70]0.1454-0.003 | 0.194+0.005 | 0.34 | 0.012 70
0.80{0.1684-0.003 | 0.22540.005 | 0.29 | 0.015 57
0.90(0.21140.004 | 0.2824+0.005{ 0.21 | 0.017 38
0.9310.2314+0.004 | 0.3104+0.005 | 0.18 | 0.017 35
0.94|0.2374+0.004 | 0.318+0.006 | 0.17 | 0.017 33
0.950.2464-0.004 ] 0.3294-0.006 | 0.16 | 0.018 29
0.97{0.2574+0.004 } 0.344+0.006 ] 0.14 | 0.016 27
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Table II A. Asymmetry (), analyzing power (A,), efficiency ¢, and figure of merit
n[= (4y)?€] as a function of the percent of events retained in the ATOF spectrum for
159.5-MeV neutrons incident on the neutron polarimeter with a Pb-Fe wall.

% events retained (€) (Ay) e (%) n (%)
100 0.11140.005 | 0.14940.007 | 0.39 | 0.0086
80 0.12240.005 [ 0.164+0.007| 0.35 | 0.0093
55 0.1504-0.005 | 0.2024+0.007 | 0.28 | 0.011
50 0.159+£0.005 | 0.214+0.007 | 0.25 | 0.011
45 0.165+0.005 [ 0.22240.007{ 0.24 | 0.012
40 0.173+0.005 | 0.2324+0.007 | 0.22 | 0.012
30 0.186+0.006 { 0.250+0.008| 0.17 | 0.010
20 0.209-£0.007 | 0.281£0.010| 0.12 | 0.0090
10 0.246-0.009 | 0.331+£0.013 | 0.06 | 0.0066

Table II B. Asymmetry (), analyzing power (A,), efficiency e, and figure of merit
n[= (Ay)?€] as a function of the percent of events retained in the ATOF spectrum for
159.5-MeV neutrons incident on the neutron polarimeter without a Pb-Fe wall.

% events retained (€) (4y) e (%) n (%)
100 0.1154:0.003 | 0.1544-0.005 | 0.42 | 0.0099
80’ 0.13240.003 | 0.17640.005| 0.36 | 0.011
55 0.168-£0.004 | 0.2254+0.005| 0.27 | 0.014
50 0.17440.004 | 0.2334+0.005 | 0.25 | 0.014
45 0.18840.004 | 0.252+0.005| 0.23 | 0.015
40 0.18940.004 | 0.25240.006 | 0.21 | 0.013
30 0.207+0.004 [ 0.277+0.006 | 0.16 | 0.012
20 0.227+£0.005 | 0.30310.007 | 0.11 6.010
10 0.261+0.007 [ 0.349+0.010 | 0.06 | 0.0068
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