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ABSTRACT: We report on a measurement of the neutron detection efficiency in NaI crystals in the
Crystal Ball detector obtained from a study of singleπ0 photoproduction on deuterium using the
tagged photon beam at the Mainz Microtron. The results were obtained up to a neutron energy of
400 MeV. They are compared to previous measurements made more than 15 years ago at the pion
beam at the BNL AGS.
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1 Introduction

The A2 Collaboration at MAMI is engaged in a program [1] to study γn-interactions for which
neutron detection is of crucial importance. The A2 experiment consists of several detector systems
described below. Two of them, the Crystal Ball (CB) and TAPS,have a good neutron detection ef-
ficiency. The NaI CB detector was built originally at SLAC in the mid 1970s for use with colliding
e+e− beams at SPEAR [2]. Later the CB was involved in experiments at DORIS and Brookhaven
National Laboratory before arriving at MAMI where it demonstrates an excellent performance for
photon and charged particle detection. Neutron detection with this detector has been studied less.
The CB neutron detection efficiency was measured previouslyin a 1997–1998 run at BNL [3] using
the reactionπ−p→ π0n. There are very few references in the literature to neutron interactions in
NaI. A short summary of this topic can be found in [4]. Previous measurements are not directly ap-
plicable to the current status of the CB because of possible aging effects, differences in thresholds
and in methods of analyzing the data. In this paper, we describe a new study of the CB neutron
detection efficiency based on measurements of singleπ0 photoproduction on a liquid deuterium
target using the tagged photon beam at MAMI.

2 Experimental setup

The measurements were performed at the tagged photon facility of the Mainz Microtron acceler-
ator (MAMI) [5]. An electron beam was used to produce bremsstrahlung photons, which were
tagged with the upgraded Glasgow magnetic spectrometer [6]. The target was a Kapton cylinder
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Figure 1. Left: layout of the A2 detector systems. Right: expanded view of the target region.

of 4 cm diameter and 10 cm length filled with liquid deuterium.Photons, charged pions, and re-
coil nucleons, produced in the target, were detected with analmost 4π electromagnetic calorimeter
schematically shown in figure1. It combined the CB and the forward TAPS detector [7], although
the latter was not used in the current analysis.

The CB detector is a sphere consisting of 672 optically isolated NaI(Tl) crystals, shaped as
truncated triangular pyramids, which point toward the center of the sphere. The crystals are ar-
ranged in two hemispheres that cover 93% of 4π sr or polar angles of 20–160◦ , sitting outside a
central spherical cavity with a radius of 25 cm. This cavity holds the target and inner detectors.
The NaI crystals have a length of 40.7 cm, which is equal to 15.7 radiation lengths or∼ 1 hadron
interaction length. The target was located in the center of the CB and was surrounded by a Par-
ticle Identification Detector (PID) [8] used to distinguish between neutral and different charged
particles based ondE/dx measurements. It was made of 24 scintillator bars (50 cm long, 4 mm
thick) arranged as a horizontal cylinder with a radius of 6 cm. The PID was surrounded by two
Cylindrical Multiwire Proportional Chambers (MWPC). The inner (outer) chamber has a radius of
7.4 (9.45) cm and a length of 57 cm. Each chamber measured the three-dimensional coordinates of
a charged-particle track as a result of a readout of three signals, one from a horizontal anode sense
wire and the other two from spiral strip cathodes [9].

3 Overview of the method

For the neutron detection efficiency measurement, we chose theπ0 photoproduction on deuterium,

γ +d → π0 + p+n, (3.1)

where theπ0 decays to two photons. The reaction kinematics is completely determined if the
pion and proton are detected and the beam energy is known. Theπ0 momentum is reconstructed
using the energies and directions of the decay photons. The proton momentum is determined by
its deposited energy in the CB and track direction in the MWPCand the photon beam energy is
given by the tagging spectrometer. The reaction vertex was determined from the intersection of the
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proton track with the photon beam axis and allowed rejectionof events from target walls. Then
reaction (3.1) can be identified by selecting the neutron by missing mass. This procedure rejects
events with more than one final-state pion and provides a reconstruction of the neutron momentum
vector. If neutron momentum points to the CB (polar angles 30–150◦), then a hit in the CB from
a neutral particle is searched for in the same direction. Then the neutron detection efficiency is
calculated as the ratio of registered hits to all neutrons. The indicated angular range is chosen to be
smaller than the full acceptance of the CB to eliminate edge regions that inevitably have efficiency
losses due to uncertainties in predicted and real hit positions.

Apart from being kinematically completely determined, reaction (3.1) has other advantages. It
has a large cross section and a broad energy and angle spectrum of neutrons. The energy spectrum
extends from nearly zero, when the pion is produced on a proton with a spectator neutron, to the
maximum energy from pion production on the neutron. The latter was limited by the beam energy
and the available statistics. Reaction (3.1) was identified from four clusters in the CB and one hit
in the PID. Two clusters arise fromπ0 decay photons, the third one from proton energy loss, and
the fourth from the neutron interaction with NaI. A cluster is defined as a group of not more than
13 adjacent NaI crystals each with deposited energy larger than 2 MeV centered around the crystal
with maximum energy deposition. The minimum cluster summedenergy was set to 15 MeV in the
analysis. In this measurement, we selected events with three or four clusters in the CB and only
one hit in PID to reduce background from multiple pion production. In the following sections, we
describe all above mentioned steps in more detail.

4 Photon Tagger

For the neutron detection efficiency measurement, we used data from the deuterium run taken at
MAMI [ 5] in March 2013. Bremsstrahlung photons, produced by the 883MeV electrons in a
10µm Cu foil and collimated by a Pb collimator 3 mm in diameter, were incident on a 10 cm long
liquid deuterium target located at the center of the CB. The beam was 1 cm in diameter at the target.
The energies of the incident photons were measured by detecting the post-bremsstrahlung electrons
in the 352 channel focal-plane detector of the Glasgow-Mainz tagger [6]. The energy resolution of
the tagged photons is determined mostly by the width of the tagger focal-plane detectors and by
the electron-beam energy. For the present beam energies, the typical width of a tagger channel was
about 2 MeV. The data were taken with a trigger that required the total energy deposit in the CB
to exceed 40 MeV. Figure2 shows the time distribution of tagged photons relative to the trigger.
The peak near 0 ns is due to the prompt photons that produced the triggers. The entries outside
and under this peak are due to random photons. The r.m.s. width of this peak is equal to 2.7 ns
and is determined mostly by the intrinsic time resolution ofthe CB and time alignment of different
channels. More accurate adjustment of the channel time offsets can improve the time resolution
by a factor of two but it was not important for this analysis. We selected the prompt photons in
a time window (−10 ns,+10 ns) and subtracted background produced by random photonsfor all
distributions where the photon energy was used. The wide time range accepted by the tagger made
it possible to use wide time windows for random photons (−230 ns to−30 ns and 30 ns to 230 ns)
that resulted in a negligible subtraction error.
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Figure 2. Time distribution of tagged photons. Figure 3. Invariantγγ-mass. A Gaussian fit to the
peak of the distribution is shown in red.

5 Selection of the single neutral pion

The first step for reconstruction of reaction (3.1) was neutral pion selection. This was done by
choosing the photon pair, measured in the CB, with an invariant massmγγ closest to theπ0 mass
mπ0. An additional cut on the sum of energies of the two photonsEγγ > mπ0 rejects low-energy
photons. Themγγ distribution obtained with this cut is shown in figure3 with a gaussian fit to
the peak. The distribution demonstrates the excellent resolution of the NaI CB detector inmπ0-
mass of 9 MeV (sigma of a Gaussian fit). Forπ0 selection, we used a 120< mγγ < 150 MeV cut.
Identification of the proton and measurement of its energy were done in a few steps. The proton
track was required to have hits in the PID and the CB and space points in two MWPC compatible
with a straight line that has a point of closest approach lessthan 10 mm from the beam axis within
the volume of the target. The separation of protons from pions and electrons/positrons is displayed
in figure4 where the CB cluster energy is plotted along the horizontal axis anddE/dx is plotted
along the vertical axis.dE/dx= EPID sinθ , whereEPID is the energy deposited in the PID andθ
is the track angle with respect to the beam axis. The factor sinθ corrects the deposited energy for
track length in the PID scintillator segments which are parallel to the beam axis. Ionization losses
for protons depend on their energies. In figure4, protons lie above the empirically drawn line while
pions and electrons/positrons lie below.

Two effects must be taken into account to determine the proton energy at the interaction point.
First, due to higherdE/dx for protons that are stopped in the NaI crystals of the CB detector, the
energy calibration for protons is different from that of minimum-ionizing electromagnetic show-
ers. Second, the measured proton energy in the CB has to be corrected for ionization losses in
detector materials between the interaction point and the CBcrystals. These materials are 2 cm of
liquid deuterium, 1 mm CH of the target walls, 4 mm PID scintillator, and 1.5 mm stainless steel
of the CB spherical inner wall. The proton energy at the interaction point was found by using the
correction curve shown in figure5, where(Tp−E)sinθ is plotted vs. the energy(E) measured in
the CB. HereTp is the proton kinetic energy at the interaction point calculated from energy and
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Figure 4. Pion/proton separation on the two dimen-
sional plotdE/dx as measured by PID vs. CB to-
tal energy. Protons lie above the empirically drawn
line, pions — below.

Figure 5. Proton energy correction for ionization
losses and NaI light yield.Tp — proton kinetic en-
ergy at interaction point,E — energy measured in
the CB detector,θ — polar angle of proton track.
Line — fitted correction curve.

momentum conservation for reaction (3.1) using photon and pion momentum vectors and the di-
rection of the proton track. At each bin of CB energy,(Tp −E)sinθ was fitted with a gaussian
and the maximum was found. Then these maxima at different energies were fitted with the func-
tion (exp(c1 −c2E)−c3) with three free parametersci , i = 1−3. The efficient performance of this
procedure is demonstrated in figure6, where distributions of the events over missing massMmiss

in reaction (3.1) are given for a few intervals of the beam energy. Missing mass is defined as
Mmiss =

√

(Pγ +Pd−Pπ0 −Pp)2, wherePi(i = γ ,d,π0, p) are the four-momentum vectors for the
incident photon, target deuteron, neutral pion, and proton, respectively. Good agreement between
the peak positions and the neutron mass is clearly seen in allfour photon energy ranges. Also at
the figure6 for the highest incident photon energy, a small shoulder canbe seen to the right of the
neutron peak. It is connected with events of two pion production, which will be rejected later by a
cut on the missing mass.

6 CB neutron detection efficiency

Neutrons were selected by a cut on the missing massMmisscentered at the mass of a neutron 890<

Mmiss< 990 MeV. The momentum vector for a selected neutron was calculated using energy and
momentum conservation. This vector must point to a CB regionslightly smaller than instrumented
with NaI crystals to eliminate edge effects; that is, the angle θ of this vector with respect to the
beam direction must be 30◦ < θ < 150◦. The anglesλ between this vector and the direction vectors
for neutral hits in the CB were determined. Hits from protonsand photons fromπ0 decay were
excluded from this procedure. The distribution over cosλ is given in figure7. It has a large peak
at λ = 0 signifying the real neutron hits in the NaI crystals and a small background of random
hits. We chose cosλ = 0.85 as the boundary between the region of real neutron hits in the CB and
background. The small uncertainty connected with this cut will be discussed later.
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Figure 6. Missing mass distributions for the reactiond(γ,π0p)X for different incident photon energies. The
peak position demonstrates good agreement with the neutronmass at all photon energies.
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Figure 9. CB detection efficiency for neutrons as a function of neutron kinetic energy. Downward (up-
ward) triangles — present measurements for a 15(20) MeV cluster energy threshold; circles — previous
measurement at BNL in 1997–98 for a 20 MeV threshold [3].

The energy distribution of neutrons from reaction (3.1) identified by missing mass and incident
on the CB is shown by the solid line in figure8. Those neutrons that gave hits in the CB with cosλ >

0.85 have the energy distribution shown by the dashed line. Thefirst distribution is peaked at low
energy, which demonstrates the large contribution of spectator neutrons from pion photoproduction
on the proton. The second distribution goes to zero at low energies because of the low detection
efficiency for neutrons. The ratio of these two distributions gives the CB detection efficiency for
neutrons shown in figure9 and listed in table1 for 15 and 20 MeV cluster energy thresholds. The
detection efficiency is averaged over±10 MeV relative to the listed energy values. The statistical
and the two main systematic uncertainties for 15 MeV threshold are also given. The statistical
uncertainties vary from less than 0.1% at the lowest energy to 3% at 400 MeV. The increase results
from the decrease in cross section for reaction (3.1) as proton and neutron energy increases. The
systematic uncertainty I was estimated by changing the cut on missing mass from (890–990) MeV
to (890–1010) MeV. The wider window gives slightly lower detection efficiency due to a small
contamination from two-pion production. The smaller valueof the lower boundary of the cut has
negligible effect on the neutron detection efficiency. The systematic uncertainty II was estimated
by changing the cut on cosλ from the standard one cosλ > 0.85 to cosλ > 0.65. Changing this
cut resulted in a higher detection efficiency as expected from the larger acceptance for neutron
hits in the CB. Other cuts were also tested:π0-mass, window for prompt photons, position of
interaction point in the liquid deuterium target, exclusion of dead channels (1% of all channels).
Each of these cuts had an order-of-magnitude smaller effecton neutron detection efficiency than
I and II, mentioned above. The total systematic uncertaintywas obtained as the quadrature sum
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Table 1. Neutron detection efficiency as a function of neutron kinetic energy. Column 2 gives the efficiency
and statistical uncertainty for a 20 MeV threshold, column 3gives the efficiency and statistical uncertainty
for a 15 MeV threshold, columns 4 and 5 give systematic uncertainties I and II, and column 6 gives the total
systematic uncertainty. See text for details.

Energy, Efficiency, % Efficiency, % Sys. Sys. Sys.
MeV (20 MeV threshold) (15 MeV threshold) I, % II, % total, %

20 0.69±0.01 1.39±0.01 0.05 0.02 0.05
40 6.6±0.1 9.7±0.1 0.1 0.1 0.2
60 14.4±0.1 18.8±0.1 0.1 0.2 0.2
80 20.6±0.2 25.3±0.2 0.1 0.3 0.3
100 25.7±0.2 30.3±0.2 0.1 0.3 0.3
120 29.0±0.3 33.1±0.3 0.2 0.3 0.3
140 31.7±0.3 35.2±0.3 0.4 0.4 0.5
160 33.5±0.4 36.6±0.4 0.4 0.4 0.6
180 35.2±0.5 38.1±0.5 0.5 0.4 0.7
200 36.1±0.5 38.5±0.5 0.5 0.5 0.7
220 36.6±0.6 38.8±0.6 0.7 0.4 0.8
240 36.8±0.7 38.5±0.7 0.6 0.4 0.7
260 38.9±0.9 40.8±0.9 0.4 0.4 0.6
280 37.8±1.0 39.5±1.0 0.7 0.7 1.0
300 38.1±1.1 40.1±1.1 0.8 0.5 1.0
320 39.1±1.4 41.0±1.2 0.6 0.7 1.0
340 36.8±1.7 38.6±1.7 0.8 0.6 1.0
360 41.1±2.1 42.0±2.1 0.5 0.4 0.6
380 38.8±2.6 40.3±2.6 0.7 0.9 1.2
400 39.8±3.4 40.6±3.4 0.4 0.3 0.7

of systematic uncertainties I and II and it is given in the last column of table1. For the most
part, its value is close to the statistical uncertainty. Table 1 also demonstrates the sensitivity of
neutron detection efficiency to the cluster energy threshold. An increase of the threshold from 15
to 20 MeV results in a relative decrease of neutron detectionefficiency by 30% at 40 MeV neutron
energy and by less than 5% for the energies higher than 300 MeV. In figure 9, the CB neutron
detection efficiency measured more than 15 years ago [3] when the detector was in operation at
BNL is also shown. The shape of its energy dependence for a 20 MeV threshold is in reasonable
agreement with the present measurement for a 15 MeV threshold. Absolute values of CB neutron
detection efficiency for the present measurement with a 20 MeV threshold are less than measured
at BNL on 0.02–0.04.

7 Neutron interaction characteristics

Neutrons interacting in the CB, which is not designed to be a totally absorbing hadronic calorimeter,
generally deposit only part of their kinetic energy. This fact is illustrated by figure10 where

– 8 –



2
0
1
5
 
J
I
N
S
T
 
1
0
 
T
0
4
0
0
1

T, MeV
0 50 100 150 200 250 300 350 400

N
um

be
r 

of
 e

ve
nt

s

0

20

40

60

80

100

120

x1

x0.06

x0.005

350 MeV200 MeV50 MeV

Radius, arbitary units
0 1 2 3 4 5 6

N
o

rm
a

liz
e

d
 s

p
e

ct
ra

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9      protons 

’s γ     

     neutrons 
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Figure 11. Energy weighted “radius” of the clus-
ter for proton (black points), neutron (red upward
triangles) and photon (blue downward triangles) in-
duced showers. The peak at zero is due to clusters
that consist of only one crystal.

distributions over cluster energies recorded in the CB for hits identified as neutrons are given for
three selected intervals of incident neutron energy: 50±10 MeV, 200±20 MeV, and 350±30 MeV.
For each incident energy, the response in the CB is distributed from threshold to a maximal energy
that slightly exceeds the incident energy. This effect can be attributed to energy resolution and
to some difference in calibration between hadron-induced and photon-induced showers. The latter
was used to determine the neutron response. Figure10shows that the energy in a cluster induced by
a neutron has limited utility for an estimation of the neutron energy; however, the shape of a cluster
can be more informative. In figure11, normalized distributions over cluster “radius” are given. The
cluster “radius” is an energy-weighted sum of distances between the crystal with maximum energy
and each remaining crystal in a cluster. The cluster “radius” is equal to zero for a cluster composed
of only one crystal. For a cluster induced by a neutron the probability to have zero “radius” is
nearly 30%. It is much higher than for a photon cluster, for which the probability is only 4%. This
difference can be used to discriminate between neutron- andphoton-induced showers. Proton-
induced showers have an even larger probability for zero “radius” than neutron-induced showers.
This information can also be used to control a sample of protons.

8 Discussion and conclusion

We have measured the detection efficiency in the NaI CB detector for neutrons in the kinetic en-
ergy range 20–400 MeV usingπ0 photoproduction on deuterium. A previous measurement using
the same detector was performed at BNL [3] in 1997–1998 with theπ−p → π0n reaction. The
present measurements agree closely with the previous measurements for the shape of the energy
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dependence of neutron detection efficiency but we find efficiencies that are 2–4% smaller. This
effect cannot be unambiguously explained as a result of possible degradation of the light yield of
NaI crystals, which was part of the motivation for this study. Many hardware and software changes
have occurred between these two measurements. Different energy calibration and clustering algo-
rithms can also result in a slightly different neutron detection efficiency. The present measurement
gives the up-to-date status of neutron detection with the CBdetector and can be used in various
physics analyses that involve neutrons and for improving the description of neutron detection in
Monte Carlo simulations.
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