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Abstract

A spcctrometcr which consists of plastic platcs and ccrium― dopcd gadolinium orthosilicatc,Gd2Si05(CC)~GSO(Cc),

crystals has been developcd.Thc absolutc cmcicncy Ofthc spcctrolnctcr for protons up to 310 McV was invcstigatcd by

an cxpcrimcnt atthc Rcscarch Ccntcr for Nuclcar Physics(RCNP)of OSaka univcrsity using a proton bcam of392 McV.

T h c  c l n c i c n c y  O f  t h e  s p e c t r o l l l l e t c r  f o r  p r o t o n s  i s  i n  g o o d  a g r e e m e n t  w i t h  t h c  s i m p l c  M o n t e  C a r l o  c a l c t l l a t i o r l .③1 9 9 8

EIscvicr Scicnce B.V.All rights rcscrvcd.

1. Introduction

The preequilibrium reaction process has been
studied for many years. Nurnerous studies were
carried out for (p,p'x) and (p,nx) reactions below
200 MeV and above 1 GeV of incident energies.
However, there are no systematic studies for (p,p'x)
reactions above 200 MeV. Therefore, it is desired to
measure the continuum spectra from (p,p'x) reac-
tions in this energy region.

Stopping detectors, such as scintillator detectors
are useful for measurements of proton spectra over
a wide energy range. Especially, stacked spectro-

meters arc suitable for these measurements in the

intermediatc energy rcgion[1].ThC CCriじ m―doped

gadolinium orthosilicate,Gd2Si05(CC)~GSO(CC),
has sevcral advantages E2]such aS a relatively high
density and a high radiation hardncss, and is

suitableゃr eXperiments in this enёrgy region.
A stackcd GSO(Ce)SpectrOmcter was designed[3]

to measurc continuuln spectra from(p,p′ χ)reaC―
tions at incident encrgics of 200-400�【cV.

There is a cOnll■on problem in using a scintil‐

lator as a stopping dctcctor.Some particles undcr=

go nuclear reactions in the dctcctor material or
scatter out ofthe detector before being 3topped by

the ionization process.Sincc a part ofthc cncrgy is

lost by scattcring out of the detcctor volume,the

generated pulse height bccomes lower.Therefore,
whcn monoencrgctic protons are mcasured by
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a stopping detector, a full energy peak and a tail of
lower pulse height events are observed in the en-
ergy spectra. Because the spectrometer will be used
to measure absolute cross sections, it is necessary to
accurately know the absolute efficiency of the spec-
trometer for various energy protons. Up to now, we
have tested the stacked GSO(Ce) spectrometer us-
ing cosmic rays [4]. In this work, an experiment
was performed at the Research Center for Nuclear
Physics (RCNP) of the Osaka University to investi-
gate the absolute efficiency of the spectrometer for
protons.

In this paper, the efficiency of the stacked
GSO(Ce) spectrometer for protons up to 310 MeV
is presented. It is compared with a simple Monte
Carlo calculation.

2. Experiments

2.1. Apparatus

A GSO(Ce) crystal has several advantages [2]
such as a relatively high density of 6.7lglcm',
a short scintillation decay time of 60ns, a large light
output and a high radiation hardness. These fea-
tures are suitable for measurements of intermediate
energy protons. Therefore, we decided to use GSO
(Ce) crystals as a main part of the spectrometer.

A schematic diagram of the spectrometer is
shown in Fig. 1. The spectrometer consisted of
three plastics, three cubic GSO(Ce) crystals of
43 x43 x 43mm3 andacylindrical GSO(Ce) crystal
of 62mm diameter by 120mm length. Each plastic
plate was 5 mm in thickness. One of them had an
aperture of 15 mm diameter and acted as an active
slit to determine the solid angle of the spectrometer.
Their coincidence and anti-coincidence signals were
used as gate signals for a CAMAC ADC. The total
thickness of GSO(Ce) crystals was249 mm which is
sufficient to stop 400 MeV protons. Each plastic
and GSO(Ce) was connected to photomultipliers
(Hamamatsu H1161 and R1924) with the optical
compound (OKEN 6262A) and was shielded from
the external light by aluminum foils of 15 pm.

A spectrometer for coincidence measurements
consisted of a plastic scintillator of 10 mm thickness
and a cubic GSO(Ce) crystal of 43 x 43 x43mm3.

Fig. 1. A schematic diagram of the stacked GSO(Ce) spectro-
meter.

Fig. 2. Experimental set up for the monoenergetic proton
measufement.

2.2. Procedure

The experimental arrangement is shown in
Fig.2. The proton beam of 392MeV bombarded
a polyethylene target of l.2mm thickness. The re-
sponse of the stacked GSO(Ce) spectrometer was
investigated with monoenergetic protons from elas-
tic pp scattering. Protons scattered off the target
passed through amylar window of the target cham-
ber, flew in the air to about lm, and entered the
spectrometer. Since the target includes carbon,
proton-carbon inelastic scatterings take place.
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These reaction events have a continuum energy
spectra and contaminate the measurements of
monoenergetic protons from the pp scattering.
Therefore, they were rejected by the coincidence
measurements. The stacked GSO (Ce) spectrometer
was set at angles of 25",30o, 35o, 40o,45",50" and
60' and the spectrometer for coincidence at the
corresponding angles calculated by the pp kin-
ematics. Then the energies of protons detected by
the stacked GSO(Ce) spectrometer were 310,279,
246,21t,177,I44 and 84 MeV, respectively.

2.3. Energt calibration

The energy calibration was done by using mono-
energetic protons. The energies deposited in each
scintillator of the spectrometer were calculated by
integrating the result of Bethe's equation along the
scintillators depth. For the plastic scintillators, the
nonlinearity of the light output was corrected with
an equation reported in ref. [5]. And for the
GSO(Ce), the non-linearity of the light output be-
low 30 MeV reported in ref. [6] was considered in
the present work.

3. Monte Carlo calculation

If a ratio of a cross section of a detector to that of
a slit is sufficiently large, the absolute efficiency is
calculated from the total reaction cross section
onlTl.In the case where the ratio is relatively small,
some protons scatter out of the detector, because
the proton trajectory deviates from the primary one
after a long distance traveling in the detector due to
the multiple coulomb scattering. Therefore, the
Monte Carlo method is useful to estimate the effi-
ciency. To this end a simple Monte Carlo code has
been developed. In calculating the efficiency, par-
ticles which scatter out of the detector or undergo
nuclear reactions are counted as a tail event. Then
the efficiency is obtained by 1 - Ntuil/N,o,u1, where
Nsil is the number of the tail events and N,o,or that
of the total events.

In the Monte Carlo calculation, the nuclear
reaction, the elastic scattering and the multiple
coulomb scattering as the iirteraction with detector
material are considered. The total cross section of

the proton-nucleus reaction op oVef a wide energy
range is given empirically by [8]

σR=0・045И°7(∠)θ(Ep),

with

/(И)=1+0.016 sin(5.3-2.631n И ),

s(Er) : | - 0.62exp( - Eol200)sin(10.9E; 0'28),

where Eo is the proton energy and A the mass
number of the nucleus. For the differential cross
section of the elastic scattering, Pearlstein has in-
troduced an empirical formula [9], and it was
modified [10] to

do",:* l  R f '
do l2sin(012))

t  /  - \ - l
* exnf - cx(t . 

^)) 
(cm2lsr), (2)

with

R : l0.t4Art3 + 0.722(A + I)lAl x 10- 12 (cm),

x :2kRsin(012),

c :0.2(2081A)'t ' ,

k :+  : 2 . l g7E I t 2  x  10 r '  ( " - - ' ) ,

W : l44.4Er t ' t t '  ,

where I,1/ is the normalization factor as a function
of Eo. Since this equation does not include the
Bessel function, the angular distribution decreases
simply with increasing angle. It, however, repro-
duces sufficiently the experimental cross sections
for various nuclei up to 500 MeV. A fast algorithm

[11] based on Moli6re's formula was used for the
multiple coulomb scattering. In the algorithm, the
effective mass and charge were used as parameters.
Their values for GSO were 70.4 and 47.8 and for
NaI were 87.1 and 45.9, respectively.

4. Results and discussion

Fig. 3 shows a plot of Pl versus energy. The PI is
obtained by[12]

PI=E173_(Et_△ E)1・73 (3)
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Fig. 4. Energy spectrum for 246 MeV monoenergetic protons.
Backeround events were removed.
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Distance from center of Nar(Tl) (cm)

Fig. 5. Absolute emciency of a counter telescope as a function of
distance from the center of the NaI(Tl) in Ref.[13]. Energies of
incident protons are shown in the figure. The broken line shows
the radiai limit of the Nal[l).

The absolute efficiency of the spectrometer for
protons is shown in Fig. 6 as a function of the
proton energy. The solid line in Fig. 6 represents
the efficiency calculated by the Monte Carlo
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Fig. 3. Two-dimensional plot of PI versus energy obtained at
angle of 35'.

where E, is the sum of energies deposited in each
scintillator and LE the energy deposited in A,E
detectors. As shown in Fig. 3 a small number of
backgrounds such as protons from 12C(p,p'x) reac-
tions are included accidentally. To evaluate the
accurate efficiency, these events were removed and
we obtained a response of the spectrometer to
246MeY monoenergetic protons from H(p,2p),
shown in Fig. 4. A sharp peak corresponding to the
full energy peak appears at 246MeY. A tail is
observed in an energy range from zero to the vicin-
ity of the peak. The energy resolution of the spec-
trometer was found to be 7.9MeY (3.2%) FWHM
from the width of the full energy peak. In the
present work, a Gauss function was fitted to the
peak with a least-squares method. Then the num-
ber of peak events was obtained by integrating the
Gauss function. As a result, the efficiency for proto-
ns of 246 MeV was determined to be 0.63.

To make sure of the validity of the Monte Carlo
calculation, the efficiency calculated with the
Monte Carlo method was compared with
Cameron's experiment [13] for a spectrometer
which consisted of copper degraders and a cylin-
drical NaI(Tl) scintillator (12.5 cm in diameter by
7.5 cm thick). The results are shown in Fig. 5 as
a function of the radial position in the spectrom-
eter. Solid lines represent results of the Monte
Carlo calculations. A good agreement between
Cameron's data and the present calculations was
obtained. This suggests that the Monte Carlo cal-
culation is accurate.
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curve which is necessary to obtain the absolute
cross section of (p,p'x) reactions.

The energy resolution of the spectrometer was
found to be 7.9MeY (3.2% of 246MeV) FWHM.
This is sufficient for the particle identification in the
measurements of the continuum spectra from
(p,p'x) reactions.
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Fig. 6. Measured absolute efficiency of the stacked GSO(Ce)
spectrometer for protons as a function of the energy. Also shown
are the results of the Monte Carlo calculations.

method for the present spectrometer (case A) and
the broken line that for an infinite-size detector
(case B). The efficiency obtained by the present
experiment was in good agreement with the Monte
Carlo calculation for case A. The calculation for
case B gave a higher efficiency than the experiment
at above 200 MeV. This indicates that the out-
scattering events are increasing above 200 MeV.

5. Conclusion

A stacked GSO(Ce) spectrometer has been de-
veloped. An experiment was performed at RCNP
with392MeV protons from the ring cyclotron. The
efficiency of the spectrometer for protons up to
310 MeV were obtained from the pp scattering ex-
periment. For instance, the efficiency for protons of
246MeY was 0.63. The results of the present experi-
ment were in good agreement with the calculations
by the simple Monte Carlo code developed in this
work. As a result, we have determined the efficiency


