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A solid detector for intermediate energy protons needs a thick material to stop incident protons. The
response function of detector has a full-energy peak and a tail when monochromatic energy protons are
measured by the detector. A tail subtraction technique with particle identification was applied to remove the
tail. The Gaussian distribution was fitted to a peak in a particle identification spectrum. In this technique,
the window of three times of standard deviation in the peak region was found to be proper in anayzing the
particle identification spectnum. Using this technique, the tail could be removed. The peak efficiencies of the
stacked spectrometer for protons were obtained up to 250 MeV.
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I. INtnoDUcrroN
Nuclear reactions in an intermediate energy region up

to several GeV are thought to be udeful for medical
isotope production, radiation therapy and accelerator-
driven radioactive waste transmutation. Therefore, nu-
clear reaction data in the intermediate energy region
are needed for the applications. Especially, accelerator-
driven transmutation systems need a variety of nuclear
reaction cross section data for the system design, such as
shielding, spallation ta,rget characteristics and transmu-
tation rates. In recent years, some neutron production
data from (p, ,*) 1g66li6ns(r')-(0) were obtained in an in-
termediate energy region. However proton emission re-
action data exist only below 266 14sv(z)-(ts). Therefore,
it is needed to obtain proton emission reaction data over
200MeV.

A proton beam up to 400 MeV is available at the Re-
search Center for Nuclear Physics (RCNP) at the Osaka
University. So, it is possible to measure systematically
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double differential cross section of (p,p'r) reactions in
200-400MeV(16). A detector with wide energ"y accep-
tance and moderate energy resolution about 10 MeV is
required to realize this measurement. We have devel-
oped a stacked NaI (Tl) spectrometer which operates as
a stopping detector.

When using a stopping detector for proton measure-
ments, one must give attention to the response function
consisting of peak and tail events, because incident pro-
tons do not always deposit all of their initial energies
in the detector volume. Some of incident protons are
lost due to nuclear reaction in the detector materials,
and others are lost due to scattering out of the volume
before their full energy depositions. Consequently, even
when the energy of incident protons is monochromatic,
the measured energy spectrum does not indicate a sim-
ple shape. Such spectrum may consist of peak events
which make a full energy peak of incident protons and
tail events which form a continuous distribution at the
lower energy region. It is a serious problem especially in
a measurement of continuum proton spectra of (p, p'x)
reactions. To deduce the double differential cross sec-
tion of the reaction, the unfolding method is a possible
method. However, a difficulty should arise in obtaining
the response funtions, especially, their tail pa"rts.

Instead of the unfolding method, another possible
method is proposed and applied to eliminate the influ-
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ence of the tail events. Here, we introduce a tail sub-
traction technique to remove the tail events because of
its simple procedure. It is essential to give a prescrip-
tion for determining a window for the peak events in
a particle identification spectrum. In this new method,
the tail events are subtracted through an off-line data
analysis. Then extracted cross sections are finally com-
p,ensated rvith "the peak efficienfy" which is obtained by
( , o""ti. ',":\!." , 

" 
x r00[%l ) as a function of energy

\ p e o A  e u e n i s * t a i l  e u e n t s  - -  " r "  r /  * -  -  - * - ^ '  - r

of incident protons.
In this paper) the tail subtraction technique and the

peak efficiency(rz)-(rs) obtained by this technique are
reported. The experimental details are described in
Chap. II. In Chap. III, the discussion about the experi-
mental results is presented. Finall l ' .  a conclusion is made
in Chap. IV.

II. ExppRIMENTAL DETAILS

1. Stacked Spectrometer
A schematic diagram of the stacked spectrometer is

shown in Fig. l-. It consists of two thin silicon detec-
tors, four rectangular NaI(Tl) scintillators, and a cylin-
drical NaI(Tl) scintillator. The two thin silicon detec-
tors of 150- and 300-pr.m thicknesses are placed in front
of the first rectangular NaI(Tl) crystal. The solid angle
of the stacked spectrometer is determined by the effec-
tive area of 450 mm2 of these SSDs. Each rectangular
NaI(Tl )  crysta l  (50mmx50mmx50mm) is  packed in an
aluminum housing and has tn'o optical n'indorvs (top and
bottom) of pyrex glass of 4mm thickness. Photomulti-
pliers (PIIT: HAIIAIIATSU R329-02) are attached to
these optical rvindon's. The last cylindrical NaI(TI) crys-
tal (/80 mmx 180 mm) has an optical contact with a pho-
tomultiplier (PMT: HAMAMATSU R1307) at the end of
the crystal. AII optical contacts are kept well by an op-
tical grease (OKEN-6262A). Between adjacent NaI(Tl)
crystals, there exists a dead layer which consists of a 100-
pm thick aluminum isolation foil and a 6mm air gap.
The overall material thickness of 380 mm is enough to
stop protons up to about 400 tr4eV.

2. Measurernent of Response Function
The measurement of response functions rvere per-

K-- 760mm
Counter Box

Cylindncal NaI(Tl)

φ80 mmx180 mm

A iSSD 150″ m

B:SSD 300μ  m
圏:NaI(Tl)50mm×50mm× 50mln

Fig. l  Schematic diaglam of the stacked spectrometer
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fbrmed using 300-MeV(20) and 350-MeV(21) proton
beams from the ring cyclotron of the RCNP at the Osaka
University.

The experimental arrangement is shown in Fig. 2. A
polyethylene (CH2) target of 1.2-mm thickness was set
in a target chamber. The protons scattered from the
polyethylene target passed through a mylar window of
50-pm thickness of the target chamber and air of about
800 mm. Then the scattered protons were detected by
the stacked spectrometer. In this condition, both the
protons from pp scattering and from proton-carbon in-
elastic scattering were detected by the stacked spectrom-
eter. To obtain the response functions ofthe staked spec-
trometer for various proton energies, monochromatic en-
elgl' protons are needed.

The pp scattering will supply monocllromatic energy
protons at a certain scattering angle but the proton-
carbon reaction ploduces protons with a broad contin-
uum energ'v spectrum. Therefore, the protons from the
proton-carbon inelastic scattering were removed by using
a coincidence spectrometer which consisted of two silicon
detectors of 150- and 300-,rrm thicknesses and a rectangu-
Iar NaI(Tl) detector. AII signals from the stacked spec-
trometer were amplified and reshaped before being fed
into an ADC(ORTEC 811). A gate signal which was
generated by a coincidence between the stacked and co-
incidence spectrometer signals made a clean trigger for
the data acquisit ion system. Therefore, monochromatic
energJ* protons from pp scattering were selectively mea-
sured.

The measurements were performed at proton energies
of  2ISMeV (0 l ,  -  30o) ,  115MeV (0r  :  50 ' ) ,64MeV
(0t : 60') and 22MeV (dl : 70o) with the 300-MeV
primary proton beam('o), and at 250 I4eV (dz, : 30")
and 160MeV (0r: 45') with the 350-MeV primary pro-
ton beam(21).

3. Energy Calibration
The pp elastic events and the proton-carbon inelastic

scattering events were measured to calibrate the energy
deposited in each detector component. A typical energy
spectrum (0r :30 ' )  for  protons is  shown in F ig.  3.
This is the energy spectrum of first NaI(TI) detector of
the stacked spectrometer at the primary proton beam en-
ergy of 300-MeV. An edge observed around 970 channel

l
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The pp scatteillg and p 12c scatte�ng
lst NaI(Tl)at 30〔deg]

ν  pp SCttt“
ng

Maximum energy
deposit 122 MeV

/

500        1000
ADC chamel

1500

Fig. 3 Typical pulse-height spectrum of the first scintillator
for protons

The pp and proton-carbon scattering events were
detected.

corresponds to the maximum deposit energy in a single
rectangular scintillator, because the maximum deposit
energ'y in each rectangular NaI(Tl) crystal is given by
the protons v/hose range is just the same as the thick-
ness of the single NaI(Tl) crystal. It corresponds to the
energy of 1.22MeY(zr). The sharp peak at 760 channel
corresponds to the energy loss of the 215MeV protons
due to pp scattering, 54 MeV(20). The energies deposited
in each NaI(Tl) detector were corrected by using the re-
lation between the light output of the NaI(Tl) scintillator
and the real energy loss in the detector material(22).

III. RnsuLTS AND DrscussroN
The kinds of incident particles were analyzed by means

of an identification parameter. A particle identification
parameter Pe3)(24) is defined by

p : [ E o - ( E - a E ) b ) 1 n . (1)

Here, -D is the energy summed over all detectors, and
AE is the total energy excluding the energy deposited
in the first scintillator. The parameter n is the number
of the scintillators as the AE detector. The pa.rameter
b ha; a constant value of 1.73 for protons(z+). A particle
identification (PI) spectrum can be made from measured
energy data by using Eq. (1).

Figure 4 shows the PI spectrum at the incident pro-
ton energy of 215MeV (dl :30"). In the PI spectrum,
the peak events and the tail events are seen to be a sharp
peak at P:4,350 and tail parts, respectively, as described
below. The shape of the spectrum is similar to the en-
ergy spectrum shown in Fig 5, because we measured
only monochromatic energy protons.

To discriminate the peak events from the tail events,
a tail subtraction technique was applied. A window was
set by referring to the standard deviation of Gaussian
distribution fitted to the peak in the PI spectrum. This
window defined the peak region. To determine the op-
timum window, we referred to the peak efficiency and
the energy spectrum resulted from the PI analysis. Five
windows of. *lo, *2o, *3o, l4o and *5o are displayed
in Fig. 4, where o is the standard deviation of the fitted
Gaussian distribution. By using these windows in the

H.� IUROHKA eι  α′.
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P・articlc idcntincation paralneter(P)

Particle identincation spectrum at the incident pro
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1200

0 50 100 i50 2n0 250 300

Energy [MeV]

Top: Whole energy spectrum for monochromatic
protons of 215 MeV

Middle: Tail part obtained with the tail subtraction
technique

Bottom: Peak part obtained with the tail subtrac-
tion technique
The *3o window was applied.

Fig. 5 Energy spectra for monochromatic energy protons
of 215 MeV

PI spectrum, the peak events were discriminated from

the tail events. With the *4o or *5o window, a tail

appears in addition to a peak in the corresponding en-

ergy spectrum. It suggests the window is too wide. We

found that the shape of the peak in the energy spectrum

was reasonably kept with the *to-I3o windows. With

the *3o window, the peak efficiency was estimated to be
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6970 for the proton energy of 215 MeV. We noticed that
the peak position of PI spectra was independent of the
incident proton energies. Therefore, the tail subtraction
technique was applied to all measurement data.

Energy spectra for protons with a monochromatic en-
ergy of 215MeV are shown in Fig. 5. The top figure
shows the original whole response function of the stacked
spectrometer. The middle and bottom figures show the
tail and peak spectra obtained by the tail subtraction
technique (*3o window), respectively.

Figure 6 shows a typical AE -.O plot. The z-axis
shows the energy sum of the two silicon detector outputs
and the five NaI(Tl) scintillation detector outputs. The
g-axis shows the energy sum of lsslt * Assoz * At,

711

where .Assp 6 and A; represent the energies deposited in
the i-th sil icon detector and the i-th NaI(TI) detector, re-
spectively. The z-axis shows the number of events. The
peak at 215MeV on r-axis is a group of peak events.
The tail events due to nuclear reactions or scattering
out of the detector are observed at lower energies on
r-axis. Other measured events around the tail may orig-
inate from accidental coincidence in 12C(p, p'r) or 12C

(p, 2p") reaction events.
Figure 7 shows fhe AE - E plot at the incident proton

ener&v of 215MeV (dl :30o) with the *3o window in
the PI spectrum. It is noticed that the tail events in
Fig. 6 were completely removed.

Table l- shows the present experimental peak effi-
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Fig. 6 Three-dimensional plot of AE us. E at the incident energy of 215MeV
The tail subtraction technique is not applied.

Table 1 Experimental peak efficiencies of the stacked spectrometer for various proton energies

To compare the experimental peak efficiencies with ca-lculated results, the
results by our Monte Carlo simulation and by Green et al. are also shown.
Statistical errors of our Monte Carlo simulation are within *1%.

Incidentproton Experiment
energy (IvIeV) (%)

Statistical Nlonte Carlo Green eJ al
error (%) simulation (%) (%)

22

62

110

160

215

250

943

915

882

81.3

690

57.5

0 8

0 7

0 6

0 . 2

0 3

0 2

99.8

94.4

89.5

81.1

694

590

99.3

95.8

891

805

712
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ciencies, the results obtained by a Monte Carlo sim-

ulation(25)(26) and the calculated results by using the

equation of Green et aLGs) The experimental errors of '

the peak efficiencies were given by the statistical er-

ror. In our Monte Ca^rlo simulation, elastic scattering, a

multiple-Coulomb scattering and nuclear reactions were

taken into account. The statistical error in the simulta-

tion was within *1%.
Figure 8 represents the values in Table 1. Solid and

open circles show the experimental results at the primary

proton beam energies of 300-MeV(20) and 350-MeV(21) '
respectively. The dashed line shows the result by our

Monte Carlo simulation(2s)(26). The experimental values

are in good agreement with our Monte Carlo calcula-

tions at energies above 100MeV. We confirmed that the

window in the particle identification spectrum was to be

*3o, comparing the experimental peak efficiencies with

the results by our simulation. The slope of our simula-

tion curve changes a little bit at the energy of 270 MeV.

It originates from a change of scattering-out probabil-

ities due to the difference in the cross sections of the

rectangular NaI(Tl) and cylindrical NaI(TI) crystals' In

the lower energy region, the experimental values were

smaller than those of the simulation. These reductions

may be ascribed to a reaction loss due to a dead layer

between SSDs and the first NaI(Tl) scintillator in the

stacked spectrometer. The broken line shows the results

from the equation of Green et al.oe) The equation of

H.MUROHKA cι αJ

With± 3 σ Window

PP scattering 30 deg

215 MeV Proton

＼

＼

＼

＼

Green et ol. is the empirical one, where only the reaction

loss of protons in the detector materials is considered.

The effect of the scattering out of detector is not con-

sidered. Their results are about L0% Ia.r'ger than our

experimental results at the energies of 215 and 250 MeV.

This fact shows the scattering-out events increase with
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Fig. 8 Peak efrciencies obtained from the present measure-

ments
The dashed and broken lines show the results by

our Monte Carlo simulation and by the equation of

Green et al., respectively.
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the proton energy.

IV. CoNct usloN

The tail subtraction technique was proposed to remove
the tail events due to nuclear reactions in detector ma-
terial or scattering out of the detector. By using this
technique, the peak events were discriminated from the
tail events. The response functions of the stacked spec-
trometer for protons were obtained up to 250 MeV. In
this result, we confirmed that the *3o window, where
o is the standard deviation of Gaussian distribution fit-
ted to the particle identification spectra, was good. The
peak efficiencies up to 25OMeV are in good agreement
with the results of Monte Carlo simulation. However, the
experimental peak efficiencies nere smallel than the re-
sults by our simuiation in the iower energy region. One of
ot-igins of these reductions may be a reaction loss due to
a dead la1-er betrveen SSDs and the first NaI(Tl) scintil-
lator in the stacked spectrometer. It was concluded that
the tail subtraction technique was useful to remove the
tail events due to nuclear reactions in detector materials
or scattering out of the detector.
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