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limits are chosen, but the reasoning becomes clear when one relates the range to the proton energy
that corresponds to it: Ry corresponds to the energy the proton has when it strikes the front E
counter and R; corresponds to the energy the proton has on exiting this counter. Hence to find
the light output we, in effect, integrate the energy loss over the energy range that the proton has
while transversing the front E counter. In figure 1 there appears to be a discrepancy between the
data on the transmission protons and the calculated curve. Since the slopes of the calculated and
fitted curves are almost identical, we believe that the difference between the two curves is due to the
constant “a” used in the equation for calculating the light output. According to reference [1], a=25.0
mg/cm?, and this value was obtained from fitting stopping proton data in the 1 to 14 MeV energy
region. It appears that a different constant has to be used for the transmission case. Normalizing
the theoretical curve to our data, in a first order approximation, leads to a constant a=27.0 mg/cm?.

Reaction losses in various materials have been reported in the past [8,9,10]. When a proton
passes through a material it can undergo nuclear interactions, and it is often important to know the
number of these interactions, and to be able to separate them from losses due to other causes. For
example, this knowledge is necessary when one wants to extract absolute cross sections. Losses can
be caused by edge effects, in other words, a proton incident at a certain angle to the detector passes
through the detector before depositing all of its energy. These are also known as purely geometrical
losses.

The proton can also scatter elastically within the counter, and although elastic scattering is
peaked forward and hence the proton normally stays within the confines of the sensitive volume,
it sometimes scatters out of the detector and corrections have to be made. In addition, nuclear
inelastic reactions are quite important. A proton interacts and produces deuterons, tritons and
alpha particles, and although most of the energy of these particles is usually recovered, the energy
deposited in the counter is less than that for the protons that stop in the detector without interacting.
Finally, (p,7) and (p,n) reactions also contribute to the losses. All of these processes remove protons
from the full energy peak and produce a reaction tail from the lower energy side of the peak all the
way down to the minimum energy threshold of the detector.

A detector system of the type used to collect the present data has never been reported for use

in an experiment where high energy protons are stopped within the counters. It is known that the

probability of nuclear interactions occuring increases as the energy of the incident particle increases,
and at very high energies the problem becomes serious enough that stopping detectors can not be
employed. In the detected energy range of 60 to 220 MeV, however, the reaction losses are in fact
a reasonable fraction of the total number of counts within a detector. Figure 2 shows an energy
spectrum for a particular counter on Arm-B. The detected protons come from the 7+(CD;) — ppX
reaction and a '2C subtraction has been performed, thus leaving only events from the #*d — pp
reaction. The low energy tail, contained between arrows a and b, accounts for 35% of the total
number of counts of this spectrum, for a full energy peak of 160 MeV protons. However, geometrical
losses are included in this tail in addition to bona-fide reaction losses. To separate these two effects,
software cuts are placed on the acceptance (opening) angle of the detector, which is defined by the
MWPCs. The opening angle is actually defined by the X and Y dimensions of the counter at the
calculated proton range in this counter. Figure 3 is a result of these cuts. In this histogram the tail
has been reduced considerably, and now comprises 15% of the total counts in the spectrum. The
percentage of the total number of counts in the tail, for various energies of the detected protons, is
listed in table 1, and is plotted in figure 4. It should be noted that the errors in energy, listed in

table 1, are due only to the kinematic spread in a 10 cm width of the detector; the uncertainty in

the pion beam, or other errors, have not been folded in.

The performance of plastic scintillators with regard to reaction losses is indeed superior to that
of sodium iodide crystals. This fact is not surprising considering that the reaction cross section for
protons in Nal(Tl) is a factor of 8 higher than that in plastic [11].

Finally, when one examines a reaction on a nucleus larger than the deuteron, after eliminating
the losses due to edge effects, it is possible to separate lower pulse height events arising from nu-
clear reactions from those due to “true” low energy particles by comparing the spatial energy loss
distribution observed in the detector to that predicted from the range-energy relations for “true”
particles [12]. An example of this can be seen in Figure 5 where the proton and deuteron bands are
clearly separated. Pions can also be seen in the low energy region of this three-dimensional plot,

and can be separated easily by applying appropriate software cuts.
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A Arm bFnergy Calibration
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Figure Captions .
60 T T T T T T T T T
06 07 08 09 10 11 12 13 14 15 16
Fig. 1: Deposited energies for protons are plotted versus light output for the 15 cm thick front Relative Light Output
counters of Arm-A. The dashed lines indicate least square fits for the stopping and transmission Fig. 1
proton energy calibration cases, while the solid lines represent theoretical calculations via the method
of reference [1].
B . 500 | 1 1 Il
Fig. 2: Proton energy spectrum of the 7*d — pp reaction for an Arm-B counter with no cuts
m.vv—mo&. . 400 — —
Fig. 3: Proton energy spectrum of the 7+d — pp reaction for the same energy, angle and counter
300 — -
as that in Fig. 2, but now with the detector acceptance angle cuts applied.
Fig. 4: Energy dependence of proton reaction losses in plastic scintillators. The number of counts .m 200 -
o
in the reaction tail of each spectrum, expressed as a percentage of the total number of counts, is
100 -
plotted versus the 7+d — pp full energy peak (in MeV) of the corresponding spectrum. i
Fig. 5: Three-dimensional plot of AE versus E counters at Tx+ = 165 MeV incident kinetic energy o S i S
q 50 100 150 200 250
and 65 = 90°, g = —63°. The proton, deuteron and pion bands can be clearly seen.
-100 T T T T

Proton Energy (MeV)
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