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Proton-Go~~a-Ray Coincidence Cmu»~~ with Cyclotron Bombardment*
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A technique is given for studying associations between protons and gamma-rays emit ted when

a target is bombarded with particles from the cyclotron. A description is included of the theo-
retical considerations involved and of the apparatus developed. The results on the AP~t,'a, p) Si'o

reaction indicate that no gamma-rays accompany the end group of protons, while other groups
exhibit coincidences. The coincidence rate increases with excitation energy. This may be due to
cascade transitions giving more quanta, or to increased sensitivity for higher energy quanta.
The fourth group observed with zero-degree bombardment is shown to be a composite of
knock-on protons and protons from the reaction. A brief proton group study is included with

Q values in essential agreement with previous work.

I. INTRODUCTIOH

IW~NE method of studying nuclear energy levels

is the observation of proton groups from

(n, p) and (d, p) reactions. These groups are
usually ascribed to the formation of the residual
nuclei in various energy states, the end group
corresponding to the ground state. The nuclei

which are excited then revert to the ground state
with the emission of gamma-rays. If this inter-

pretation and the energy levels derived from

proton data are correct, coincidences should oc-
cur between gamma-rays and appropriate proton
gl oups.

Because of the intrinsic difhculties involved,

relatively little has been done on the gamma-
radiation produced in such bombardment. Still
fewer experiments have been carried out on co-
incidences between particles and gamma-rays
emitted in transmutation reactions. Bothe and
v. Baeyer' first observed proton-gamma-coinci-
dences in the bombardment of boron by polonium
alpha-particles. They found no genuine coinci-
dences with the end group of protons, while the
next group exhibited coincidences. Maier-Leib-
nitz, ' using a paraffin "proton radiator" for the
neutrons, found neutron-gamma-coincidences in

the Be'(a, n)C"' reaction. He and Bothe' also
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repeated the boron experiment. In these experi-
ments natural alpha-particle sources were used.

The purpose of the present work has been to
develop a technique by which proton-gamma-
coincidence work could be done with cyclotron
bombardment. The instrumentation problems
for coincidence work with cyclotron bombard-
ment are considerable, primarily because of the
background radiation from the machine and be-
cause of the limitations on possible solid angles
for the counters with respect to the target. The
apparatus developed to meet these difhculties is
described below with the first results obtained in

the study of the Al" (a, p) Si"reaction. This reac-
tion was chosen for developing the technique for
two reasons. First, aluminum is a single stable
isotope for which the proton groups from alpha-
particle bombardment are well known. Second,
the background radiation problem is smaller with
alpha-particles than with deuterons. Once estab-
lished, the method may be applied to other
reactions.

The general procedure employed consisted of
bombarding a thin target with particles from the
cyclotron. Proportional counters, of appropriate
designs, were used to record emitted protons and
gamma-rays, respectively. Pulses from each
counter were fed to a preamplifier and then to a
high gain video ampliher. The ampli6ed pulses
were mixed in a coincidence circuit of special
design, and coincidence pulses were recorded on
a mechanical recorder.

Proportional counters were chosen for three
reasons. First, since in the proportional counter
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the pulses depend primarily upon the collection
of electrons, the time lag uncertainty between
the formation of the primary ionization and the
occurrence of the counter pulse is smaller than
with Geiger-MOller counters. This makes pos-
sible the use of fast electronic circuits without
loss of genuine coincidences. Second, the propor-
tional counter and its preamplifier recover very
rapidly. Third, with a proportional counter for
protons it is possible to set the counting level so
that only those protons near the ends of their
ranges will produce sufhcient ionization to record
in the counting circuits and Bragg "peaking"
results. This allows one to examine each group
separately in coincidence counting.

2. NUMERICAL CONSIDERATIONS

Most of the basic ideas involved in coincidence
counting may be found in v. Baeyer's original

paper. ' Dunworth4 has treated the method in

greater detail with special reference to radio-
active decay schemes. Because of the occurrence
of gamma-rays from the several competing reac-
tions in target bombardment, and because peak-

ing of the proton counter was employed, the
equations which apply in the present case are
somewhat diferent and more complicated.

Let X„andN~ be the counting rates per second
in the two counters, C, and C, the genuine and
chance coincidence rates per second, e~ and e,
the intrinsic counter ef6ciencies, Q„and Q~ the
counter-solid angles expressed as fractions of the
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Fir. 1. Top view of the geometry for proton counting,
showing, from right to left, the extension tube from the
cyclotron, the rectangular limiting slit, the bombardment.
cnamber and target, and the proton counter with its foil
holder. The inset shows the target area hit by the beam.

4 J. V. Dunworth, Rev. Sci. Inst. 11, 167 (1940).

total sphere about the target, 8 the beam in
particles per second, k~, k„,and k, the yields per
bombarding particle for the production of pro-
tons, neutrons, and inelastically scattered alpha-
particles. Then

where p; represents the fraction of the total
number of protons produced that occur in the
ith proton group. This factor appears because of
the use of peaking. With this type of operation
cosmic rays, gamma-rays, and beta-particles do
not record in the proton counter. The background
arising from neutrons in the proton counter is
negligible when an alpha-particle beam is used.

Representing by S'~ the average number of
gamma-rays emitted per proton (protons of all

energies are considered here), and by W„and W,
the average number of gamma-rays emitted per
neutron and per inelastically scattered alpha-
particle, respectively:

N, = W„k+e,„Q,+W„kjoe,„Q,
+W,k,Be„Q,+e,bF(B), (2)

where F(B) is the number of gamma-rays or
cosmic rays incident upon the gamma-counter
per second from sources other than the target. It
is obviouslv some increasing function of B. Be-
cause the gamma-counter eSciency is a function
of the gamma-ray energy, the e,'s in Eq. (2) must
be interpreted as the weighted mean values of
the efFiciencies for all the different gamma-rays
associated, respectively, with each type of par-
ticle. The additional subscript on the e's refers
to the origin of the radiation, proton, neutron,
etc. This expression obviously has too many un-

knowns to be of much value in itself. Its im-

portance, however, lies in enabling one to write
down the approximate Eq. (5).

If we assume that no angular correlation exists
between associated protons and gamma-rays, the
number of genuine proton-gamma-coincidences
per second (corresponding to the ith proton
group) is

C, = (p;k +e„Q,)Q, Q nl;Tv:„
j=-1

=NQ„Qm;g»,
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Fra, 2. Drawing of the details
of the proton counter designed
for large solid angle. The counter
was connected directly to the
preampli6er case.
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w1&ere m;, is t1ie average number of gamma-rays
of energy hv; associated with each proton in

group i. Since "branching" may occur, m;; may
have any positive value, including fractiona1
ones. The corresponding efFiciency of the count-
ing system for each gamma-ray is e». If branch-
ing does not occur, Eq. (3) becomes

(3a)

where m; is the number of gamma-rays associated
with each proton of the ith group, and e7 is the
average efficiency for the gamma-rays associated
with these protons. For the number of chance
coincidences per second we have

C, = 2TN~E„

where T is the resolving time of the counting
circuit. Substituting the expressions for N„and
N„from (f.) and (2) into (4), and dividing the
resulting expression by (3a), we obtain

C, 2TJ3 2TF(B)
[W„k„+W„k„+W,k,j+ . (5)

Cff 'R; &,Q7

t'he simplest case has been taken, with e7 87@

=87 =e„=e7
Equation (5) and either (3) or (3a) are very

useful qualitatively in designing the apparatus.
ln order to make C, large, while keeping C,/C,
small, it is desirable to have 0„,Q„e„,and e, as
large as possible. On the other hand, T should

be as small as possible, and the smallest bear»
intensity 8 consistent with yield is preferable.
This minimizes not only the first term in (5) but
also the second, since F(B) is an increasing func-
tion of B. Good gamma-counter shielding is im-

perative to keep F(B) small.
In a given experiment the total coincidence

rate with the ith group of protons is measured,
as well as &V~ and N7. Since the proton counter
is insensitive to cosmic rays, beta-particles, and
gamma-rays, one needs only to calcu1ate C. from

(4) and subtract this from the total coincidence
rate to obtain C,. Taking the ratio C,/(Xi, Q„},
one obtains a value for Q w;,e». This coupled

with a knowledge of the proton group energy
spacing, and the gamma-counter e%ciency es. hv

curve, enables one to clarify the level scheme.

3. EXPERIMENTAL APPARATUS

The apparatus designed and constructed to ful-
611 as well as possible the above criteria is
described below. A zero-degree bombardment
chamber, Figs. j. and 3, was chosen because of
the large proton solid angle possible. The circular
brass Hange, into which was silver soldered the
cylindrical brass tube, was bolted through a
rubber-gasket vacuum seal to the tube leading
to the cyclotron "can." Insulating bushings were
used for the bolts so that the beam intensity
could be measured by simply clipping a gal-
vanometer lead to the chamber Range. The
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FIG. 3. Photograph showing the cyclotron magnet, with
the extension tube leading out to the bombardment
chamber. Part of the lead gamma-counter shielding is
shown. The target was immediately behind the aluminum
proton window.

bombardment-chamber tube was made as small
as possible to allow a large Q~. An aluminum-foil

(8.36-cm air~orrected for stretching under
vacuum) proton window was waxed to the end
of the chamber.

Immediately inside the window was placed a
thin aluminum foil (1.01-cm air), backed by a
gold foil of 8.60-cm air (stopping power taken as
5.20), which stopped the bombarding alpha-
particles. These foils were carefully cleaned and
were held in good metallic contact with the
chamber by the inner friction tube shown in

Fig. I. The total bombardment chamber wa11

thickness through which gamma-rays had to pass
was one-eighth inch. This will be reduced in
future work to minimize absorption of weak
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Fr@.4. Photograph of the gamma-counters in place above
and below the bombardment chamber. A lead plate, for
further shielding, was slipped over the nose of the bombard-
ment chamber, The tube between each counter and its

~~

reampMer me necessary to keep the latter out of the
ringing 6eld.

gamma-rays. The beam passed through a lead
plate with a rectangular hole in it, which limited
the beam to hitting the target only. The iron
tube acted as a partial magnetic shield in getting
the beam away from the machine.

The proton proportional counter, Figs. 1 and 2,
was especially designed to give a large proton
solid angle. The wire was 5-mil platinum with the
unattached end melted into a tiny platinum ball
and then coated with glass. This made the
counter eRective over nearly its entire cathode
diameter. The large window was a 4.54-cm air
(corrected for stretching) aluminum foil. The
L-shaped shie1d, connecting the counter to the
preamplifier case, was necessary because of space
limitations near the cyclotron magnet yoke. The
axis of the counter was parallel to the center of
the beam.

Pure argon at 20 cm of Hg was used, with

cathode potentials ranging from 740 to 1000
volts. The depth (beyond the window) to which

protons had to penetrate in order to count (biases
set for peaking) was calculated from data taken
with ThC' alpha-particles to be approximately
(0.6+0.2) cm air. No attempt at great accuracy
was made because of the poor proton-counting
geometry necessary for the coincidence work. A

foil holder was slipped over the nose of the
counter so that carefully calibrated aluminum

foils (1.518 mg/cm' equivalent to one cm air)
could be placed between target and counter. The
total basic absorption for the protons emitted at
zero degrees was 25.1 cm air, subject, of course,
to variation in stopping power with proton
energy.

Because of the large collection angle for pro-
tons (the effective solid angle for coincidence
counting was approximately 0.07) with the corre-

sponding variation in both proton energies and
basic absorption, extrapolated beam energies
were used. Even then, how they should be ex-
trapolated under the above conditions led to
some uncertainty in measuring ranges. Clearly,
this apparatus, designed for coincidence work,
was not expected to give precision Q values.
Those given below were obtained as a necessary
by-product of the coincidence work.

The gamma-ray counter has been described in
an earlier publication. ' A photograph of it with

' B. B. Benson, Rev. Sci. Inst. 1Ã, 533 (1946).
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its preamplifier is included in Fig, 4. The counter
was long and large for large gamma-solid angle.
Since the preamplifier did not operate properly
in the fringing field of the cyclotron magnet coils,
it was found necessary to build the intermediate
cylindrical shield to bring the preamplifier further
away from the magnet, where it operated satis-
factorily. Pure argon at 50 cm of Hg, and a
cathode potential of 1600 volts were used for the
work reported here. This corresponded to opera-
tion in the transition region between true propor-
tional counting and Geiger counting, and gave a
reasonably high e%ciency while still retaining the
desirable features of a proportional counter. The
average gamma-solid angle was approximately
0.08.

As shown in Figs. 3 and 4, between four and
five inches of lead shielding was placed between
all parts of the cyclotron acceleration chamber
and the gamma-counter. This reduced the cy-
clotron gamma-background to the point of being
negligible with an alpha-particle beam. The sec-
ond gamma-counter, shown in Fig. 4, was built
originally to increase the gamma-ray solid angle
but was found more useful as a control unit, with
the voltage turned down, to eliminate line dis-
turbance which got past the voltage regulators.
Any coincidence counts which occurred simul-

taneously with one from this counter were
thrown out. Very few of these spurious counts
occurred, ho~ever.

The circuit diagram for the counter preampli-
fiers is given in Fig. 5. The variable capacitive
feedback from the plate of the second tube to the
contro1 grid of the first tube made possible the
neutralization of the capacity of the input part
of the circuit, including the counter and its lead,
almost to the point where self-oscillation set in.
In this way very narrow pulses with a steep rate
of rise were possible. The signal-to-noise ratio
was still ample. The fourth tube acted as a
cathode-follower impedance transformer, trans-
ferring pulses from a high impedance level to a
low one, for transmission through 75-ohm termi-
nated cable to an attenuator box on the video
amplifier. This prevented r-f pick-up, as well as
minimized pulse attenuation in going from the
cyclotron room, where the preamplifiers were, to

o H. L. Sd ult, Phy~ Rev. ~, 689 (&946}.
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FM. 5. )05-volt capacity-neutralized preamplifier for No.
2 y-counter and for proton counter. The variable capacitive
feedback from the plate of the second tube to the grid of
the first made it possible to neutralize the input capacity
of the system and thus attain a very rapid rate of rise.

the control room, where the remainder of the
circuits were located for easy adjustment while
running. The video amplifiers and regulated
power supplies have been reported previously. '
The gain of the amplifiers was approximately 80
db, with a band width of four megacycles per
second. The amplified counter pulses, as deter-
mined with a synchroscope, were about one
microsecond in half-width and had a rate of rise
of less than 10 ' sec.

The circuit diagram for the coincidence circuit
is shown in Fig. 6. Each of the two channels con-
tained, in order, a burr stage, a diode discrimi-
nator with variable bias, and two stages of
amplification, after which the pulses were fed
into a blocking oscillator pulse-sharpening stage.
The special feature of this arrangement was that
a blocking oscillator pulse of constant shape and
size was initiated by the first part of the leading

edge of the amplified pulse coming in. Neglecting
the delay of perhaps 10 ' sec. , which was the
same in both amplifier channels, the position in

time of the front edge of the blocking oscillator
pulse was essentially coincident with the first ar-
rival of electrons on the counter wire. Therefore,
since electron transit times are of the order of
only 10 ' sec. , the variation in the time correla-
tion between the formation of the primary ioniza-
tion and the initiation of the blocking-oscillator
pulse was much less than the rate of rise, which
was only 10 ~ sec. Clearly, it was desirable to set
the discriminator biases as near "noise" as pos-
sible. The resolving time was determined pri-
marily by the width (about 0.3ti sec.) of the
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FIG. 6. Circuit diagram for the coincidence circuit, with a pulse-sharpening blocking-oscillator
stage in each channel. The resolving time was S X10 ' second.

Tan. E I. Summary of the results of the proton counting
on Al2~(a, p)Si'0, with the Q values of Duncanson and
MiBer, B Haxel, and Meerhaut'0 included for comparison.

Extrapo-
lated
range

(cm
('ron p air)

Proton Q-value
energy (Mev)

Siao
excita-

tion
(Mev)

Q-values (Mev)
Dun-

can son
and

Miller Haxel Meerhaut

blocking-oscillator pulses. This agreed with the
value for T of approximately 5 X10—' sec. deter-
mined from Eq. (4).

The mixer tube was a 6AC7 pentode, with the
grids biased below cut-o8. A multivibrator out-
put stage was used, with a 6V6 tube driving the
recorder. Before the coincidence runs the pin jack
on the output of the gamma-channel blocking
oscillator was used with a counting rate meter to
calibrate the gamma-counter rate as a function
of beam intensity. During coincidence runs the
protons were recorded by connecting a modified
Higinbotham scaling circuit to the output of the
buEer tube connected to the proton blocking
oscillator. This prevented any possible inter-
action with the coincidence circuit proper be-
cause of loading of the blocking oscillator. The
scaling circuit actuated a mechanical recorder.

The ampli6er of the second gamma-counter,
used as a control only, was connected separately
to its own recording circuit.

4. DATA ON THE REACTION APi(a, P)siao

I. The proton groups from this reaction have
been studied by many workers. The work prior
to 1937 accepted by Livingston and Bethe' as
being the most authoritative is that of Duncan-
son and Miller ' and of Haxel. ' Meerhaut" found
essential agreement with them in 1940. Since all
the previous studies were done with natural
alpha-particles, the following data, obtained pri-
marily as an aid in orientation in the coincidence
work, are of some interest in themselves, despite
the poor geometry necessary.

Figure 7 is a plot of the proton-yield vs. proton-
absorption data. The proton counter was set for
the best possible peaking. The "unit beam" was
approximately 2.5X10 ' microampere of alpha-
particles, and one-minute counts were taken. To
obtain the actual number of counts per minute
multiply ordinates by 0.7. The small dip in the
peak of the second group is interesting in that it
appeared in all of the single runs whose composite
is shown.

Two auxiliary experiments were carried out on
the fourth group, since both the fourth group
observed by Duncanson and Miller' with right-
angle bombardment and any knock-on protons
from hydrogenous contamination were to be

1 101.6
2 60.8
3 40.8
4 25-30

9.34
6.98
5.55
4.2-
4.65

2.22—0.06-1.44-2.63
to-2.20

0
2.28
3.66

about
4.6

2.26-0.02—1.32—2.49

2.3
0.0—1.1—2.6

2.2S
+0.01—1.15

~ M. S. Livingston and H. A. Bethe, Rev. Mod. Phys.
9, 301 {1937).

B W. E. Duncanson and H. Miller, Proc. Roy. Soc. 146,
396 (1934).' 0.Haxel, Zeits. f. Physik 83, 323 (1933);88, 346 (1934);
90, 373 (1934)."O. Meerhaut, Zeits. f. Physik 11$, 77 (1940).
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expected here. A brief run was taken with
the aluminum target removed, the beam hit-
ting the gold backing. A proton yield was ob-
served at an absorption corresponding to the
fourth group and of the same order of yield.
Another run was taken with a thin layer of
vacuum grease smeared on the gold backing. .k
proton yield at the same absorption, but of ap-
proximately j.00 times greater yield, was ob-
served. The group consisted, therefore, at least
largely of knocl. -on protons, although the coinci-
dence work showed that some protons were truly
associated with the aluminum reaction.

ln Table I the extrapolated (and corrected)
proton ranges, energies, and corresponding Q
values from the present work are given, with the
Si" excitation levels derived therefrom. An ex-
trapolatnl alpha-particle beam energy of 7.3
Me~ was used. Tn addition, the Q values of
l&uncai)son a»d AIiller, Hazel, and .Ipteerhaut
&t e 111cll,ldRd.

In the coincidence work the voltage on the
proton counter was set as high as possible (for
high ethciency), subject to being somewhat below
where beta-particles would record. The proton-
yield curve with the counting system set as for
coincidence counting is shown in Fig. 8. It should

be noted that the groups were separated, a fact
which is important in the interpretation below.

The method employed in the coincidence
studies was to set the proton absorption at each
of the values indicated on Fig. 8 by the abscissae
of the five vertical lines shown, i.e. , 25-, 33.8-,
50.6-, 78.0-, and 89.7-cm air, respectively. Thc
proton absorption was also set at infinity" by
inserting a —,', -in. thick copper plate to stop all
protons. This was a second control to check that
the circuits were operating properly. At each of
the absorptions the number of proton-gamma-
coincidences per 1600 recorded protons was
measured. The runs were taken in a random
fashion so far as the value of the absorption was
concerned, with an average of approximately
35—40 runs at each absorption. This method was
chosen for three reasons: (1) Any slight fluctua-
tions in counter efficiencies or cyclotron c..ondi-
tions canceled out. (2) The number of chance
coincidences at each absorption was approxi-
mately the sante, since although t.he proto|i
counting rates at each absorption were different,
those with low rates were counted on for longer
times. (3) The number of genuine coincidences
per proton allowed not only information on the
gamma-counter e%ciency to be found, but also
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FIG. i. Graph of the composite proton yield vs. absorp-
tion data, with, 'biases set for the best possible peaking. The
small dip in the second group occurred in each of the
separate runs.

Fro. 8. Graph of the proton yield vs. absorption data,
with biases set for coincidence counting. Compare the
yields of Figs. 7 and 8. The numbers above the vertical
lines indicate the number of genuine proton-gamma-
coincidences per 10' protons at each of the five values of
absorption.
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Absorp-
tion
{em No.

Group air) runs
Nq.

protons

Ap- Ex-
prox. pected Gen-
total No. chance uine
time coinc. coinc. coinc.
(min}Ctot I Cs C~

Gen-
uine

colnco
per
10' Probable

pro- error in
ton Cg/104

1 897
1(a) 78.0
2 50.6
3 33.8
4 25.0

32
7

37
39
43
16

51,200
11,200
59,200
62,400
68,800

64 3 3
35 0 07
15 37 4
20 64 4

8 10 4.5
32 0

0
0

33
60
5.5
0

0
0

5.6
9.6
0.8

+0.7
+0.85
+09

yielded information concerning gamma-ray tran-
sitions. The beam intensity was recorded each
time (so that a knowledge of an average N„was
possible) as well as the length of time for each
run. All circuits were allowed to come to equi-
librium before use. Table II is a summary of the
results of the coincidence experiment on the
aluminum reaction. The approximate probable
errors were calculated by taking

(Cr)' Cg
X X0.67.

Cy 104

5. DISCUSSION AND INTERPRETATION

It should be noted that in approximately 32
minutes of running (interspersed among the
other runs), with an infinite absorption for the
protons, no "coincidence" pulses occurred, indi-

cating the circuits were operating satisfactorily.
The number of expected chance coincidences mas
calculated in each case from Eq. (4), using a
resolving time T of 5 X10 ' sec. and an average

N~ equal to 65 per second (determined from the
gamma-rate ss. beam calibration). Instead of
considering P~ as a counting rate, the total number

of protons recorded was used, giving the number
of chance coincidences directly.

The number of genuine gamma-ray coinci-
dences observed with 51,200 protons in group
one mas zero, indicating that no gamma-rays are
associated with the end group of protons. Be-
cause, however, of the much lower e%ciency of a
copper cathode gamma-counter for very low

energy radiation, "one cannot exclude absolutely
the possibility of a weak gamma-ray being associ-
ated with the end group. In addition to the much

u H. Bradt, P. C. Gugelot, O. Huber, H. Medicus, P.
Preiseerk, and P. Sd errer, Helv. Phys. Acta 19, 77 (1946}.

Tsar.E II. Summary of the results of the proton-gamma-
coincidence counting on the reaction AP (e, p)Si' .

lower efFicieney any weak radiation mould have
suffered greater absorption in the wall of the
bombardment chamber and in the counter case.
From the coincidence work alone, therefore, the
possibility of the association of a weak gamma-
ray mith the end group cannot be ruled out, but
it can be stated that (except for the existence of
a long-lived metastable state) the Si" level corre-
sponding to the end group cannot be more than
a few tenths of a Mev above ground, for the
occurrence of an energetic gamma-ray or several
low energy ones in cascade would show up
clearly. One means of clearing up this uncer-
tainty would be to use a gamma-counter with a
lead cathode, since its eKciency mould not drop
so greatly for low energies.

As further evidence, the high pressure ioniza-
tion chamber work of Savel" in 1934 may be
cited. He found that two components existed
(one of 0.55 Mev and one of 2.i Mev) in the
gamma-radiation excited by the bombardment
of a1uminum by polonium alpha-particles. The
former was attributed to annihilation and the
latter to the (a, p) reaction.

Since the coincidence work excludes the possi-
bility of any gamma-rays of greater than a few
tenths of a Mev being associated with the end

group, while other work indicates that no radia-
tion of this order of energy is present (except for
pair annihilation radiation), the conclusion to be
drawn is that the end group leaves the Si" in its
ground state, and mass values calculated on this
basis are justifiab/e.

The second group at 50.6-cm air gave 5.6 genu-
ine coincidences per 104 protons. For lack of
evidence concerning any excitation level in Si'
between 0 and 2.28 Mev, it is reasonable to as-
sume that only one gamma-ray accompanies each
proton. In this case Eq. (3) reduces to C,/N~
=Q,e~, and putting in C,/N~=5. 6X10 ' and

0,=0.08, we obtain e, = 7 X 10-' for hv= 2.28
M ev. The in trinsic eS,ciency of the gamma-
counter at 1600 vo1ts is therefore approximately
half that of a Geiger-Muller counter. With higher
voltages the eSciency increases, being about
8.5X10 ' at 1650 vo1ts.

For the third group (assuming no intermediate
levels between 2.28 and 3.66 Mev) three possi-

~ P. Savel, Comptes Rendus 198, 368 (1934).



PROTON-GAMMA-RAY COINCIDENCE

biiities exist: (1) A direct transition to ground
with one gamma-ray of 3.66 Mev for each proton;
(2) a cascade transition with one 1.38- and one
2.28-Mev gamma-ray accompanying each pro-
ton; (3) branching, with both types of transitions
occurring. The expected number of genuine co-
incidences per 104 protons for the 6rst two cases,
assuming that no angulal correlation exists and
that the proportional ga,mrna-counter followed
the efficiency curve of a Geiger-Muller counter,
can be calculated. "Kith e2.~8 equal to 7X10 ',
we get from simple proportions that t-'~. 38=4.1
&10—' and e3.66

—-9&10—'. The latter is obtained
by extrapolating the brass curve.

Therefore, in case 1, C,/N„=0.08X9X10 '
=7.2 coincidences per 10' protons. In case 2,
&,/Ã~=0. 08X (7X10 '+4.1X10 ') =8.9 coinci-
dences per 10' protons. The number of coinci-
dences per 104 protons actually observed with the
third group was 9.6+0.85. The calculated value
from case 1 thus lies outside the probable range
of fluctuation, while that for case 2 lies within it.
This may be taken as indication that the cascade
transition is more likely than the direct transition
to ground. Since this interpretation is based upon
the assumptions above, and depends, further,
upon how the e%ciency curve is extrapolated out
to 3.66 Mev, the efficiency curve for the propor-
tional gamma-counter must be determined ex-

perimentally before a conclusive statement can
be made.

Finally, the value of 0.8 coincidence per 10'
protons for the fourth group indicates that while

most of the protons in this group are not associ-
ated with gamma-rays and are therefore knock-
on protons, it is still possible to detect the pres-
ence of those protons associated with the (a, P)
reaction. The brief data at 78.0-cm air are insufFi-

cient to make any quantitative statement, but
the indication is that the first group is a single one.

6. SUMMARY

The 6rst results of the application of the coinci-
dence method to the study of the A12~(a, P)si30
reaction show that to a high degree of probability

the end group of protons leaves the Si" in its
ground state. The coincidences observed with the
second group have been used to calculate the
eSciency of the gamma-counter for 2.28-Mev
radiation. Preliminary results indicate that a cas-
cade gamma-ray transition from the second ex-
cited state in Si' may be more probable than the
direct one to ground. The presence of protons
associated with the third excited state has been
demonstrated, despite the high background of
knock-on protons.

In considering further applications of the
method to the study of nuclear transmutations,
the following are possibilities: By producing the
same residual nucleus in different ways, it is not
only possible to see if the same levels occur in all
cases, but also whether the same gamma-ray
transitions occur. In this way information on any
selection rules which may exist may be obtained.
Further information may be obtained from the
measurement of proton-gamma-coincidences per
proton as a function of gamma-ray absorption, as
well as from gamma-gamma-coincidence studies.
The method should be applicable to the detection
or examination of close nuclear "doublets" by
measuring proton-gamma-coincidences per pro-
ton as a function of proton absorption. With
variable delay techniques metastable levels may
be looked for and studied. Reactions may be ex-
amined for angular correlations between protons
and gamma-rays. The technique can be very use-
ful in the interpretation of the proton groups
obtained in the bombardment of multiple isotope
elements.
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