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suggests allowed beta transitions to the 535- and 650-
kev levels as observed. However, with the invocation
of conventional selection rules, it is not possible to
explain the large value of log ft of the transition to the
57-minute metastable level (i3I= 1, no, allowed).
Recently, De-Shalit and Goldhaber" have discussed
the problem of anomalous values of log ft for allowed
and first forbidden beta transitions. They have empha-
sized the possible inQuence of the nuclear core. Their
explanation can be applied if the ground state of Ru"'
is assumed to have orbital g7/2. In that event, one or
more pairs of neutrons of orbital d5/2 will be present
in the ground state configuration of Ru"'. The most
probable configuration would be g7/2' ds/2'. On the
other hand, the eGect of the g9/2 protons of Rh'" on
the isomeric and 95-kev levels would be such as to
make the neutron configuration of those levels g7/2'

d5/2 . According to De-Shalit and Goldhaber, '5 the
beta transitions would be further slowed by the change
of orbitals (ds/s~g7/s) experienced by one pair of
neutrons. From these considerations, it can be said

"A. De-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953).

that the neutron configuration of the 535- and 650-kev
levels of Rh"' is probably g7/2 d5/2 very similar to the
arrangement of the neutron pairs of the ground state
of Ru"'.

Since the value of log ft for the electron capture decay
of Pd"' to the isomeric level of Rh"' corresponds to an
allowed transition, the ground state configuration of
Pd' 3 is probably g7/g'.
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High-Energy Gamma Rays from the Proton Bombardment of Fluorine*
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Resonances for emission of gamma rays of energy greater than 8 Mev in the reaction F's(P, y)Nese have
been measured for proton energies from 550 to 1450 kev using a thin target. Resonances were seen at 669,
874, 935, 980, 1090, 1280, 1320, 1355, 1380, and 1430 kev. The eRect of false high-energy gamma-ray counts
resulting from the nearly simultaneous detection of two 6-7 Mev gamma rays in the reaction F"(p,ay)O"
was noted and a method for correcting for this eRect was devised. The intensities of gamma rays for the two
reactions were compared at each resonance. Also, the angular distribution of the 12-Mev gamma rays
emitted at the 669-kev (p,y) resonance was measured and found to be isotropic to within two percent
probable error.

INTRODUCTION

ESONANCES for the emission of 6.1-, 6.9-, and
7.1-Mev gamma rays from the proton bombard-

ment of Ruorine in the reaction P'(P,cry)OIe are well
known. ' It is also known that at 669-kev proton
bombarding energy the compound nucleus Ne"* can
decay by alpha-particle emission to 0"*and also by
gamma-ray emission to the 1.63-Mev level in Ne".

* Sponsored by the Office of Ordnance Research, U. S. Army.
t Now at Bell Telephone Laboratories, Murray Hill, New

Jersey.
t Now at Virginia Polytechnic Institute, Blacksburg, Virginia.
$ Now at International Business Machines Corporation, Louis-

ville, Kentucky.
' F. Ajzenberg and T. Lauritsen, Revs, Modern Phys. 24, 321

(1952),

The energy of this gamma ray has been measured to
be about 12 Mev."It was the purpose of this experi-
ment to look for other resonances for emission of
gamma rays of energy greater than 8 Mev, indicating a
transition to some lower energy state of Ne".

The angular distribution with respect to the proton
beam of the 12-Mev gamma rays emitted at the 669-
kev (p,y) resonance in fluorine has been measured by
using two Geiger counters in an absorption-coincidence
measurement. 4 The distribution was found to be
isotropic within ten percent. In the present work,

s Rae, Rutherglen, and Smith, Proc. Phys. Soc. (London)
A63, 775 (1950).' J. H. Carver and D. H. Wilkinson, Proc. Phys. Soc. (London)
A64, 199 (1951).

4 S, Devons and II. G, Hereward, Nature 162, 331 (1948).,
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FIQ. 1. Spectrum of the gamma rays from proton bombardment of Quorine at the proton energy of 669 kev
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measurements have been made to reduce the
uncertainty in the isotropy.

EXPERIMENTAL PROCEDURE

Yield Curves

Protons were accelerated from 550 to 1450 kev using
the University of Kentucky electrostatic accelerator.
The energy resolution was adjusted to &0.25 percent
for this experiment, and beam currents from 0.5 to
5.0 microamperes were used.

The gamma-ray detector was a scintillation counter
composed of a Du Mont 6292 photomultiplier tube and
a 1 in. X1~~ in. NaI(T1) crystal enclosed in a thin
aluminum casing and surrounded by magnesium oxide.
The pulse-height spectrum from the detector was
analyzed by a twenty-channel pulse-height analyzer. '

When obtaining the yield curves for gamma rays,
the voltage on the photomultiplier tube and the gain
of the ampliher in the pulse-height analyzer were
adjusted so that pulses resulting from the 6—7 Mev
gamma rays and from gamma rays of higher energy
were simultaneously observed. In this work, 6—7 Mev
gamma rays are referred to as low-energy gamma rays,
and gamma rays of energy greater than 8 Mev are
referred to as high-energy gamma rays. Figure 1 shows
a typical pulse-height spectrum obtained with proton
bombarding energy of 669 kev. The shape of this

s A. B. Van Rennes, Nucleonics 10, 32 (1952).

spectrum is in agreement with other high-energy
gamma-ray measurements and with theoretical predic-
tions. ' The twenty channels were positioned so that the
peak of the pulse-height spectrum from the low-energy
gamma rays appeared in the first five channels and
the peak from the high-energy gamma rays appeared
in the last ten channels. The arrow designated EPHS
in Fig. 1 marks the position of channel one.

The ordinate used for plotting the high-energy yield
curve was obtained by adding all counts that appeared
in the last ten channels; the ordinate used for plotting
the low-energy yield curve was obtained from the total
count sealer. This included the yield of high-energy
gamma rays; but, at most, this never exceeded a two
percent addition and in no way appreciably eGected
the results. It was necessary to do this because the
high yield of 6-7-Mev gamma rays caused the me-
chanical registers in some of the individual-channel
"scale of sixteen" scalers to lose counts. The total
count sealer is a "scale of 256" circuit and was able to
record all pulses.

Figure 2 shows the yield curve obtained for the low-
and high-energy gamma rays obtained from a target
made by evaporating sodium Ruoride upon tantalum
backing. The target was twenty kilovolts thick at the
874-kev (poty) resonance in fluorine. The presence of
the sodium made the analysis of the fluorine yield

171 (1933).
' J. G. Campbell and A. J. F. Boyle, Australian J. Phys. 67 ' ' 1
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dificult, but made possible qualitative confirmation
of some of the recently reported work on (p,7) res-
onances in sodium. '

A second target free of sodium was prepared by
etching the surface of a piece of tantalum with hydro-
Quoric acid. Figure 3 shows the yield curve obtained
using this target which was about fifteen kilovolts thick
at the 874-kev (p,o.y) resonance in liuorine.

' Teener, Seagondollar, and Krone, Phys. Rev. 93, 1035 (1954).

While obtaining these yield curves for low- and
high-energy gamma rays, it was noted that the number
of counts that appeared in the high-energy channels
varied with the beam current even though the proton
energy remained constant. Closer inspection of this
phenomenon showed that the eGect was caused by
two 6—7 Mev gamma rays causing scintillations in
the sodium iodide crystal so close together in time that
the two individual output pulses partly overlapped.
The resultant output pulse appeared as the sum or



PROTON BOMBARD MENT OF FLUORINE 723

4Q- HlGH ENERG Y

O

tO

cu

20-

Qi

C)

IA
t

.!
~ ~ ~ ~ ~ ~ ail sl ~ ~

\
~g

X, ~ l
~ ~ ~ ~ ~

~ ~ ~ ~ s

II
~ ~

0
~ ~

~ ~ eo+e ~ ~ a ~~ gs ~

~ e ~
~ ~

~ ~ tl ~ ~ ~ + ~ ~a yt ~
~ y ~ ~O ~ ~ ~

~ s ~ ~ ~ ~ s~

800- HF TARGET

LQN ENE RGY

400-

P ~ ~ ~ Oyg
~ ~ ~ 0 ~ 0 ~ ~ ~

~ ~

~ ~

~ ~

FO

~ ~ ~ ~ ~ ~ ~ ~ ~

CI
UJ
O

UJ
lL

'x./

~ ~

I

l8

O
g)
O

~ +~ ~ OO ~"~ o~' ~Oy +t ~ ~
~s ~ ~

0
C)

~ ey

~ a

21

Cl
LLJ

'l. w

22

MAGNET CURR ENT (AMPS)
FIG. 3. Gamma-ray yield from proton bombardment of a tantalum fluoride target. The high-energy yield has not yet been cor-
rected for the eRect of pile-up. The high-energy ordinate is in units of 16 counts and the low-energy ordinate in units of 256 counts.

partial sum of the two pulses. The analyzer recorded
the peak of the resultant pulse and hence a false
high-energy count was recorded. This eBect is called
pite ep Amet-hod . of correcting for this effect has been
devised.

Angular Distribution

The angular distribution of high-energy gamma rays
at the 669-kev resonance was obtained by using the
previously described scintillation counter, a linear
amplifier, and a sealer. The discriminator on the sealer
was adjusted to count only pulses from the high-energy
gamma rays. No difhculty was experienced here from
pile-up.

The detector was placed with the crystal face 7 cm
from the target and was rotated in a horizontal plane
about an axis through the target and perpendicular to
the beam. The yield of gamma rays was measured with
the plane of the target making angles of both +45' and
—45' with respect to the proton beam. The yield was

observed at angles of 0' and 45', 90' and 135' on

either side of the proton beam. This permitted experi-
mental correction for absorption of gamma rays in the
5-mil tantalum target-backing. The angular distri-
bution was found to be isotropic within two percent,
after correction for finite solid angle. '

PILE-UP CORRECTION

Bateman' has shown that for radioactive decay
processes the probability that e events will occur in any
given time interval 1 is given by x"e */e!. Here a is
the average number of events occurring in the time
interval considered and is given by at, where a is the
average counting rate. From this, then, the probability
that no events will occur in a time interval t is e
However the probability that an event will occur in a
time interval Q is given by aha. The probability that
an event will not occur for some time interval t but will

occur in a time bt immediately following I, is given by
e 'aQ. If a total of e~ events are observed, then the

' M. E. Rose, Phys. Rev. 91, 610 (1933).' H. H. Bateman, Phil. Mag. 20, 704 (1910).
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The design of the pulse-height analyzer requires that
t' be something less than a microsecond. Also the
experiment was performed holding a to some value
less than 500 counts per second. Hence the above
expression may be approximated by

N„=begat'.

The value of a will be given very nearly by rs,/T,
where n& is the total number of scintillations occurring
in the sodium iodide crystal during the time of observa-
tion T. However in this experiment the total number of
scintillations e& was not detected but only some fraction
of that total. Since the pulse spectrum has a definite

shape, then the total number of scintillations m~ can
be obtained from the observed total count N by
multiplying by some constant s, or e&

——sN. Substituting
for a and N~ we have N„=s'N't'/T.

The total number of counts k that appear in the
high-energy channels will be composed of the true
high-energy counts S&, background counts N&, and

'4 E. Marsden and T. Barrat, Proc. Roy. Soc. (London) 23, 367
(1911)."E. Rutherford and H. Geiger, Phil. Mag. 20, 698 (1910).

expected number that will fall within a time between
t and t+ot after a previous event is rs~e "aot.

This result predicts that small intervals between
events are more likely regardless of the counting rate a.
This result has been checked experimentally by several
authors, ""and it is for this reason that reduction of
the beam current did not completely eliminate pile-up
in this experiment.

This expression, however, can be used to calculate
the number of gamma-ray counts that will occur close
enough together in time to cause pile-up. Suppose that
scintillations must occur separated by a time t' or
less for the leading edges to overlap sufficiently to
cause pile-up. The total number of counts that meet
this requirement is

]I

mate "adt=ng(1 e")—
Jo

RESULTS

The tantalum Quoride target shows evidence of
high-energy gamma-ray resonances at 669, 874, 935,
980, 1090, 1280, 1320, 1355, 1380, and 1430 kev.
Figure 5 shows these resonances after corrections for
pile-up. At the strong resonances for low-energy
gamma rays, the effect of pile-up is very pronounced.

A measure of the intensity of the high-energy gamma
rays was obtained by comparing the ratio of the peak
number of high-energy gamma rays emitted to the
number of low-energy gamma rays emitted at the same
proton energy. This was done by taking into account
the predicted shape of the spectra' and the fact that
only a portion of it was observed. The results are shown
in Table I. At the 874-kev resonance, the value of
0.03&0.01 percent given in the table is in good agree-
ment with an earlier determination" of the ratio as
having an upper limit of 0.05 percent. The resonances
at 1090, 1.320, and 1430 kev are in agreement with
results published during the course of this experiment. "

TABLE I. Intensity ratios. The intensity of the high-energy
gamma rays from F"(p,y)Ne is compared to the intensity of
the low-energy gamma rays from F"(p,ay)O" at the corresponding
energy.

Bp(kev}

669
874
935
980

1090
1280
1320
1355
1380
1430

Intensity ratio (percent)

1.80~0.36
0.03a0.01
0.03~0.01
0.22~0.04
0.34'0.07
0.06~0.01
0.90~0.18
0.12~0.02
0.08~0.02
0.35&0.07

's D. H. Wilkinson and A. B.Clegg, Phil. Mag. 44, 1322 (1953)."R.M. Sinclair, Phys. Rev. 93, 1082 (1954).

pile-up counts N~, or

7r,=N (+N s+N„=N(+ N s+ s't'Ns/T.

The equation for k-N& is linear in N'/T and the slope
contains all the unknown factors. The slope can be
determined experimentally. For this experiment it was
determined by bombarding the target at the strong
874-kev (p,rry) fluorine resonance for 6—7-Mev gamma
rays. k and N were recorded for a specified number of
protons incident on the target for several values of
constant beam current. The resultant high-energy
counts were then plotted as ordinates against values
of Ns/T. Figure 4 shows the result. The number of
background counts in the high-energy channels was so
small that no correction was necessary. The value
of the slope obtained was 1.24)(10 ' second. The
validity of this method of correcting for the presence
of pile-up counts has been satisfactorily established
by use of the 0.61-Mev gamma rays from a Cs"'
source.
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FIG. 5. Yield of high-energy gamma rays from proton bombardment of fluorine, corrected for the effect of pile-up.

The sodium Quoride target shows evidence of high-
energy resonances at 598, 669, 874, 935, 980, 1020,
1090, 1176, 1210, 1290, 1325, 1355, 1380, and 1430 kev.
The additional resonances tnay be attributed to (p,p)
resonances in sodium. Other work' has shown the
existence of resonances in sodium for gamma-ray
energies lying between 1.6 and 12 Mev; the present
work shows the resonances for gamma-ray energies
greater than 8 Mev.
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Note added sn proof It has been re.p—orted that in some scin-
tillation counting arrangements there arise spurious high-energy
pulses due to the presence of 5- to 7-Mev gamma rays, in addition
to those high-energy pulses due to pile-up. To investigate this
effect in the equipment described above, a thick Se' target was
bombarded at various currents at a fixed proton beam energy.
Ã was maintained constant, on the assumption that the number
of spurious counts would be proportional to the number of gamma
rays. The curve obtained, "upon plot ting Ib Eb os N'/T is a"—straight
line which extrapolates to the origin. A reasonable upper limit on
the number of spurious counts gives an intensity ratio, as defined
above, of slightly less than 0.01 percent. It is concluded that the
intensity ratios given above are not altered by this effect.


