
used to compute the cross section for a disintegration
process leading to emission of a muon having 0' within.

any particular angular range.
A numerical example will now be given. The cross

section for obtaining muons with angles 8 ~30 is
found to be

o.q;„(0')30')—2.0)& 10 ooZ' cm',

assuming that one starts with 250-Mev pions. The
kinetic energy of these muons will be ~150 Mev. On
the other hand one may compare this with the cross
section for scattering of the pions into an angle 8'& 30',

which is found to be

0„„(g'&30')= /. 7&&10 "Z' cm'.

These scattered pions would have an energy of 250 Mev,
of course, and since the two cross sections are at least
of the same order of magnitude, it should not be
de.cult to detect the muons, if they are actually
emitted. Unfortunately, however, the cross section in

both cases is quite small.
I wish to express my sincere gratitude to Professor

G. Vfentzel, both for suggesting these problems and for
many helpful discussions during the course of the work.
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The Yield of Gamma-Rays and Neutrons from the Proton Bombardment of Fluorine*
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The excitation function of gamma-rays produced by the proton bombardment of fluorine has been
extended from 2.1 to 5.4 Mev with a resolution of 0.1 percent. 17 new resonances were observed with
maxima at 2.32, 2.51, 2.63, 2.80, 3.02, 3.19, 3.49, 3.92, 4.00, 4,29, 4.49, 4.57, 4.71, 4.78, 4.99, 5.07, and
5.20 Mev. The F"(P,N)¹"threshold was determined to be 4.253+0,005 Mev, and the neutron yield in the
forward direction was extended to 5.3 Mev. Maxima occur at 4.29, 4.46, 4.49, 4.57, 4.62, 4.71, 4.78, 4.99,
5.07, and 5.20 Mev. The Ne'9 —F'9 mass difference was calculated from the threshold measurement to be
0.003499 amu.

I. INTRODUCTION
' 'HE excitation function of gamma-rays produced

by the proton bombardment of Quorine has been
previously measured with good resolution in the region
from 0 to 1.5 Mev. l ~ The 15 resonances observed have
natural widths which vary from less than -1.2 to 3'1 kev.
Three additional resonances have been reported between
1.5 and 2.1 Mev. ' It has been shown4 that these gamma-
rays arise from the following reaction:

F'o+ H'~(Ne'o) *~*Q'o+He'+ Q g,

OQlo~Qlo+ h p+ Q

An analysis of the energy spectra of these gamma-rays5
resolves them into two lines at 6.1 and 7.0 Mev. No
lines between 8 and 18 Mev exist having an intensity of
greater than one percent of the 6.1-Mev line. The
resonances in this reaction are of sufficient sharpness

*We are indebted to the United States Air Force for the
financing of the 5.5-Mev Van de Graaff used in this research.

t Summer research participant on leave from the University of
Kentucky.' T. W. Bonner and J. E. Kvaiis, Phys. .Rev. 73, 666 (1948).' Chao, Tollestrup, Fowler, and I.auritsen, Phys. Rev. 79, 108
(1950).

3Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern
Phys. '22, 3S6 (19S0).

4 McLean, Becker, Fowler, and Lauritsen, Phys. Rev. 55, 796
(1939).

5 R. I.. Walker and B.D. McDaniel, Phys. Rev. 74, 315 (1948).

and intensity to serve as useful cahbration points on an
absolute voltage scale. ' ' '

The F"(p,n)Ne" reaction is endothermic with a
measured threshold of 4.18+0.25 Mev. ' The excitation
function has not been reported previously with good
resolution.

The new Van de GraaG accelerator at Oak Ridge' is
capable of producing magnetically analyzed protons up
to 5.5 Mev. In order to determine the energy resolution
and calibrate the absolute voltage scale of this machine,
the known gamma-ray resonances in fluorine were
measured. The excitation function was then extended
to 5.4 Mev. The F"(p n) Ne" threshold was determined.
and the excitation function was measured up to 5.3 Mev.

II. EXPERIMENTAL PROCEDURE

Ordinary 15-mil tantalum sheet was found to have a
very thin surface layer of TaFo (the average stopping
power was about 100 ev for 1-Mev protons), and was

used for targets in the calibration experiments. For
measurements above 2 Mev, thin layers of CaF2 were
evaporated on 15-mil tantalum (the stopping power
was 5 kev for 2-Mev protons). The gamma-ray and
neutron backgrounds were determined from an evapo-

6 A. H. Morrish, Phys. Rev. 76, 1651 (1949).' Herb, Snowdon, and Sala, Phys. Rev. 75, 246 (1949).
8 Creutz, White, Delsasso, and Fox, Phys. Rev. 56, 207 (1939).
9 Robinson, McIntosh, and Nygard, Phys. Rev. 83, 233 (1951).
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rated calcium metal target of proper thickness. The
evaporations were carried. out by Dr. H. E. Banta of
the High Voltage Group.

The gamma-rays were detected with a single crystal
NaI scintillation counter biased to count only gamma-
rays above approximately 3 Mev. The crystal was
positioned one cm from the target along the beam axis.
The neutron yield, in the forward direction, was ob-
tained with a-long counter" spaced 50 cm from the
target. For the determination of the F"(P,n) Ne"
threshold a counter sensitive to low energy neutrons
(about 10kev for this particular reaction) similar to that
described by Bonner and Butler" was employed. Elec-
tronic circuits were conventional. The yieM was moni-
tored by a beam current integrator of the %'att type. "

Protons accelerated by the 5.5-Mev electrostatic
generator at Oak Ridge enter the analyzing magnet
through two adjustable pairs of perpendicular entrance
slits, are bent through 105' (in the vertical plane) with
a radius of 37.7 cm, and leave through two similar pairs
of exit slits. The entrance slits for the present work were
set 4 mm apart, while the exit slits were limited to 1.5
mm, thus permitting a resolution of better than 0.2
percent. The beam voltage is stabilized by corona
current using an error signal taken at the mass-one exit
slits. This maintains the focused beam suKciently well-
centered to permit the somewhat better resolution of
0.1 percent as determined experimentally from the

known gamma-ray resonances in fluorine. These were
observed with their natural widths as reported else-
where. ' By making use of the monatomic, diatomic, and
triatomic hydrogen beams (ranging from 1 to 3pa) the
proton energy may be varied continuously from 0.15 to
5.5 Mev.

The absolute proton energy scale was determined by
calibrating the current supplied to the magnet with
known resonances in fluorine. The three hydrogen
beams available give 31 calibration points ranging from
0.3404 Mev (mass-one) to 5.524 Mev (the 1.381-Mev
resonance on mass-two). The magnet was carefully
recycled between runs. The 0.222-Mev resonance was
too weak to be observed with the present beam inten-
sities at low voltages. The TaF5 target was found, by
comparison of its yield with the somewhat thicker CaF~
targets, to have a thickness much less than the natural
width of any of these resonances. Deposits of carbon
were noted after many hours of operation, but were not
thick enough to shift the resonances by more than 0.05
percent. The 31 points are 6tted with an accuracy of
0.1 percent by an equation of the form

E„=c12—b13 (2)

where E~ is the proton energy in Mev and I is the
magnet current in amperes. However, shifts in the
magnet current amounting to 0.2 percent have occurred
over a three-month interval, and all energies except the

o R CHORINE QAMMA f/'~
~ —CaFa NEUTRONS I

GALS lUM NEUTRONS
TANTALUM NEUTRONS

0 0.4 0.8 I.2 2.0 2.4 2.8 M 5.6 4.0 44 48 5.2 5.6
PROTON ENERGY IN MEV

FIG. 1. Resonances in the yield of gamma-rays and neutrons (in the forward direction) from the proton bombardment
of fluorine. The relative neutron background yields of calcium and tantalum are included.

' A. 0.Hanson and.J.L. McKibben, Phys. Rev. 72, 673 (1947),"T. %. Bonner and J. %.Butler, Phys. Rev. 83, 1091 (1951).
'~ B. E. Watt, Rev. Sci. Instr. 17, 334 (1946).



32 TABx,E I. Resonances in the gamma-ray and neutron yields
from the proton bombardment of Ruorine. E ~ is the measured
maximum in the gamma-ray yield. E is the measured maximum
in the neutron yield (at 0'). j.'g and I'~ are rough estimates of the
full level widths at half-maximum in gamma-ray and neutron
yields, respectively. E~,(Ne") is the calculated excitation energy
for the level in the compound nucleus (Ne").
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FIG. 2. Typical run for the F19(p,e)¹"threshold determination.
A is the 0.9353-Mev 6uorine gamma-ray resonance observed with
the mass-two beam at the mass-one equivalent magnet current
setting of 3.741 Mev. 8 is the mass-one beam neutron threshold.
C is the 0.486-Mev Ruorine gamma-ray resonance observed with
the mass-three beam at the mass-one equivalent magnet setting
of 4.374 Mev.
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(p,e) threshold are reported with this accuracy relative

to the resonance energies of the Quorine gamma-ra, y
calibration points. The F"(p,e)Ne" threshold was

obtained with 0.1 percent accuracy by measurement of
the 0.9353-Mev gamma-ray resonance on mass-two just
below, and the 0,486-Mev resonance on mass-three just
above threshold in a single magnet cycling (repeated
numerous times).

III. RESULTS

Figure 1 shows the yield of gamma-rays produced by
the proton bombardment of Quorine from 0.15 to 5.4
Mev, the yield of neutrons, in the forward direction, from
threshoM to 5.3 Mev, and the neutron backgrounds from
calcium and tantalum (thick target yield). The gamma-

ray background from these elements was negligible.
The gamma-ray yield below 2.1 Mev contains the

known resonances with the exception of the one at
0.222 Mev which was not observed because of insuf-

6cient intensity. Above 2.1 Mev, 17 new maxima are
observed at 2.32, 2.51, 2.63, 2.80, 3.02, 3.19, 3.49, 3.92,
4.00, 4.29, 4.49, 4.57, 4.71, 4.78, 4.99, 5.07, and 5,20
Mev. The experimental resolution is 0.1 percent, but
the levels are so closely spaced that the resonances are
not isolated, and hence an accurate assignment of their

energy cannot be made. A rough analysis with a scin-

tillation spectrometer indicates that up to 5.3 Mev most
of the gamma-rays arise from reaction (1).

The neutron yield exhibits the same maxima above
threshold at 4.29, 4.49, 4.57, 4.71, 4.78, 4.99, 5.07, and

Number Bw& (Mev) &m~ (Mev) FA (kev) Fg {&ev) B«o (Mev}

2
3
4
5
6
7
8

10
11
12
13

15
16
17
18
19
20
21
22

1.69
1.94
2.03
2.32
2.51
2.63
2.80
3.02
3.19
3.49
3.92
4.00
4.29

~ 0 ~

4.49
4.57

~ ~

4.71
4.78
4.99
5.07
5.20

~ ~ ~

4.29
4.46
4.49
4.57
4.62
4.71
4.78
4.99
5.07
5.20

30
15
60
85
30
90
60
30
80
40
30

110
50

4 ~ ~

30
30
~ ~

30
35
20
35
70

~ 0 ~

45
80
20
20
60
25
45
20
30
70

14.26
14.49
14.58
14.85
15.04
15.15
15.31
15.53
15.68
15.97
16.38
16,45
16.73
16.89
16.92
16.99
17.04
17.13
17.19
17.39
17.47
17.59

5.20 Mev, and two additional ones at 4.46 and 4.62 Mev.
To check that the neutron and gamma-ray maxima
coincided, the yields were re-run simultaneously with
the long counter at 0' and the scintillation counter at
90' with respect to the proton beam. The (p,e) threshold
was determined, with an accuracy of 0.1 percent relative
to the 0.9353-Mev mass-two and 0.486-Mev mass-three
gamma-ray resonances, to be 4,253 Mev. A typical run
is shown in Fig. 2. The Ne"—F" mass difference ob-
tained from this threshold is 0.00349~ amu, taking the
mass difference (I—H') from Li, Whaling, Fowler, and
Lauritsen. "The positron from Ne" has been observed
to have an end point of 2.20 Mev. '4 The maximum
energy for this disintegration is calculated from the
present threshold to be 2.24 Mev.

Table I summarizes the resonances observed in the
gamma-ray and neutron yields, their, estimated level
widths, and the excitation energies in the compound
nucleus Ne~o calculated from

&. .= [12.646+ (19.0044/20. 0126)E j Mev. (3)

The proton binding energy 12.646 Mev was obtained
from the mass values of Mattauch and Flammersfeld. "

It is a pleasure to acknowledge the eGorts of the staG
of the High Voltage Engineering Corporation who con-
structed the very one accelerator used in these experi-
ments. Thanks are also due to W. T. Newton, W. %.
Werner, and A. J. Hamilton for their assistance in
maintaining and operating the machine and allied
experimental equipment.

'3 Li, Whaling, Fowler, and Lauritsen, Phys. Rev. 83, 512 (1951).
'4%'hite, Delsasso, Fox, and Creutz, Phys. Rev. 56, 512 (1939)."J.Mattauch and A. Flammersfeld, Z. Naturforsch. (special

edition) 1949.


