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Mean Excitation Potentials*

Doxawo C. Sacks, Stanford Research Institule, Stanford, California
AND
. REGINALD RicuarosoN, Depuartment of Physics, University of California, Los Angeles, California

(Received September 22, 1952)

Previous experimenlal results of 1he present authors on the energy loss of 18-Mev protons in aluminum
are corrected to give a value for the mean excitation potential /=168 ev. It is pointed out that recent
work on the range-energy relationship for protons in aluminum may indicate a variation of [ with proton
energy which iz considerably larger than that to be attributed to the nonparticination of the K electrons

HE results of a measurement of the absolute

energy loss of protons upon passing through
various matertals have been recently published.! Since
that time. it has become evident that an out-of-date
and inaccurate value of the constant €/me® was used®
in computing the mean excitation potentials of these
materials. In the light of new work®=® that has been
done in the field of proton ranges and excitation
potentials, it was thought worth while to correct the
previous computations.

In Bethe's energy loss formula,®

—dE/ 1e=(4a N2/ mE, B=ZIn(2m*/1)—Cy,

the wiomic stopping number 75 <an be obtained fromn
the experimentally detemined ¢E/do by using the
relation

Jogh ~dL

dxmeiryi o\ do 7

Here 8=1v/c, ra=é"/mc?, /4 =atomic weight of the

* This werk was suppotted i part by the joint program of the
U. € Office of Neval Rescarch zad the U, S. Atemic Energy
Commission.

1 D. C. Sachs and J. R. Richavdson, Prys. Rev. 83, 834 (1951).

? We are greatly indehted tc Dr. Joseph E. Perry feor bringing
this discrepancy to our attention.

- Ns Bloemberger and P. J. van Heerden, Phys. Rev. 83, 561
(1951).

¢ K. B. Mather and E. Segre, Phys. Rev. 84, 191 (1951).

3 E. L. Hubhard and K. R. MacKenzie, Phys. Rev. 85, 107
(1952).

¢ M. S. Livingston and H. A. Bethe. Revs. Modern PLys. 9,
262 (1937). See this paper for notation.

ahsorber, .V, = Avogadro’s number, and —~dE’de is the
energy loss per unit surface density of the absorbing
foil. Negligible error is introduced in this experiment
by using the average value of 3° during the energy loss.
Also thie mean excitation potential

I=28mc? exp[ (= B+C) 2]

It is io Le noted from these relations that a half-
percent error in ry will be reflected as a six percent error
in 7.

Using the value 2.818X 1078 cm for ro we ohta'i the
corrected results for aluminum which are shewn in
Table I. The vatues of the other constarts used are
mct=0.5108 Mev, N¢=6.0228X 103 atoms per gram
atom (chemicai scale), A =26.98 g for aluminum. The
weighted average for aluminura becomes [= 168 etec-
tron volts.

TasLi I. Mean excitation potential of ziuminum.

Surface Most probable Mean excitatioa
densily eneray toss atenteal fevy
{mp/cm% (M) {with pienbabie errorn)
7.153 0.153 179.3421.5
14.034 0.301 181.3+13.6
21.432 0.465 17203 25
21.5832 0.470 1€7.0+ 9.£
33.875 0.737 1758+ 7.0
32.395 0.830 1738+ 5.0
47.457 1.048 168.74+ 8.3
57.493 1.276 168.64 59
67.294 1.515 1609+ 5.4
76.849 1.737 161.64+ 4.1
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I:G. 1. Mean excitation potential of aluminum as a function of
proton encrgy. The solid curve connects points abtained from
proton range-energy experiments. The dotted curve represents
an approximate thin-foil energy loss functicn.

Table 1I presents a summary of the results of recent
experiments? which determined the mean excitation
potentiai of aluminum. Our experiment (Sachs-Richard-
son) was performed with thin foils of materiai where
the loss of proton energy in the foils was a small
fraction of the incident energyv {see Table i). In con-
trast, the remaining experimenters measured the com-
plete proton ranges in aluminum. Assuming for the
moment that there is a real variation of I with proton
energy, Kaus has calculated the vaiue of the proton
energy which represents an effective value for the
ertire energy loss. He assumes that

I(E)=I,—alogE
is the functionar relatinnshin hetween I and the proton
r

energy and that ¢,/f,Z 0.1, From this, one abtains the

‘TasLe 1. The results of recent experiments which measured the
mean excitation potential of aluminum.

Mean
1ncident Lffective exciintinn
groton proton potenial »f
energy energ; aiuminum
Experiment (Mev) (Mev) {=v)
Sachs-Richardsen® 17.8 7.8 168+3
Hulbard MacKenzie® 18.0 108 170£2.5
Rloembergen- 35-50 21-30 16445
van Heerden® oar 30-45 161:45
Mather-Segra 340 204 150+5

® See reference 1,
b See reterence S,
e See reference 3.
d See refrence 4.

7 See also D. H. Simmons, Proc. Phys. Soc. (London) A6S, 454
(1952).

J. R, RICIHHARDSON

result that E.~0.6E;... This E. for each experiment
is shown in column 3 of Table 1. Of course, for thin
foits we have Eq>~Eis.. In column 4 of this table, the
Ia1 values (with standard deviations) are listed. The
standard deviations to the excitation potentials were
obtained from the respective papers with the exception
of that of Mather and Segre. In this case the standard
deviation had to be computed from their statements®
of the approximate deviations (i.e., about 1 Mev for
1the energy and 0.2 g/cm® for the ranges).

Figure 1 shows a scmi-log plot of the mean excitation
poterticl of aluminum s proton energy. The open
circles refer to the incident proton energies (column 2
of Table II), while the solid circles represent the
effective energies as defined above. The point corre-
sponding to the thin foil result is not changed when
account is taken of the effective proton energy. Upon

TaBLE HI. Weighted averages of the mean excitation
potentials of various materials.

\Weighted average mean

Material excitation pateadial tevy
Nickel 399
Conner 435
Rhodium 799
Silver 790
Cadmiun, 792
Tin 833
Tantalum 1148
Gold 1383
Nylon 41.3

consicleration of the results in the figure, it is clear that
better experimental data woukl be desirable before
deciding that the variation of / with energy is real.
It should also be pointed out that the effect of 7 of the
nanparticipation of K electrons® has heen taken into
account in the treatment of the experimental data when
use is male of Cy. Even il these calcuiaied corrections
were fgnored entirely, the apparent variation of [ over
this energy range would only be of the order of 6 ev,
which is small compared to the indicated experimental
variation.

The thin foil mean ionization potentials for some
other materials are shown in Table 1I1. These results
were computed using Cy, Cy, - -+ =0, i.e., no corrections
for nonparticipating electrons were made. These correc-
tions, if they were known, would tend to lower the
values of the potentials.

% Sec reference 4, p. 193.
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T TSING a small solenoulal spectrometer,! @ measurement of
U/ the ratio R of the partial decay constant for the Jower en-
ergy spectrum .1 to that of the higher energy spectrum B of posi-
trons from Na2 was made.

The source? whose strength was approximately 0.3 millicuries,
was deposited on a Nyvlon foil whose thickness was 2.5 myz em 2
The seurce was 153 mm in diameter aed its average ihickness
2mgcm %

The detector was a miniature end window Geiger counter of
tength 25 mm and cathode dianseter 7 nun. The end af the connter
formed the “energvosclecting hole™ o the spectiomerer. The
background counting vate with no source in the spectrameter
was 0.07 counts sec L This increased 16 0,09 counts see U with the
0.3 millicurie source in position and with an aluminum plaie
blanking off the “angle selecting batles™ near the source. The
bhackground further increased o O 10-0.12 counts Lo ' with the
source i position and with o Lueite ring <cteienthy thick 1o stop
the most encrgetic pasitrons placed gt e nne docus The vad
cunted e Jor the range olocrved 0 specteunn B, jeoints ear tee
upper fimit corresponding to the smaller Lackeround. T was by
the use of such aring absorber placed at the ring focus that a
background corining nue o e
trum B wus detenmined. The most uncertain of these hackground
rates had a stndard deviation ol 8 pereent.

Momentum plots of the observed spectra e shown in Fig 1,
The wcale of ordiniates 5 10 counts sec ' per unit momentuny e
monmentum being measured inounits s The lines 0w B
inhicate theoretical stupes tor allowed spectea, Spectrum (1 agrees
with the thooretical shape dawn (o 0.8 e, 2 poist well Below the
maxamum, A Kurie plot vields wnend paint 34053 Kev, in
aerecinent with prioe resnirs?
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Spectrometer Measure.nent on the High Energy
Positrons of Sodium 22*

Byron T. Writin
Department of Physics, U niversity of Californsu. Los Argeles, Califirna
(Received December 18, 19521
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Thic diata Biothe 2. spee

grouted states of Bed— 107 and No@® =) aoe-cathind O enr
recion® wis considered for spctinin B.
trum considerably better thay the allowed shape B0 This s
indicated by Figo 1 and shown niare clenrly by the Kurie plots of
spectrurn B in Fig 20 The end point o spectrusa B ar 1xsn s
kev, a vabue inserreement with the sumoof the encrey od the
waraeyrray 11277 kevid of Na@ and the end poinl oo specinn
2342 Kewvs 3 The net counting sate for pairts near the peak of spee
trume Bowas T3 times the bivkgroned rte The standard divia-
Hons 1 the sel countirg indicated.,

Te oldain R we comapared the araas uneder carves JF amd D
The mesilt i A= 1o o300 This beads, using a0 hadt-hie ot 260
vears® for the docan via spectrunt 3 to s decay constaii fo the
decay of Na® 10 the ground site of Ne2 of D333 10x10 e
se¢ !, the vadue being reater if o fraction of the decay o1 spectrum
5 is by odhital clectron capiure,

Fhe 5 vahie which results is ~ 109 This s an order of magn
tude less than the vidue based® on carlier experimental work® avsl
about hadi an oider Jesethan the vilue based in part on atheo
retical consideration.®
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* Saygertedb o parl by phie joiet prognan of the U0 S0 Ontiee of Nawal
Reseun boand the U S0 Ntaooie Faerey Camnmissiia,

tlyron T Wokht, Ani | Plivs, 200 237 (qush
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FAL Fewe 77 Revs Mondern Phive 23010 019510,
CMotganst et Ko Woll, Plos, Rev, 76, 1001 (10939
v PFeenberg ond K. Co Hlamne k. Phve Rev. 750 1877 01940)
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EVHE series of adioactive isotopes BY, N Na® and A has
beer reported by Alvarez! ad by Birge? These isotapes
all decay by positron emission, it least some of the branches of
which fead to excited states that decay by alpha-particle emission
We have observed two new activities which result from the
hombardment of silicon and sulfur by 20 Mev protons frem the
VOLA ovalotron, From thresheld awd enerey considerations, we
Aserihe These aotivities bo 2 et U1 qdeditional members of the
abmne series, Phe snethed of detes o involved the use of a
s tithation woenoa v spectremeter with o Nab onvetal

Wl w0 o 8 BRI i (L3002 00008 second, and i
it faw voateens SRR VORI v Denergy 48202
B Pio T (LINOZ 003 secuni
g 4 it 134t "6y ' vy N
e | NI s jaey i AR !
SneaRy rod \ 4
N " f et
i HERR

eprassted fram T Povaea Review, Vol 90, No. 2, 324, April 15, 1953
I'rinted in U. 5. A

The Short-Lived Radioisotopes P** and CI**}

Nirt W, Giass, Lovts Ko JesseEs, asn 1 ReaiNaed Ricnakpsos
Depastment of Uhysscs, Unirerssty of Calitornsa, Los Angeles, Calsfornsa
(Received March 2, 1953

28.0012+0.0007 amu, and for the CI® a mass of 31.9963+0.0007
amiu, using the values of Li3 for the masses of Sit and S2. These
nuclei are apparently just harely stable to proton emission.

We have search=! for alpha-particles from these activities,
using a ZnS screen andd phatomultiplier, but without positive
results, The sensitivity of our arrangement can be indicated by
the followinzg statement: Fither (a) the alpha-particles have
energy Tess than B Mev or (h) the transition + hich results in their
ciniasion Tuiat protudiity fess than 10 percent of those transitions
which reult in gamma ray emission,

We have also obtained some resulte on AR froni the reaction
M poar A We observe mimnma-radiativns of energy 7.140.2
Mev 533402 Mev, 43402 Mcev, and 293.0.2 Mcev. Our value
sor ke hal Uie is 2 1204 seconds which agrees within experi-

teidl ¢ vth the vadue olitained by Birge?
U e pent seegrom ol the U s nlve ol Navi! Research
~ \I..m nesgy Camme i
Mhares ] Kes

Nt Hirgel ps Rey
3 Wl Phs Rew, 88
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A Nowkt ave K.
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Positron-Electron Scattering at 1.3 Mev*

R. MacKunzm

\
Using an incident beam energy of 1.3 Mev, the ratio of clectron to positron scattering on atomic clectrons
has been determired for the case where one-half the incident energy is transfeered to the atomic clectron. The
casured ratio is 1.82£0.11, which agrees with the theoretical ratio of 1.83, calenlated from the expressions
iven by Myher and Bhabha when exchange effects are included. The lhcorcm al ratio, cxcluding exchange

DN

INTRODUCTION

i llshcd by Mgler' in 1‘)32, has been checked

hyory of electron-electron scattering, puh-
experimentally several times in recent years® and ap-
pears to be correct. However, the theorv of positron-
electron scattering, published by Bhabha® in 1936, has
had very little in the wav of confirmation. Several ex-
periments using cloud chambers® have given indecisive
results because of the dithculty of obtaining enough
tracks ta give cood statistics. Recently, using counters,
Ashkin and Woodward® were 2ble 1o measure the ratio
of positron-clectron to electron-electron scattering for
600-kev particles and obtained good agreement with
theory. This ratio is easier to measure than the absolute
cross section and s the quantity measured in this work.
The Mgller formula for electron-electron scattering
and the Bhabha formula for positron-electron scattering
are reproduced below, where the differential cross-
section is given as a function of the fractional energy e
imparted to the stationary particle.

MOLLER
/ BHABHA (NO EXCHANGE)

| BHABHA (EXCHANGE)
/ T’/

49 x 10724 cm?

S}

I AR ANGLE

4

30° 35¢

40°
Fic. 1. Theoretical differential scattering cross section in

ahoratory svstem as a function of kiboratozy angle. Experimental
point is shown at 33.5°

* Supportced in part by 1he j.int program of the U. 8. Otfice of
Naval Rescarch and the U. S, Atomic Encrgy Commission.

t Now at Reed College, Portland, Oregon.

L C. Mgller, Ann. phys. 406, 531 (1932).

2 L. Page, Phys Rev. 81, 1062 (1951); Scott, Hanson, and
Lyman, Phys. Rev, 84, 638 11951); Groetzinger, Leder, Ribe, and
Berger, Phys. Rev. 79, 454 (1950).

3 H. J. Bhabha, Proc. Roy. Soc. (London) A154, 195 (1936).

1 Ho Zah-Wci, Comv)l rend. 226, 1083 (1945); Von O. Ritter
et al. 7. Naturforsch. ba 243 (19515; G. R. Iloke, Phys. Rev. 87,
285 ( 1952)

5 A. Ashkin and W. M. Woodward, Phys. Rev. 87, 236 (1952).

Mgller [p. 3569, reference 1, with A=e and
Q=mc*(y—1)e]:
da 2wet ¥
(—“) = ————{i(y, ¢),
de/ v mirt{v—1)%
where
¥ € €
Glr, &= -[1 o
y4-1 (l—e) (1—¢)
y—1 e\t
_1_( . (‘-7_ _ﬁ;i‘
vy /A 1l—e7 2
Bhabha:
do e’ &
() - .
de/J 5 nmcd (y—1)%
where
Fly. )= [{l-é-_’(‘y—l)(l—e)
ylv+1)

3= L\"
Hy-tri-erten+ (=) e
y+1

X {320y 1) (r— PG —ate)f

v—1
- — —e{3+-1(-y—l)(l—e\+(y—1)?(1—53)}].
¥+1

1

Y=o
(1=22/cH)}

1
Fu(‘Y, 6)= e —'[1+2(‘)‘— l)(l —6)
y(y+1)

= D1- e+ 3]

The quantity Fo(y, €) is the first term in the expres-
sion for F(y, €) and refers to what Bhabha calls ordinary
scattering, or the scattering that would take place if the
electron and positron cculd not annihilate. The second
term is the “cxchange” term representing the possibility
of annihilation and re-creation of a new pair, and the
third term is the interference term between the first two.
Bhabha plots F(v: ¢} and Fo(y, €) against ¢ for various

678
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creased to 1 mil. The new geometrical factors introdused
by the wide heam caused the monitor ceunter to miss 16
percent of the events that were registered by the detming
counter. With a 1-mil Nyvlon foil, multiple scattering
caused another loss estimated to be around 20 percent,
based on extrapolation to very thin foils of the curves
given by Snyder and Scott.® The 16 percent figure is
common to both the electron and positron cases, but
since the multiple scattering is reported as 10 percent
less for positrons than for electrons,” a correction of 2
percent was subtracted from the positron counting rate.

As can be seen from Fig. 1, the apparent ratio of
electron-electron scattering to positron-electron scat-
tering will be someswhat reduced by the above angular
spread. The effect was graphically estimated to he 2
percent; hence the measured ratio was increased by 2
percent,

The positron source produced a large background of
annihilation radiation. The coincidence counters were
biased so that they were very insensitive to this radia-
tion, but the main heam counter was not so biased, since
it was desirable that all the incident positrons and
electrons be recorded. A 12 percent correction was
necessary for  this gamma-background. It was de-
terminedd by recording the gamma-ray background when
the main beam was stopped at the entrance to the lead
collimator.

In addition to the above corrections, there were
several processes which could give false coinciderces.
The single counting rates for electrons were 20 counts
per second in the defining counter and 28 in the other.
Practically alt of these counts were siray clectrons,
scattered primarily from the 2dges of the lead colhimator.
This was shown by noting that the single counting rates
were not reduced more than the statistical counting
error of 1.5 percent when the toil was removed. With a
ceincidence resolving time of 1 microsecond, the wccl-
dental rate was negligibie compared with the true
coincidence rate of .13 count per second. For positrons,
the initial rites were about 40 and 39 counts per second,
mostly because of anmhilation quanta from the source,
The order of magnitude of the total number ol acci-
dental counts was calculated from a simiple integral
formula involving the resolving time, the individual
rates and the hali-life. For the first few hours the rela-

werated numerieally hecouse of the nresence
atea numenc RUEBEDL NS IreSonics

O W cediy Tl

LION Wil
of the 48- and 6S-minute activities resulting {from Ga®
and Ga®, The correction was approximately 10 percent
of the total recorded coincidences.

Anotlier correction must be applied in the ciase where
a positron stops in one counter and one of the annihila-
tion quanta is absorbed in the other. Taking into
account the number of positruns striking the counters,
the solid angles seen by each counter relative to the
other, and the approximate etliciency of the counters for

141

¢ H. S. Snyderand W. T. Scotr, Phys. Rev, 76, 22()-(111'40). S
7 Groetzinger, Humpkrey, and Ribe, Phys. Rev. 85, 78 (1932).

\f\ 2 Mil NYLON

8| \\
{?:-Electrons
.

(2]
T

il %

X Positrons E\;,
\i‘\

1 1
30 40 5¢
PULSE HEIGHT (Volts)

COINCIDENCE RATE
»
T

N

Iie. 4. Number of scaitering cvents recorded per 108 incident
particles on 2.mil Nyl foil as a Tunction of discriminator
bias.

0.51 gamma-rays, the correction was estimated to he
around 4 percent.

Sirce the individual counting rates did not change
(within statistical limits) wlen the {oil was removed, it
was pessible to sebtract faise comcidences due to both
ule above causes by nitking runs with and without the
foilin phice. The total correction was 135 percent, which
was very close to the calculated estimate.

false comcidences, which cannot be subtracted ex-
perimentally, can he recorded in the following way:
When a positron is absorbed in either the dehning or
monitor crystal, there is a certain probability that one of
the annihilation quanca will be absorbed in the same
crystal, FFor such o gamma-ray the ave @ re path lengih
in the crystal, for all positions of the impinging positron,
is of the srder of 0.4 em. For 0.31-Mev gamma-rays in
Nal, the fractional loss of photons per cm, resuliing
from the phatoelectric elfect, 1s 0.037.3 For a path length
of 0.4 cm, the probability of conversion is then 2.3
percent, giving a total probability of 4 6 percent, since
there are two annikilation quanta. Consequently some
small putses, which would normally be reiected by the
high bias setting, would have their heights increased by
0.51 Mev and be recorded, whereas the corresponding
small pulses in the electron-clectron scattering case
would not. This effect was estimated by noting the in-
crease in coincidence rate in the electron-eleciron scat-
teriig case wien the disciininaton bias was fowered an
amount corresponding to 0.5 Mev (approximately zero
bias) in one side channel at a time. 'The average increase
for such a procedure in hoth channels was 47 percent.
‘Thus the correction to be subtracted from the positron
coincidence rate is 4.6 percent of 47 percent, which is 2.2
percent. There are also Compton electrons which are
four times as numercus as the photoelectrons, but have
an average energy of only 0.2 Mev. Lowering the bias in
one channel by an amount corresponding to 0.2 Mev
; l".\"uliunul Burcau of Standards Report NBS-1003 (unpub-
ished).
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increased the rate 20 percent. llence the amount
subtracted is four times 4.0 percent of 2 percent, which
is 3.7 percent. When this is added to the sbove 2.2
rercent, tie total correction is about 0 percent.

RESULTS

The ratio of electron-electron to positron-electron
scattering is shown in Figs. 1 and 3 after all correetions
have been applied. The theoretieal ratio at 33.5% is 1.83
(with exchange), and 1.36 (no exchange). The experi-
mental ratio is 1.8240.11. Most of this error is due to
uncertainties iin the corrections. The Bhabha theory
with exchange is thus very definitely favored.

The coincidence rates quoted above are only 0.35

K. R. MACKENZIY 682

times the rates expected from absolute cross section
calculations. When the theoretical rate is reduced by the
previously mentioned factors of 16 percent and 20
percent successively, a counting rate for electrons of (.22
coincidence/sec is obtained. The absolute experimental
coincidence rate lies somewhere between (.27 count/sec,
which is the rate just above the noise level near zero
bias, and 0.13 count/sec, which is the rate at the knee of
the curve. Hence no conclusions can be drawn regarding
absolute cross sections.

The authors wish to express thanks to H. Keller, R.
Lel.evier, and R. Schrack who designed and built the
spectrometer, and to G. Jones and S. Plunkett for
assistance with electronic equipment.
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