
ELECTRON SCATTERING CROSS SECTION 1057

There exist in the literature no calculated numerical
data for the total cross section Qe, including relativistic
effects, for a Thomas-Fermi field, to be compared with
our results for Qs. The previous paper indicates that
the total cross section tQs is a good' approximation to
the exact rQs because

~
f(t')) ~' agrees well with the

numerical data, which suggests that the relativistic
total cross section Qs should yield a good approximation
also.
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IC-series fluorescence yield (tex) measurements have been made for vanadium, manganese, and neon
using the proportional counter method. The values obtained are the following: vanadium, 0.304&0.013;
manganese, 0.308&0.015; and neon, 0.043&0.004. A discussion of method and errors is given and a com-
parison of these values with other computed and experimental values is made.

INTRODVCTION

HEN a vacancy in the E shell of an atom is
filled by an electron from an outer shell, the

electron rearrangement is accompanied by the emission
of an x-ray or an Auger electron of the E series of that
atom. The fraction of the number of E-shell vacancies
for a large number of atoms of the same atomic number
leading to the emission of x-rays is called the E-series
fluorescence yield (wz) for that element, and in the
same way the remaining fraction leading to the emission
of Auger electrons is called the E-series Auger yield.
It is evident that measurements of the intensity of the
E x-rays or E Auger electrons or both can give informa-
tion as to the number of E-shell vacancies produced in
a source. This information is of special interest when
the vacancy has been produced by electron capture or
internal conversion in radioactive atoms. Other appli-
cations of these measurements have been discussed by
3ergstrom. '

Many summaries of E-series fluorescence yield meas-
urements have appeared in recent years' ~ indicating
better agreement of results for various experiments and
methods. The magnetic spectrometer method measures
the Auger electrons directly; hence zv& values have been
determined for elements of high a,tomic numbers (greater
than 46) with an accuracy of 1 to 8%. The solid angle
difference method utilizing the NaI-Tl scintillation

* Work performed under a U. S. Atomic Energy Commission
Research Contract.

t Now at Davidson College, Davidson, North Carolina.
' I. Bergstrom in Beta- und Gamma-Ruy Spectroscopy, edited by

K. Siegbahn (North-Holland Publishing Company, Amsterdam,
1955), p. 624.

e E. H. S. Burhop, The Auger Epee' (Cambridge University
Press, Cambridge, 1952), p. 45.' Broyles, Thomas, and Haynes& Phys. Rev. 89, 715 (1953).

«P. R. Gray, Phys. Rev. 101, 1306 (1956).' C. E. Roos, Phys. Rev. 105, 931 (1957).

counter as the detector is described by Roos' and has
been used to measure m~ for elements of low and inter-
mediate atomic numbers with an accuracy of 1.5 to 5%
The proportional counter method described previously6
possesses good accuracy and a certain uniqueness for
determining z~ for noble gases and radioactive nuclei
which have undergone electron capture or internal con-
version. The proportional counter is well adapted for
determining zv~ for elements of low atomic number in
that it has a high detection eKciency for low-energy
x-rays and electrons. This method has been used to
determine the fluorescence yields of vanadium, manga-
nese, and neon.

EXPERIMENTAL

The proportional counter used in this experiment was
similar to the one described previously' except that it
was made of aluminum. There were two source positions
available. The previous source position was an opening
in the wall of the counter which was covered by a
cylindrical aluminum cup in which the gas pressure was
the same as the counter pressure. The other source
position was a brass tube extending about 6 inches into
the counter and parallel to the central wire. The source
ring was fastened to the end of this probe thus position-
ing the source at a distance of 0.8 inch from the central
wire. In order to avoid field distortion, a potential di-
vider between the central wire and the counter wall was
used to supply a potential to the source tube which
corresponded to the potential of the counter field at that
point. The counter details are shown in Fig. 1. The
counting gas used in the measurements on vanadium
and manganese was a mixture of 90% argon and 10%
methane, of 99.9%purity. The electronic components of
the spectrometer are essentially the same as used in

e Harrison, Crawford, and Hopkins, Phys. Rev. 100, 841 (1955).



FREy JpHNSTpN ANAN D HPpK

SOURCE
HOLDER

I

I~i
1

g --~TEFLON

I ....gl

SOURCE TUBE
TERMINAL

previous measurem t tensexce t tp

20

CL

l2

z
00SULTSEXPERIMENTAL RE

e spectra shown in F . 2
Cr source on th

ig. were ob tained by placin

filled h f h f
e source robe

lng

S e
r s o one atmos

sourc
aine without an a

rce and spectrum 8 was obwas o tained with a 1 54
a sor erover theso

mg CDl

electrons. Th~ '' "t'u h b ~

e source to remove th A
as een corrected for thr ea-

t C b y btracting curve 8 f
ig er energy peak of

rom
o curve 2 shpwn at

I

200 400
PULSE HEIGHT

600

FrG. 2. Cururve A is the total s ec
t d C'curve is the A ger el tec ron spectrum,

a Pulse hei ht of 540 is pilncj
-ray and correspond to

p y the vanadium ~ L

ak ~ho~~ t
ergy of 4.9

e
. R aPulsehei hto

e

e vanadium & LL A
g 43o is principa

H.V. o a,n
uger electrons

R

)URcE

PUT
energy of 4 44 k C

and corresponds

trlbution of the vanad' ~
represents the con-

IQ she}] g

Fro. y

&-shel] A
urve C represents th

. e ce to curve

Auger electrons to
on of vanadiums e contribution

rG. 1. Proportional cocounter.

s o cu . s e portion
low-energy el t o

ows R similar
db 1 i th F» o

e counter filled
a source

SO

Th hi hig er ener e
ere of

URCES AND PREPARATION

1 h i ht f 545
'

o is principall t
s own at

The isotopes u dse in this wor

p y"
x-ra on s to an en

R'

C" dF"
rom the Isoto es

e Rnd
own at apulse hei ht

' '
i

ergy of 5.90 ke

t e manganese E-LL A trDo'
a orator . Cr~'

e a t
uger electr e

on capture to the ro
oo te tri

espon s

nbution of the man anese — e

deca s

curveCreprese t th
q o the time to an exci

, an A andc
anganese E-shell Auore

s the emissio of 320s ate with t
E-

n s e contri

y. e source had
lin

ec rons to curve A
i utionof man ganese

9 55

In

rv . 0,' ted hd
a e ow-energ elec

state of Mn"
s on y electr

r an
se s of s ectr

to the total
e ground

x-ray intensity is ma
ri ution

Considerable eG

'
y y EM d

e e ort has been de

i e manner a smal
' '

n

tlon of thin condon ucting source ba
evoted to the pprepara- A

o ibution t t
n enslty is made b

'n ote

Some backings f 5—

uger electrons. Th

s o —10 pg~cm'
sources.

s. e L-shell vac
b

'
h

hd

e spectra.
no con-

hin aluminum IlngS. n
o measure the 8 y

y p in ig. 4
p opo tional counte fill d

ne a mosphere of ress ix uren . pressure with a mixture

in each
in uni orm sources. he e

lace

26- V--5I X-RAY AND

AUGER

d 11 d f'
solu

RC illg
24- SP

so utions were neutral' ed b ad
and electroplated

'
he with 60 and 3 mic

4

G

---A

1 Thy g ' oyt

f 11 d }ld

Cl

wit lstllled water befo ~ I6

thi k of 40 pg Cm2 Rlld R

RC lng

4&(10—' pg/cm'.

!
a source thickness of



I

5.9 KEV
I

I

MN-55 X RAY

SPECTRUM

1N NEON

E

ne o . o
' . Thene of 99.9% purity. T end 10 o methane, o

ct taken with act a
'

a 1.53-mg/cm alum'ctrum was a
urce of Fe us in

spect

3 Wth th
laced over

the spectra of Fig.

h re is onlyo p

L dMthe gas a

sorbed a ong
og

'll b f dP
h' "l 1in r of the initial p o oe so h gyoing

d x-rays from e
r at an energy

electrons an x-

e ea ok f r neon x-ray
in to the difference

'

d the binding energy
Ok..). Th...,...

f th loll db
to the E x ray energy t e

r neon is sma a o

peak is no
es a aussiian distribu, e tota

otal ea,
If one assume

cts it from the to

d at an energy of ev.oun

Fig. 4.

IOO

80

Oz0
~~ 60

I-z 40
0
V

20
I 56 KEV

5 KEV
I

200 6004000
PULSE HEIGHT

m andeAist e oe
'

h t tal spectrum,Fxc. 4. Curve
curve I3is t e e

DISCUSSION

fluorescence yie oin the E-senes
ntribution to un-

In computing

g„h.„;.„...nadium an

h Auger electrons.~eto t"t l g

dso thickness an nbe due to sosource
electron c
at ortion o

in estima i g

ddi th d

l60

l20

M, AN NeYI F LDSESCESER.IES F"

z0
V

u 80

I-z
0
V

40

100 500300
PULSE HEIGHT

700

is the x-ray1 s ectrum, curve
spectrum, and curv

ld f
to J~

s not qu
eak was withinpo '

ilit for t e
~% an od for the escape pea

d
ted

hat all backing thicknt indicate that a
bout the same

e 36.5+6.5 pg/cm' for

uce a maximum
'

ilit in spec ru
f'dh

h th re was an

e d uncertainty o
—1th tb

er an anu
tiono t es



1060 FREY, JOHNSTON, AND HOPKINS

RESULTS

F51 V51

In order to determine the E-series fluorescence yield
of V", the counter e%ciency for 5.0-kev x-rays was
measured by comparing the areas under the x-ray peaks
when the counter is operated at two different pressures.
The efficiency was found to be (98.6+0.5)%. The effi-

ciency for Auger electrons was assumed to be 100%.
The most probable value obtained from measurements
on three separate sets of spectra similar to those shown
in Fig. 2 was m~ ——0.304&0.013.

Fe55-Mn55

The E-series fluorescence yield of Mn55 was deter-
mined from two separate sets of spectra similar to those
shown in Fig. 3. The measured counter eKciency for
the 5.9-k.ev x-ray was (94.1&1.0)% and again the elec-
tron efficiency was taken as 100%. The most probable
value obtained was m~ ——0.308&0.015.

Neon

To determine the E-series fluorescence yield of neon,
it was necessary to examine the spectrum of Fig. 4. As
indicated previously, the Gaussian distribution fitted
to the total energy peak includes neon E x-rays which
did not escape from the counter but which were re-
absorbed. A correction for this contribution to the total
intensity was estimated from absorption data' and the
mass of gas per cm' as seen by the x-rays. Also since it

7 Margaret Lewis, National Bureau of Standards Report NBS-
2457, April, 1953 (unpublished).

is not possible to distinguish between the amount of
radiation absorbed in the E shell from that absorbed in
the L, 3f, E, shells, a correction was made for the
fraction of incident radiation absorbed in shells other
than the E shell. The "E jump" value used in making
this correction was J~= 15 and was obtained from the
extrapolation of a curve reported by RindQeisch. ' After
corrections were made and errors considered, the most
probable value for the E-series Quorescence yield of
neon was found to be @~=0.043&0.004. No allowance
was made for systematic error.

There being no reliable experimental data available
to the authors for the E-series Quorescence yields of
vanadium and manganese, values of 0.286&0.025 for
vanadium and 0.290&0.025 for manganese were com-
puted from the semiempirical relationship of Burhop'
and found to agree within the limits of error. Also our
values fit the fluorescence yield zersls atomic number
curve reported by Roos." The calculated value from
the semiempirical relation for the E-series fluorescence
yield of neon was 0.0080&0.0018. Experimental values

of 0.083" and 0.018&0.004" have been obtained by
Locher and Heintz, respectively. The wide variation in

values gives an indication of the uncertainties involved.
Even though uncertainties exist in the above evalua-

tions, the authors believe that a liberal allowance has
been made in estimating the probable errors.

' H. Rindileisch, Ann. Physik 28, 409 (1937).' E. H. S. Burhop, J. phys. radium 16, 625 (1955).
ie C. E. Roos, Phys. Rev. 105, 93 (1957).
ii G. L. Locher, Phys. Rev. 40, 484 (1932).
ir J. Heintz, Z. Physik 143, 153 (1955).
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The internal bremsstrahlung associated with allowed P decay is calculated for the case for which the
gamma-ray energy is less than 2mc, the kinetic energy of the electron in its final state is small compared to,
mc', and Ze'/Ac is small compared to 1. It is not assumed that (Zes/hc)mc is small compared to the final
momentum of the electron, or to the gamma-ray momentum. Results are obtained for the gamma-ray energy
spectrum and for the angular correlation between the electrons and the gamma rays. For S", for which the
above assumption would seem to be satisfied, the agreement between theory and experiment for the number
of gamma rays per P disintegration per mc' is better than that previously obtained; because of uncertainties
in the experimental results, the extent of the improvement is not clear. Under the additional assumption that
the final kinetic energy of the electron is small compared to the gamma-ray energy, an expression is derived
for the polarization of the gamma rays.

2. INTRODUCTION

HE probability of internal bremsstrahlung for
allowed P decay was first calculated, in the Born

approximation and for vector coupling, by Knipp and
*Submitted in partial fulfillment of the requirements for the

degree of Doctor of Philosophy at New York University.
t Now at Physics Department, Adelphi College, Garden City,

New York.

Uhlenbeck' and by Bloch'; their results are commonly
referred to as the KUB theory. These Born approxima-
tion calculations were subsequently extended'4 to

' J. K. Knipp and G. E. Uhlenbeck, Physica 3, 425 (1936).
s F. Bloch, Phys. Rev. 50, 272 (1936).' C. S. W. Chang and D. L. Falkoif, Phys. Rev. 76, 365 (1949).
4 Madansky, Lipps, Bolgiano, and Berlin, Phys. Rev. 84, 596

(1951).


