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Internal Conversion in Sn"'f
N. BKNZCKR-KOLLKR

Department of Physics, Rutgers UNiversity, ivew Brunswick, Sew Jersey

(Received 31 January 1964)

The total internal conversion coefficient of the ground-state 23.8-keV transition in Sn"' and the ratio
fK/(L+M+ )js44 of internal conversion coefficients of the preceding 65.3-)4eV M4 transition have
been determined by measuring the coincidence rate between the E x rays following internal conversion
of the 65.3-keV transition, and the 23.8-keV gamma rays. The following results were obtained: u =5.2&0.3
and [K/(L+ 3E+ ~ ) ]sr4 =0.42 ~0.02.

I. INTRODUCTION

'HE isotope Sn"' has been extensively used in
Mossbauer absorption studies. The fractions f,

= e '~' of recoilless gamma rays emitted from a crystal-
line source, or f,=e '~ of recoilless gamma rays ab-
sorbed by a crystalline absorber, and therefore the
Debye-Wailer factor 25' for the crystal can be obtained
directly from the observed transmission spectra. How-
ever, in most cases, it is the quantity 0 pf /(1+n) for
the absorber which is obtained from the measurements
and not just f, o.o is the. maximum resonance absorption
cross section and n is the total conversion coefficient for
the transition. It is therefore essential to know a as
precisely as possible before an accurate determination
of the Debye-Wailer factor 28', and consequently, of
the Debye temperature Q~ can be made.

Two previous determinations of u, one from measure-
ments with proportional counters of the coincidence
rate between the 25.3-keV x rays following internal
conversion in the E shell of the 65.3 keV, 3f4 transition
in Sn"'" (Fig. 1) and the 23.8-keV gamma rays, the
other from measurements with scintillation counters
of the coincidence rate between the gamma ray and
the E x rays following the electron capture decay of
Sb'" yielded values' n= 7 3&1.7 and' +=6.3+0.4) re-
spectively. In addition, the ratio of internal conversion
coeKcients of the M4 transition, E/(Lrrr+Mv) =0 41,'
has been determined from Sn'" electron spectra ob-
tained with a 180' magnetic spectrograph and photo-
graphic plates; the value of4 (E/L) =1.5 and' (X/L)
=0.82 had been obtained in earlier work, also from
conversion electron spectra. This investigation was un-
dertaken as an attempt to resolve these discrepancies.

II. EXPERIMENTAL ARRANGEMENT
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aluminum cover, were mounted on RCA 6355 photo-
tubes located at about equal distances from a 0.5-mm-

wide by 0.0005-in. -thick, 0.45-pCi, Sn"' source. The
photomultiplier outputs were fed to two double-delay-
line clipping ampli6ers and single-channel pulse-height
analyzers set so as to accept the whole unresolved x-ray
+y-ray line (Fig. 2). The two gate pulses originating
at zero crossover time were delay-line shaped and mixed
in a coincidence circuit with a resolving time ~=0.25

psec. The outputs of the coincidence circuit and of the
pulse-height analyzers were then fed to a slower coin-
cidence circuit. Part of the measurements were repeated
with a coincidence resolving time of 0.17 psec and the
same true coincidence rate was observed.

The ratio of the coincidence rate E, to the single
channels counting rates SI and Ã2 was measured under
the above conditions as well as with a 0.004-in. pal-
ladiurn absorber between the source and counter g1.
This absorber acts as a critical absorber for the x rays
Ltt (25.3 keV) =56.1 cm'/gm (Ref. 6), ttr (23.8 keV)
= 10.5 cm'/gm (Sec. III)j such that 28% of the & rays,
but only 0.11% of the x rays can still reach that par-
ticular counter. The absorber was supported by a «'~-in. -

The present experiment also consisted in observing
the coincidences between E x rays and gamma rays in
Sn'" with scintillation detectors. Two NaI(TI) crys-
tals, 1 mm thick by 1.5 in. diam, with a 0.002-in.
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4 R. D. Hill, Phys. Rev. 83, 865 (1951).
4 J. W. Mihelich and R. D. Hill, Phys. Rev. 79, 781 (1950).
'Nelson, B. H. Ketelle, and G. E. Boyd, QRNL-828, 19

(unpublished).

FIG. 1. Energy level diagram of Sn'».

50 e R. D. Deslattes, Florida State University, Tallahassee,
Florida, AFOSR —TN—58-tI'84-AD —202009 (unpublished).
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absorbed by photoelectric eBect in the Pd E shell, and
will unfortunately be unresolved from the two Sn'"
radiations. The counting rate in counter g1 consists
of p rays and Pd x rays only. Five terms contribute to
the coincidence rate: The p rays will be in coincidence
with the direct x rays and Compton scattered x rays
as well as with the Pd x rays reaching counter g2,
while the Pd x rays will coincide with the direct p rays
and Compton scattered p rays detected by P2. The
first of these five contributions is by far the most im-
portant. Since the inclusion of the other four contribu-
tions complicates the expression for N, /N1N2 beyond
recognition, only the first term has been kept in the
formula derived below.

RO 30 40 50
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Fio. 2. Sn" scintillation spectrum.

thick lead collimator plate with a 1-cm-diam hole
placed 1 cm away from the source. This plate was kept
in this position relative to the source during all
measurements.

The single and coincidence counting rates for these
two geometries can be expressed in terms of e, and ~„
the counting detection efIiciencies for x rays and p rays,
respectively; 0, the solid angle subtended by the de-
tector at the source; co+, the E-shell fluorescence yield
for Z=50, R=Nog/Noq=ratio of x rays to 7 rays
emitted, Eo,——aEo~=number of conversion electrons
emitted from the 23.8-keV state, and Np=Np +Np&.
No palladium absorber:

N1, 2 (Np p +gNgpppy)Q1, 2 N1, 2g+N1, 21 )

N, =N1,Q2p, [NO~/(Np, +Np.)]
+N1~Q2O, [K/(K+L+M+ ~ ~ )]M44px,

(N,/N 1N2) o

2 (R+1)(p,/pg)=GO~

No(R+ pp/pg) [1+(L+M+ ' ' ')/K]M4

It has been assumed that e~ =~2, and e~~
——~2~.

Kith palladium absorber it was observed that the
counting rate in counter g2 increased by about 2.5%
when the palladium absorber was used. These are five
contributions to the counting rate of counter g2:
direct x and p rays, x and p rays Compton scattered
backwards by the palladium absorber (about 1.2%),
and palladium E x rays of 21.3 keV (about 1.3%).
These Pd x rays are created when the Sn x rays are

S,=S»——ÃO, ~,n&e-»",

N2= (Np. p +Np, p, )QO,

Nc= N1pQ2pg[K/(K+L+M+ ' ' ' )7244O1& )

(N,/N1N2) pp

(R+1)

Np(R+ p,/p, )[1+(L+M+ )/K]A14

It then follows that

(N,/N 1N2) pd
R=(p,/p. ) 2 1 ~

(N, /N 1N2) p

The total conversion coefFicient n for the 23.8-keV
transition and the ratio [(L+M+ .)//K]A14 for the
65.3-keV transition can be expressed in terms of three
experimental quantities, the two coincidences to singles
ratios and the effective source strength Eo.

n= (R/4px) [1+(L+M+ )/K],1 r4 1—
and

[(L+M+ ~ )/E]214
(R+1)

Np(R+ Py/Pg) (Nc/N1N2) Pd

The complete expressions have been derived in the
Appendix, and were used in the final evaluation of the
conversion coefFicients. All the corrections lead to less
than a 2% change in the results obtained from the above
formula.

In order to check these arguments the palladium ab-
sorber was replaced by 0.004 in. of silver which produced
a 2% increase in the counting rate g 2. This increase is
due to Compton scattering of x and p rays only, since
silver does not present the critical absorption features
of palladium. The ratios (Nc/N~cV2)A, and (Nc/N1N2)o
are expected to be identical after the small difference
in the absorption coefFicients for the x ray and 7 rays
is taken into account. The measured ratios were
(Nc/N1N2)Ag/(Nc/N1N2)o 1.02&0.04 and 0.99+0.01
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TABLE I. Results of the present experiment and comparison with previous measurements and theoretical values. Iz represents the dis-
tance between the source and the detectors. All the given errors are purely statistical except those followed by an asterisk. These
include systematic uncertainties.

Geometry

Previous measurements

Present work
k=4.0 cm
hz=6.0 cm
h=9.0 cm
h=12.0 cm

Average

1.52&0.03
1.56&0.02
1.57&0.04
1.50+0.05

1.55&0.02

1.65~0.08*
1.65&0.06

[E/(L+M+ ~ ~ )]ir4

0.41

0.417&0.006
0.418&0.004
0.422+0.006
0.413+0.014

0.42 a0.02*

Reference

7.3 &1.7 Bowe and Axe (Ref. 1)
6.3 &0.4 Olsen et af. (Ref. 2)

Hill (Ref. 3)

5.11+0.12 coincidence
5.26&0.10 coincidence
5.15+0.19 coincidence
5.12&0.27 coincidence

5.2 +0.3* coincidence

Critical absorption
Mossbauer absorption

Theoretical
M1
E2
3f4

23.8 keV
23.8 keV
65.3 keV 0.38

5,3
375 Rose (Ref. 10)

for source detector distances h=4 cm and h=12 cln,
respectively.

The effect arising from a possible contamination of
the source with Sn'" was also considered in the Ap-
pendix. The 24.2-keV In x rays emitted in the decay
of Sn"' could not be distinguished from the Sn'"
gamma rays. However, the isotopic assay, provided by
the Oak Ridge Isotope Division with the enriched Sn"'
sample from which the source was prepared, indicated
that no trace of Sn"' had been detected at all in the
analysis, and a upper limit of 0.05% was given. From
this limit it was estimated that by the time the experi-
ment was performed, there should have been less than
2.3% Sn'", if any at all. This amount of impurity would
cause an sncreuse of 6% in the value of R, and of 20%
in [E/(I+M+ )]sr4 but would reduce n by 7%.
However, there is evidence from the experiment de-
scribed in Sec. III that the amount of Sn"' contamina-
tion in the source is indeed negligible.

The most recent measurement of the Quorescent
yield, ' or+ ——0.846&0.012, was used. This value is in good
agreement with the empirical value co~=0.8377&0.006
calculated by Hagedoorn and Wapstra. '

Eo was determined by measuring the counting rate
in one of the detectors as a function of the distance h
between source and detector. h was varied from 2 to
75 cm, and for h~& i0 cm the counting rate was propor-
tional to 1/h'. The radius of the NaI(T1) crystal r is
not known very accurately because the edges of the
crystal are covered by the container. Therefore, for the
purpose of measuring Eo, brass rings ~~ in. thick with
a 1-in. and a 4-in. -diam hole, respectively, were placed
alternately over the crystal, thus clearly defining r and

' C. E. Roos, Phys. Rev. 105, 931 (1957).
8H. L. Hagedoorn and A. H. Wapstra, Nucl. Phys. 15, 146

(1960).

the solid angle. In this case,

Et (1Vp, e,+—E—s,e,Qi

Roy(Rez+er)01 $EO/(R+1)$(Re@+ ey)01'

and
Sg 1F0=-
At (Re.+c,)/(R+1)

The difference in the values of Xo determined with and
without the brass defining rings was 3%, which can
easily be due to the uncertainty in the true size of the
crystal, while Xo obtained with the two different rings
agreed to within 1%.

No is inversely proportional to the detector efFi-

ciencies, ~7=0.966 and e,=0.964. These were deter-
mined, assuming normal incidence, by calculating the
probability that the x rays and p rays have to be first
transmitted by the 0.002-in. aluminum window of the
crystal and then absorbed by the 1-rnm-thick NaI(Tl)
crystal. The absorption coefficients pz& (23.8 keV) = 1.92
cm'/gm, fi~i (25.3 keV) =1.62 cm'/gm, fiN r (23.8 keV)
=13.5 cm'/gm and liN, r (25.3 keV) =11.5 cm'/gm were
obtained from the National Bureau of Standards circu-
lars. ' The estimate of e, and ~~ might be uncertain by
as much as 4%. Hence the main error in Xq and there-
fore in n and ((I.+M+ )/Kjsr4 stems from these
estimates of efficiencies. However, the ratio er/e, is
likely to be correct to better than 1%, since if there
exists a systematic deviation in c~, the deviation in e

will be in the same direction and probably of the
same magnitude because the energies of the photons
involved are so close, and no sharp discontinuities are

' G. W. Grodstein, Natl. Bnr. Std. (U.S.) Circ. No. 583 (U. S.
Government Printing 0%ce, Washington, D. C., 1957); R. T.
McGinnies, Natl. Bur. Std. Suppl. Circ. No. 583 (U. S. Govern-
ment Printing Otfice, Washington, D. C., 1959).
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present at those energies in the absorption coefBcients.
To ensure that no systematic errors arose due to yet

unaccounted-for scattering or cross talk between de-
tectors, the measurements were carried out for four
source-detector positions. In all cases the coincidence
rates were corrected for accidentals (true coinc/
accidentals=16 with no Pd, =20 with Pd absorber)
and the single rates were corrected for background
which was measured for each geometry. The results for
8, ct and [K/ (L+M+ . ))sr 4 as well as previous meas-
urements and theoretical values, ' are shown in Table I.
The statistical errors in ot and [K/(L+M'+ )jsr4
were of the order of 1—5%. The quoted error of 5%
refIects the uncertainty in the absolute determination
of Ep.

III. SUPPLEMENTARY DETERMINATION OF Np /Np&

There are two alternate methods by which the quan-
tity R might be derived. In one experiment, the ratio
of x rays to p rays emitted by the source is determined
from critical absorption measurements with various
thicknesses of palladium absorber. These measurements
are very sensitive to the exact value of the absorption
coefFicients p~ and p,, for palladium used in the calcula-
tion, as shown below:

R=
N'/¹ —e * "—(Os+Q@o/Qsg))A;(e'/e. )

where

g .—(etre o pii[] —s( l4x+s )oii5ts tr/(tt —ti )

E' is the counting rate observed with a Pd absorber
of thickness 3;. E' is the counting rate with no absorber
at all. A; is a correction term accounting for the detec-
tion of 21.2-keV palladium x rays, e'=0.961 is the de-
tector efficiency for 21.2-keV photons, ti'= 14.4 cm'/gm
is the total absorption coefBcient of palladium for 21.2-

keV photons and ti,x=47.1 cm'/gm is the K-absorption
coeKcient for 25.3-keV photons. A; becomes negligible
for 1;~&0.004 in. Oq~, Q~D, and 08~ are the solid angles
subtended by the absorber at the source position by the
detector at the absorber position, and by the detector
at the source position, respectively. e»&' was measured
directly by absorbing the x rays in 0.004 in. of Pd ab-
sorber located 1.5 cm below the source, and performing
a regular absorption experiment with various palladium
absorbers 0.002 in. thick, 1 in. diam, placed 21 cm below
the source, the midpoint between source and detector.
ti„=10.5 cm'/gm was obtained for pt=0.0604 gm/cms.
As a check on this experiment, the absorption coef5-
cients at 23.8 keV were also measured for Al, Cu, Sn,
Mo, and Ag. These results, agreed in all cases to within

5% with the NBS data' on Al, Cu, Mo, and Sn, with

"M. E. Rose, Iritermat Coriversv'om Coegoeelts (North-Holland
Publishing Company, Amsterdam, 1958).

the Handbook of Chemistry and Physics tables" on
Al, Cu, Mo, Ag, and Sn, with A. J. Bearden's measure-
ments" on Al, Cu, and Sn, and with R. D. Deslattes'
absorption data on Al, Cu, Sn, Mo, Pd, and Ag indicat-
ing that no unaccounted-for scattering distorted the
absorption data. Scattering by the air and surrounding
objects was measured with the source in position and a
lead plug at the absorber position, and all counting
rates were appropriately corrected. The source was
attached with paper tape to a lucite holder with a 1-in.
hole in the middle to prevent back scattering. Deslattes'
value for' ts„ ts, =56.1 cm'/gm was used. The product
pt of density and thickness of the square foils used was
obtained by weighing the foils and dividing the mass
by the area.

The ratios R= 1.64+0.10, 1.68&0.17, 1.63+0.25, and
1.64&0.34 were obtained with one, two, three, and four
0.002-in. palladium absorbers, respectively, combining
to an average of R= 1.65&0.08. The error in R was ob-
tained by adding quadratically the errors arising from
the estimated 5% uncertainties in ti, and in tiv.

If the effect on R arising from a 2.3% Sn"' con-
tamination is considered (the complete expression is
given in the Appendix) the ratios E for the four ab-
sorption experiments performed become 1.96, 2.04, 1.72,
and 1.48, respectively. These four values are definitely
not consistent with each other, which is a strong indica-
tion that the source is not contaminated with Sn'".

In the second experiment the Mossbauer effect of the
23.8-keV transition is measured with and without a
palladium absorber. " Without palladium the unre-
solved x rays reaching the detector simply add to the
background. With 0.005 in. of palladium between the
source and the absorber, mostly p rays are transmitted
and the number of Sn x rays and Pd x rays reaching
the detector is negligible. Under these conditions, the
ratio R can be written in terms of Cps and 6p the observed
Mossbauer absorption eGects with and without pal-
ladium absorber, [N(v=0)]ps and [N(v=0)]s the
counting rates with and without palladium absorber
and the source at rest with respect to the absorber, S
the counting rate due to scattering by the surroundings,

p and p,~~ the atomic absorption coeKcients of x and

y rays in the resonant absorber of thickness t and
density p.

cps 1—[S/[N(v=0) jjv(1—ee)
R (pA ~ A)p] 1—

es 1—[5/[N(v=0)]]ps(1 —ep)

The experiment was carried out at room temperature
with a Sn02 source in pressed powder form, containing

"Handbook of Chemistry and Physics, edited by C. D. Hodgman
(Chemical Rubber Publishing Company, Cleveland, Ohio, 1962).

"A. J. Bearden, Ph. D. thesis, Johns Hopkins University, 1958
(unpublished) .

"We wish to express our thanks to Professor R. Herber and
H. Stoeckler for carrying out these measurements and preparing
the Sn02 ceramic samples.
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FIG. 3. Mossbauer absorption
spectra obtained at room tempera-
ture, with a Sn04 source (9 mg/cm'
of Sn) in pressed powder form and
a SnO& absorber (35 mg/cms of
Sn) in a ceramic matrix.
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9 mg/cm' of Sn, and a SnOs absorber in a ceramic
lattice (10% SnOs, 5% NasCOs, and 85% BsOs) con-
taining 35 mg/cm' of Sn. Typical absorption spectra
are shown in Fig. 3. These measurements yielded a
value R= 1.65~0.06.

Since the two alternate methods of determining R are
more readily subject to possible systematic errors, only
the coincidence results were used in the final evaluation
of n and [K/(L+M+ )]sr4.

IV. CONCLUSION

The

final

resultscr=. 2&0.3 and [E/(L+M+ )]sr4
=0.42&0.02 are in good agreement with the theoretical
values for pure M1 and M4 transitions, 4x(M1) = 5.3 and
[E'/(L+M)]sr4 ——0.38, interpolated from Rose's" tables
of internal conversion coefficients. The [E/(L+M
+ . .)]sr4 ratio is also remarkably close to Hill's result
obtained with an electron spectrometer. However, the

present value for total conversion coefficient differs suK-
ciently from the previously accepted values to cause a
very drastic change, both in the absolute value, and in
the temperature dependence of the Debye temperature
0' and of the Debye-Wailer factor 2W for tin metal ab-
sorbers obtained from some of the Mossbauer absorp-
tion measurements. In fact, in view of the fact that a
small percentage error in 0. corresponds to a very large
error in 2W, considerably more precision is required in
the measurement of n before the Mossbauer effect data
on Sn"' can be interpreted in terms of lattice vibra-
tions.
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APPENDIX incidence rates can be expanded to include the effect
The expressions derived in Sec. II relating R and of Pd x rays and In'" x rays in the following manner:

[E/(L+M+. ')]~4 to the measured single and co- No palladium absorber:

N1, p=N1, p,+N1,o,+N1 o,(In) =No/(R+1)[R+e, /e, +sf(1+re)(e /e )]e Q1 p

N, = N1zQoe&[Np&/(Np&+No, )]+N»Qpez[K/(K+L+M+ )]oI44px

2(R+1)(e,/eg)
(N./N1No) o=4px

No[R+e~/e. +&f(1+e4)(e"/e.)]'[1+(I+M+ )/K]444

With palladium absorber:

N1 ——N»+N 1(Pd)+N 1(In) =Np~e„Q1e»"[I+RAe»"[QsAQAD1/Q1](e'/e, )+ef(1+a4)e "" » 1"(e"/e~)],

No No„——+No, +No (Pd)+N p, (In) =N p, e,Qo[1+R(e,/e~)+RA'[QsAQA D2/Qo] (e'/e~)+a f(1+n) (e"/e~)],

N, =N»Qoe. [K/(K+L+M+ )]4r4o1x+N»Q2e'[K/(K+L+M+ )]pr44pxA'QsAQAD&/Q&

+N1 (Pd)02e, [Np, /(Np, +Np, )],
[1+A QSAQAD2/Qo+Ae»', QSAQAD1/Q1]

(N,/N1N2) pd ——4px

Np[1+(L+M+ . )/ K] 444

X
[1+RAs»"(QsAQAD1/Q1)+1'(1+a)e '"" " '"][1+[RA'/(R+1)](QsAQADo/Q2)+&f(1+a)/(1+R)]

where Q8~, Q~~~, Q~~2 and Q~, 2 are the solid angles sub-
tended by the Pd absorber at the source, by the detector
P 1 at the absorber, by the detector P 2 at the absorber,
and by detectors 01 or 02 at the source, respectively.

was described in Sec. III. A ' is a similar term, but
for the case when the Pd x rays go back through the
absorber towards detector g 2:

A''= p1 L1 S'"~"""]—I4*/(I4*+I4') .
e"=0.965 is the detection eKciency for 24.2-leeV In
x rays and p"=10.3 cm'/gm is the palladium absorp-
tion coeKcient for these x rays. m= 1.4 is the number of
In x rays emitted per disintegration of Sn'" and f is the
ratio of Sn"' to Sn"' activities present in the source.

The y and x radiations Compton scattered into de-
tector g2 are in coincidence with the same radiations

as the primary p and x rays detected in that counter.
For this reason, the scattered radiation can be readily
included in the above formula by just replacing the
geometric solid angle Q2 in the expressions for X2, and
S», and in the corresponding expression for E„by an
effective, slightly larger solid angle Q2' ~ Q2' is different
for x and p rays, because of the diGerence in the
Compton scattering cross section and in the detection
eKciencies for the two radiations. It is very de.cult
to make these corrections with any precision, but their
contribution to (N./N1No) pe was estimated, and since
it is less than 1'Pq, it was not included in the above
formula.

The expression for R derived in Sec. III for the case
of critical absorption measurements can also be gen-
eralized to include the effect of In'" x rays.

(e»"' N /No) (e~—/e, )+ (e ""&4' N'/No)n f(1+n-
R=

N'/N' e&*&" (QsA—QAD/Q) A—;(e'/e, )


