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Differential ionization chambers are used in order to measure the difference in the electron
capture rate of 32Fe nuclei in different chemical compounds. Combination with the correspond-
ing Mossbauer isomer shifts of these Fe compounds permits the determination for the
Maéssbauer transition in 3’Fe of A (r2) =—(33 £3)1073 fm2.

I. INTRODUCTION

The Mossbauer isomer shift 8 between a pair of
chemical compounds is given by

5= %'nZezA (r’yAp(0) =aAp(0) ,

where « is a constant depending on A (r?), the
change in mean-square charge radius of the nucleus
during the Mossbauer transition, and Ap(0) is the
difference of the electron densities at the nucleus for
the two chemical states. The calibration of the iso-
mer shift consists in the determination of «, or
A(r?), by combination of estimated Ap(0) values
with the corresponding measured isomer shifts.

In order to estimate these Ap(0) values one usual-
ly takes electron densities, calculated by self-
consistent-field techniques, and corrected in some
manner for the solid-state situation of the considered
nuclei. However, the results obtained in this way are
far from agreement.! Therefore experimental tech-
niques have been used, e.g., conversion electron
spectroscopy, where one supposes? that only the
valence s shell contributes to the change in p(0).
But this assumption is not always satisfied, as shown
in a recent conversion electron study of p4s(0) of an
Fe-impurity atom in some transition and noble met-
als.’

Therefore, measurements of the change of nuclear
lifetime in different compounds, that do not need
this assumption, are at present in principle the most
appropriate way to estimate Ap(0). While the inter-
nal conversion probability is proportional to the elec-
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tron density "near" the nucleus, i.e., in the region
where the conversion takes place, the electron cap-
ture process is really local, so that Ap(0) values, es-
timated by changes in electron capture rate, are ex-
actly those that appear in the expression for the
Mossbauer isomer shift.

Riiegsegger and Kiindig® compared the different
values of the nuclear lifetime of the partially convert-
ed 14.4-keV level of *'Fe in different atomic environ-
ments, resulting in a A(r?) value lower than all other
estimations. They measure A and not directly A\, as
is wanted for relative effects of about 10™*. More-
over, such small effects are at the limit, if not below,
of the reliability of the coincidence technique used.
In the present work direct measurements of the
difference in the electron capture rate in different
52Fe-labeled compounds, are compared with the cor-
responding differences in isomer shift.

II. DIFFERENTIAL METHOD

The small differences A\ in the decay constants of
two sources, with equal initial activity, were mea-
sured by the differential-ionization-chamber method,
first used by Rutherford.® The two essentially identi-
cal ionization chambers have opposite electric fields
and connected collecting electrodes (Fig. 1). The
current measured is the difference of the ionization
currents in the two chambers, respectively. By put-
ting

1,(0) =1,(0)e ™
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FIG. 1. Diagram of the setup of the differential ionization
chambers.

and
—(A++Ax)l

1. =1_(0)e " =1_(0)e ,
+ and — indicating the respective polarities of the
ionization chambers, this difference current can be
approximated, for tAN << 1, as

AI() =|1.()]| = |1_-(n)]
=¢ “AI(0) +1_(0)1AN] . (1)

Perturbing effects as different self-absorption in the
compared sources or an efficiency difference of the
two chambers largely cancel out by interchanging the
sources.

The differential 47 ionization chambers used in
these experiments, are a slight modification of the
previously presented apparatus.’” The connection of
the source holder via an insulator with a micrometer
mechanism is modified in order to be able to remove
this insulator during the experiment. The pressure of
the argon gas was increased to 9.5 atm. In these con-
ditions relative lifetime differences are reliable down
to ~2 X 1075, The difference current (<1073 A) is
measured by integration over the precision capacity
of a Cary 401 vibrating reed electrometer.

III. DATA REDUCTION

A. Proportionality of AA/A and Ap(0)/p(0)

For electron capture (EC) the decay constant can
be approximated® by

2
Agc = 4g 2 C zqsxpx(O)Bx X =Syubi12 -
T x

The relative difference of the decay constant in two
compounds is then given by

AN Zx[qzxAPx(O)Bx] =kAp(0)
A Zx[quxpx(O)Bx] p(O)

The factors B, take into account the effects of elec-
tron exchange as well as the imperfect overlap of the
electron wave functions before and after the EC pro-
cess, because of the change in nuclear charge during
this transition. In particular, what started out as cap-
ture of an electron in a particular initial orbital can
result in an inner-shell hole in a different final orbi-
tal. These effects seem to have been pointed out
first by Benoist-Gueutal.® Their consequences have
been worked out in detail by Bahcall,'® who showed
that exchange and overlap effects tend to cancel in
total capture rates. Mostly these corrections are
neglected, resulting in K =1.00. However, a combi-
nation of the nonrelativistic one-particle electron
wave functions of Watson and Freeman'' with the B,
values calculated on this basis by Vatai'? results in

k =1.30.

If the exact value of k is uncertain, we know that
the influence of the B, factors tends to increase k,
and thus to decrease Ap(0). This means that the
Ap(0) values derived with kK =1 can be interpreted
as a maximum.

In the decay of *2Fe (Fig. 2) only 44% proceeds by
EC, the rest being 8*. One can reasonably assume
that the environmental effect on the probability of 8%
emission is at least an order of magnitude smaller
than on Agc, and can thus be neglected. In this work
the measured A\ is completely attributed to the ef-
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FIG. 2. Decay scheme of 32Fe, with EC representing elec-
tron capture.
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fect on the electron capture rate. This means that
AN = A\gc, and consequently

A
AN Bhech 4404450200 Q)
A expt EC p(O)

B. Differential measurements

The only Fe isotope suitable for differential
lifetime-variation measurements is *2Fe. Looking at
its decay scheme (Fig. 2), it is clear that expression
(1) has to be adjusted, due to the fact that ionization
chambers integrate all the radiation present, and thus
see the ingrowing daughter activity in both sources,
implying new decay constants and also other transi-
tion energies and thus detection efficiencies. In gen-

Ni(D) =N, (0)e "

)\ -
M N0 (e M -0
Ag— Ay

Np(1) =Ng(0)e "B+

Ne() = NC(O)e_xC'+O.02AL—
C

Y 1

+0.02N,(0) — ("
A Ac— Ay

(e

B~ A4

The differential measurements never started before
A4t =0.4, 1 =0 being the moment of the chemical
separation of Fe and Mn. In that case

e BTN < 15107
so that

)\44N,;(1)E,4 +)\BNB(’)€B = )\ANA(I)EAB ,
with

€4 = €4 +€B}\B/()\B_)‘A)
The equilibrium of >"Mn and ?Fe can then be con-
sidered as a pure *)Fe component, but with increased

efficiency. Defining a(1) =Nc(DAc/N4(D Ay, the
ionization current can then be written as

1(1) :PAANA(Y)[eAB +G(1)€(‘] ,

—AB!

Np(0) (e "B —¢”
Ag

t =Ant
Al_gThehy
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eral the ionization current can be written as

I(f) =e E}\ZN:’(’) ngiffi‘r);;’_ =e EA,N,-(I)Q )
i E. i

with /i representing different components and PE, be-
ing the relative intensity of Ej. fgl_ is the ionization
chamber efficiency for £;, and e, is the emission ef-
ficiency of the source for E;. Labeling **Fe =4,
52mMn = B, and 2Mn = C, the ionization current due
to an ?Fe source can then be written as

I(f) =?[}\44NA(()€,4 +XBNB(1)EB+}\(‘N((1)€(‘]

The time evolution of the number of radioactive nu-
clei in the different states is given by

1 (e—th_e-xcr) .

Ac—Ap

f

or, with B=¢€c/€ 5,
1) =ex N, (0)e e sll +Baln)]

=1(0)e M1 +Baln)]

Remark that /(0) is not the ionization current that
should be measured at r =0, but an extrapolation to
t =0 of the current measured once the equilibrium
between A and B is established, and before a(7) has
to be taken into account [for A ¢ =1,
() =2x1073].

The differential current due to two 3?Fe sources,
with respective decay constants A4+ and (Age+AN)
can then be written as

1,(0)

AL =1,(D] = 1-(D| =1_(0)e 4+ A1) + AN+ Brar() —B_a(D[1 —rAN]] .

1_(0)

The values y (1) = AI(e™*/1_(0) define approxi-
mately a straight line, A\ being the slope, if AB=0.
If AB # 0 this straight line becomes more and more
curved in function of time (Fig. 3). For important
AR values the sensitivity on A\ is lost. The efficien-
cy ratios B are functions of the respective ionization

1_(0)

chambers as well as of the self-absorption in the
sources. Measurements with identical sources
showed that the part due to the ionization chambers
can be neglected. In order to minimize self-
absorption differences while comparing compounds a
and b, an amount of the inactive compound b, equal
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FIG. 3. Different curves A/(1)e**/1_(0) as a function of
the parameter 8_.

to the amount of the 3?Fe-labeled compound b, was
added to the labeled compound a, and vice versa (ex-
cept for one experiment). This means that com-
pounds have to be chosen that do not interact chemi-
cally with each other.

For each experiment B4 was determined using
1+(1) values taken before and after the differential
measurement. However, not the absolute value of
the B’s, but only their difference AB has a significant
influence on the estimation of AX. Therefore, a
least-squares fit through the y (1) values was made,
with only three free parameters: A\, 8_, and
A1(0)/1-(0).

The integration time of 1000 s for one A/ measure-
ment was subdivided into ten parts of 100 s, and the
deviation of these ten values around their mean used
in defining the weight (w;=1/0?) of the measure-
ment.

In evaluating a(r), Ng(0) and Nc(0) are neglect-
ed. Computer simulations indicate that they have to
be of the order of 1% of N,(0) before AX is signifi-
cantly influenced. However, if the preparation of the
two labeled compounds to be compared causes a dif-
ferent supplementary Fe-Mn separation, the ?Mn-
to-32Fe ratio in both sources can differ, even if
N¢(0) =0, because of the decay of the *’Fe during
the chemistry. This could introduce a slight differ-
ence between a4(f) and a_(1), apart from the differ-
ence due to AX. Computer simulations indicate that
this difference in the function a(r) for the two com-
pounds to be compared does not affect AX but only
the fitted B_ value, if A8 # 0. This means that AB
changes its meaning, becoming composite, but retains
its efficiency as a correction. Nevertheless, if possi-
ble, preparations with no possible different Fe-Mn
separation were preferentially chosen.

Another question is the influence of a possible
variation in the lifetime of the >Mn ground state
(66% EC) on the estimation of the change in the *2Fe
decay constant, (A)\)ste. Estimations show that

even for unexpected high effects on the lifetime of
52Mn, |(A}\/)\)52M"| =1073, the deviation on an

(AMN)sz,, = 10~* effect, is less than 5%. Moreover,

this deviation is quasi-independent of AB.
IV. SOURCE PREPARATION
The *?Fe activity is produced at the cyclotron of

Louvain-la-Neuve using the reaction **Mn( p,4n)
5’Fe, by a proton energy of 65 MeV. Most irradia-
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FIG. 4. y spectra of different sources, five days after
their production. In spectrum 1 there is no 54Mn, whereas

the ratio of 3*Mn to 3Mn is the same in spectra 2 and 3,
corresponding to two sources compared in one experiment.
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tions were typically 8 wA during 4 h. The yield is
about 100 uCi/uA h. Besides 3?Fe also other activi-
ties are produced: *°Fe, *°Fe, *'Mn, ™Mn, *Mn.

The presence of 3*Fe, *°Fe, and **Mn causes no prob-

lem, because of their respective lifetimes. However,
SICr(1),=27.84), daughter product of
S'Mn(t1,=45m) and *Mn(t,/,=5.7d) have to be
eliminated. This is done using anion exchange on
two subsequent columns. The end of this separation
is taken as t =0. The purity of this separation was
tested by y spectroscopy, five days after the separa-
tion, i.e., after the differential measurement, an im-
mediate test requiring too much time because of the
bad signal-to-background ratio at that moment. Fig-
ure 4 shows typical y spectra, i.e., with and without
*Mn. The amount of **Mn in the sources, if any,
was always small, and the ratio of **Mn to **Mn, for
the two sources being compared, was always identical
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FIG. 5. Mossbauer spectra of the pure compounds, show-

ing the large isomer-shift differences.

TABLE 1. Different Fe compounds.

Compound

dpe(mms™")

(0) :FeC,04° 2H,0 +1.19 £0.02
(G) :KFe(CH,0C0,),H,0 +0.40 £ 0.01
(H) B (1'F6203 : +0.38 +0.01
(C) :K4Fe(CN)g - 3H,0 —0.05 £0.01
(F) :BaFeO, —0.90 £0.02
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FIG. 6. Maossbauer spectra of the experimental sources,
where the compounds to be compared are mixed: (a)

K4Fe(CN )6 . 3H20 + FCC204 . 2H20, (b)

BaFeO4 + F6C204 . 2H20', (C) a-—Fe203 + FCC204 . 2H20
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TABLE II. Experimental results.

A=A
Pair S_—384 Sources*® 1(0) (1) B-—B+ X * % Ap(0)©
number (mms™) + - (10710 A) (s) (1074)2 (104)2 (107%)¢ (ag?)
0 0.00 *G *G 7.00£0.05 16000 +(4+6) +(0.19 £0.17)
0.00 *0 *0 4.72+£0.05 19000 +(6+3) +(0.16 £0.16)
-0.81+0.02 *O-H *H-O 6.14+0.05 26700 —(10%£5) +(0.83 £0.18)
1 -0.71£0.20 -2.410.7
+0.81+£002 *H-0 *O-H 132%0.02 17600 —-(25+£10) —(0.59 £0.35)
-0.81+£0.02 *O *H 3.15+£0.03 17400 —(17%5) —0.44 £0.17
2 —0.89+£0.18 -3.0+0.6
+081+002 *H *0 3.99+0.04 33200 —(245 +9) —(2.21 £0.33)
-124+0.02 *0-C *C-O 935+0.05 22400 —(370 +4) +(1.19 £0.14)
3 +1.244002 *C-0 *0-C 3.11%0.03 23900 +(797) —(0.70 £0.27) —0.920.11 -3.2+04
+1.24+002 *C-0 *0-C 494+005 23200 +(193¢5) —(0.62 £0.21)
-2.09+0.03 *O-F *F-O 236+003 28600 +(1728+18) +(1.19+0.43)
4 +2.09+003 *F-O0 *O-F 346+003 40400 —(3848+6) —(2.50+1.02) -1.75+0.29 —6.0+1.0
+2.09+003 *F-0 *O-F 1.05%0.02 27000 —(349 +£18) —(2.31£0.43)

2+ and - refer to the sign of the collected current.
by« Refers to the 32Fe labeled compound; the symbols G, O, H, C, and F refer to the compounds as indicated in Table 1.
€Arithmetic mean value of symmetric experiments for Ad positive.

within the error. As mentioned above, such small
imperfections of the initial separation do not signifi-
cantly affect the experimental AX value.

A\ being proportional to A3, compounds were
chosen with large isomer-shift differences. The com-
pounds used are given in Table I. The synthesis of
these compounds was tested by Mossbauer spectros-
copy (Fig. 5). The initial activities were equilibrated
by weighing on a precision balance corresponding
quantities with an equal number of Fe nuclei. As the
self-absorption of the sources was equilibrated by ad-
ding corresponding amounts of the nonradioactive
complementary compound, the Mdssbauer spectra of
the sources after the differential measurement (Fig.
6), are each time a superposition of two spectra of
Fig. 5.

Except for the potassium diglycolate iron (III), that
was only used in a "zero experiment" with two identi-
cal sources, each compound was compared to the
Fe?* oxalate. Haematite and potassium ferrocyanide
are synthesized starting from Fe?* oxalate: potassi-
um ferrocyanide precipitates after adding a KCN
solution to FeC,04- 2H,0 whereas haematite is ob-
tained by oxidation of FeC,04-2H;0 in the air, at a
temperature of 600 °C, during 30 min. In these

preparations there is thus no different supplementary
Fe-Mn separation.

The synthesis of BaFeO,4, which has a poor effi-
ciency (~50%), is independent of FeC,04-2H,0.
Moreover, it is accompanied by the production of
more or less BaCOj, that cannot be eliminated in a
simple way, so that the mass percent of Fe in this
source is unknown. This means that self-absorption
and activity are correlated and thus cannot be adjust-
ed independently. This is the more troublesome as
Ba is a heavily absorbing element, with a strongly
changing absorption coefficient in function of the en-
ergies of *2Fe and ?Mn. This results in rather large
A values (cf. Table II) for the comparison of X in
BaFeO4 and FeC;,04- 2H,0.

V. RESULTS AND DISCUSSION

The results are given in Table II. They are correct-
ed for a —8% systematic error in the experimental
Al/I values, compared to the results presented at the
International Mossbauer Conference, Kyoto 1978.
The indices + and — indicate the signs of the respec-
tive ionization currents. Errors are purely statistical.
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1(0) (column 4) is the reduction to r =0 of the
ionization current of one source. Column S gives the
time interval between the chemical separation of Fe
and Mn, and the start of the differential measure-
ment, whereas column 6 gives the differences
between the efficiency ratios 8. This AB is a good in-
dication for the importance of the correction needed
for the curvature of A/(r)/I1(1). The error on A\ is
function of /(0) as well as of (1) and AB. The re-
lative difference in decay constant (column 7), is the
fitted (A_— A4) value, divided by the decay constant
of *2Fe as given in the literature,'> A =(2.327
+0.002)s~!. While interchanging the source posi-
tions the experimental AX value changes sign, as it
should. The arithmetic mean of the absolute values
of paired measurements (column 8) eliminates in
first order the zero effect of the apparatus. For the
pairs 1 and 3, where self-absorption in the sources
and activity are well equilibrated, the zero effects el-
iminated in this way (+0.11 x 10~* and
+0.25 x 107*) agree within the error with the effects
measured with two identical sources (pair 0). In pair
2, the two sources have a different self-absorption
resulting in a shifted zero effect (—~—1.30 x 107%).
However, the arithmetic mean for this pair lies still
within the error of the result of pair 1. As indicated
above, the self-absorption and the activity cannot be
decorrelated for the sources of pair 4. This results in
a shift of the zero effect (——0.58 x 107), be it
smaller then in pair 2, on the one hand, and in rather
large AR values, and thus a rather large error on the
experimental A\ value, on the other hand. The last
column of Table II gives the corresponding |Ap(0)|
values for k =1, and p(0) =15070a;7>."4

Figure 7 shows some typical experimental y (1)
=A/l(1)/1(t) curves, for the different combinations
of compounds. If one corrects these values for the
fitted curvature, and then calculates for a pair of two
measurements a and b, with interchanged source po-
sitions, the values yg (1) = %[ya(r) —» (01, these
vas (1) values define a straight line, with A\ as slope.
Figure 8 shows such y, (1) curves for the different
combinations of compounds; a and b are chosen in
such a way that A\ is always positive.

As we find positive A\ and thus Ap(0) values for
negative AS values, the A (r?) value for *’Fe has to
be negative, in agreement with the literature. In Fig.
9 —Ap(0) is plotted against A3. The slope of the
least-squares-fitted straight line passing through the
origin results in a calibration constant a=—(0.36
+0.03)ag mm/s corresponding to A (r2) =—(33
+3)1073 fm2 The absolute value is a lower limit, be-
cause of the uncertainty in the proportionality factor
k between AN/ and Ap(0)/p(0).

YN aplo)
Py
11074) laz3)

-7

-6
A <r2> = —(33 £+ 3107 fm?

-5

Ab(mm/s)

FIG. 9. Experimental differences in electrondensity at the
nucleus, compared to the differences in isomer shift.

Our result is about four times larger then the
|A (r?)| value obtained in the comparison of direct
lifetime measurements on the 14.4-keV level of 3'Fe
in different chemical environments.>'> However, as
mentioned above, the sensitivity of their technique is
doubtful, the standard deviation of a single measure-
ment being three times as great as the mean (Ref.
15, Table I). In particular one should be sure that
the spread of the results is purely statistical. Most re-
cent estimations'® of A (r?), based on molecular-
orbital calculations of the electron density at the nu-
cleus, yield a value around —20 x 1073 fm?, i.e., about
40% smaller than our experimental result. This could
mean that the Ap(0) values obtained from calcula-
tions are in general too large. However, we should
remember that our analysis is based upon the as-
sumption that the influence of chemical environment
on the 8% decay rate can be neglected. This point,
even as the influence of overlap and exchange
corrections on the proportionality factor k between
AN/ X\ and Ap(0)/p(0), needs further investigation.
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