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Effect of atomic charge state on nuclear lifetimes: Au

M. Ulrickson, R. Hensler, D. Gordon, and ¹ Benczer-Koller
DePartment of Physics, Rutgers University, * New Brlnswick, New Jersey 08909

H. DeWaard~
Bel/ I.eboratories, Murruy Hi/E, Nese Jersey 07974

(Received 21 Septembex' 1973)

The mean life of the 77.3-keV level in 9~Au has been measured simultaneously in neutral
gold atoms and in atoms mth a mean charge of q =+9.5+ 1.5. Mean lives of ~0=2.76+ 0.03
nsec and 7+9 ~ =2.84+ 0.12 nsec vrere obtained. These results indicate that even the removal
of 10 electrons from this atom does not affect the electronic structure of the inner shells,
and therefore has little effect on the internal-convex'sion coefficients and lifetime of this
nuclear state. These results are in good agreement with both relativistic and nonrelativistic
calculations.

RADIOACTIVITY ~97Au; E„=77.3 keV, measured T &~ in neutral and ionized
atoms '~YAu('80, ~80'), E =45 MeV, ~~O-y delayed coin; calculated ICC.

I. INTRODUCTION

The influence of the chemical environment on the
rate of disintegration of nuclei decaying by either
electron capture or internal conversion has been
under investigation for many years. ' Recently such
studies have been extended to other than purely
chemical interactions affecting electronic densi-
ties, such as high pressure, ' superconductivity, '
large electric fields in anisotropic crystals, and,
for impurities in metals, interactions with valence
and conduction bands of the host. ' In all these
cases the direct chemical or physical effects on
the electronic density near the nucleus are rela-
tively, small, and therefore only small variations
of the nuclear disintegration rates are expected.
Qbserved changes in the disintegration constant A.

are in the range 10 ' ~ Az/A, » Sx10 '.
Bombardment with energetic heavy ions can ex-

cite the nucleus of an atom, while also leaving that
atom in a highly ionized state. In this case, the
electronic configuration of the atom is drastically
changed so that rather large modifications of the
nuclear decay rate might result through alteration
of the internal-conversion coefficient of the nuclear
transition.

Recently, in a Mossbauer effect experiment, Pot-
Eel and Perlow' observed a 20%%u~ narrowing in the
resonance width of the 77-keV y ray from the de-
cay of the first excited state of '"Au nuclei in the
particular compounds AuCN and KAu(CN}„while

the resonance for metallic '"Au exhibited the line-
width corresponding to the measured lifetime. If
this effect were indeed due to a change of the nu-
clear lifetime caused by a change in the internal-
conversion rate (the internal-conversion coeffi-
cient for this transition is u =4.2}, some strong
chemical modification of the electronic structure
must take place in these compounds as compared
with the metal. An even larger change of lifetime
might be expected for a '"Au nucleus in a highly
ionized atom. After the present investigation was
started, a new measurement was carried out by
Pfeiffer etc/. ' These authors measured the line-
width as a function of absorber thickness with
greater statistical precision than Potzel and Per-
low, and they conclude from an extrapolation to
zero absorber thickness that no unusual line nar-
rowing exists. However, the study of nuclei in
highly ionized atoms is interesting Per se, insofar
as the nucleus can be view'ed as a probe of the
electronic structure of the ionized atom, and we
report here the results of such an investigation.

II. EXPERIMENTAL PROCEDURE

Levels of '"Au were populated by Coulomb ex-
citation with 45-MeV '6Q ions. The target consis-
ted of 200-pg/cm' '"Au evaporated onto both sides
of a 750-pg/cm' carbon foil. Those "0 ions back-
scattered at a mean angle of 3.70' were detected in
an annular surface-barrier detector, while y rays
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FIG. 5. The delayed coincidence time spectrum ob-
tained from the decay of neutral ~97Au nuclei at rest in
the carbon layer. These data have been corrected for
the time-dependent and -independent backgrounds as
described in the text. This spectrum was obtained util-
izing y rays observed in the "delayed" window indicated
in Fig. 2 in coincidence with ~80 ions backscattered from
the fry Au surface and lying in the peak indicated in
Fig. 3. The solid line is a least-squares fit to an expo-
nential function.

carbon and stop before their nuclei decay, and thus
are neutral when the y ray is emitted. However,
the 12.0-MeV '"Au atoms from the downstream
layer of gold recoil into vacuum and have a mean
equilibrium charge of q = 9.5 + 1.5 when they decay.
This mean charge was determined from the semi-
empirical estimate of Nikolaev and Dmitriev. '
Since the mean velocity of the gold ions recoiling
into vacuum is 0.33 cm/nsec, they move on the
average an appreciable distance down the beam
line before they decay. In order to correct for this
effect, the efficiency of the y-ray detector was
measured as a function of recoil distance with a
"'Am source which was moved along the beam di-
rection (Fig. 4).

There were two sources of background in the de-
layed coincidence time spectra; a constant back-
ground independent of time, and a tail that corre-
sponded to a long-lived impurity. A few tenths of
one percent of "Ir and ' Ir known to be present
in the Au foil could account for both the magnitude
and the shape of the tail. After the constant back-
ground was subtracted, the long-lived portion of
the spectrum was fitted to an exponential function
with decay constant 6.5 nsec, corresponding to the
average mean life of the impurity states ['"Ir*
(82.3 keV, 5.6 nsec) and '"Ir* (73.0 keV, 8.9 nsec)]
weighted by their isotopic abundance and relative
excitation probability.

I 000— III. RESULTS

lh l00-
z
O
O

Figure 5 shows the corrected delayed coincidence
time spectrum from neutral gold atoms at rest in
the carbon at the time of nuclear decay. The solid
line is the least-squares straight-line fit to these
data. The mean life obtained from this fit is
T =2.76+0.03 nsec. These data were also analyzed
using a technique presented previously' whereby
the delayed distribution is generated from the ob-
served prompt distribution and is given by.
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FIG. 6. The delayed coincidence time spectrum ob-
tained from the decay of 9 Au with charge q = 9.5+ 1.5
recoiling into vacuum. These data have been corrected
for time-dependent and -independent backgrounds as de-
scribed in the text. This spectrum was obtained utilizing
y rays observed in the "delayed" window indicated in
Fig. 2 in coincidence with 0 iona backscattered from
the back Au surface and lying in the peak indicated in
Fig. 3. The solid line is a least-squares fit of the data
to the function in Eq. (2).

The best fit obtained by this technique gave T = 2.77
a 0.04 nsec, in excellent agreement with the
straight-line method and with the recent electronic
measurement of Lynch" who obtained T =2.78+0.04
nsec.

Figure 6 shows the delayed coincidence spectrum
from ionized gold atoms recoiling into vacuum.
Because of the change in solid angle and efficiency
of the y-ray detector due to decay of nuclei dis-
tributed along the beam axis, no straight-line fit
can be made to these data. A delayed distribution
was therefore generated which includes an effi-
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TABLE I. Calculations of subshell internal-conversion
coefficients for neutral gLef. 13) and ionized (this work)
gold atoms. The uncertainty in the relative conversion
coefficients is discussed in the text. n =4.188; a
=4.195; (e —G'+ 0)/e =-0.0017+0.0030.

2s

2p

3s

4s

4p

Subshell

L

L»&

M(

M

Mm

N

Nu
Niu

Au'

1.819

0.791
0.569

0.415

0.199
0.154

0.113

0.053
0.038

Au'"

1.819

0.791
0.569

0.415

0.199
0.154

0.113

0.053
0.038

5s, p 0.035

0.002

0.044

0.000

ciency correction factor

j' e f'--"~'f'(f')e(f —f') df'
(2)

where e(t) is the efficiency shown in Fig. 4. The
mean life obtained from the best fit to the data is
T =2.84+0.12 nsec.

From the present data, a relative change
(v —r" )/v' = (-0.029+0.045) is found between the
lifetimes of the 77-keV state in neutral '"Au at-
oms and in ' 'Au ions of charge +q. An analogous
experiment was carried out by Young, Brenn, and
Sprouse" who measured the Coulomb excitation
probability of the 77.3-keV state using "0 ions and
determined the lifetime of the state by y-y coinci-
dence techniques. They report a conversion coef-
ficient n =2.6+0.4 and a ratio 7„„/v„„=1.03 + 0.06,
or (TA„T„)/T„„=+0.03 a 0.06 for the lifetimes of
the state as measured with the atom in a metal
environment or in vacuum.

IV. DISCUSSION

Measured" and calculated" (Table I} internal-
conversion coefficients for the '7'7.3-keV transition
in the neutral Au atom are in good agreement. We
have calculated the conversion coefficients for gold
nuclei in ions with a mean charge q =+10 by the
procedure outlined below. The wave functions cor-
responding to the [Xe] (4f)" (5d)' electron configu-
rations were calculated from the nonrelativistic
Hartree-Fock-Slater program of Herman and
Skillman. '~ It is assumed that the gold ion reaches
this configuration in a time short compared with
the lifetime of the 77-keV state.

The s-shell conversion coefficients for the ion-
ized atom n+" were obtained by normalizing the
calculated conversion coefficients" ~,' for the neu-

tral atom by the ratio of calculated s-electron den-
sities at the nucleus:

o.:"/o'!=10,(0)l', &0//I g. (0)I'. .

This procedure was justified by Band, Sliv, and
Trzhaskovskaya, "who showed that conversion of
all s electrons takes place in a region well inside
the radius of the K shell, where the shape of the
wave function is not affected by changes in the
charge distribution in the outer shells. Thus, the
squares of the radial integrals that appear in the
calculations of conversion coefficients are directly
proportional to the s-electron densities at the nu-
cleus. Due to the (10%%uz) E2 admixture in the 77-
keV transition, conversion in the p shells is com-
parable in magnitude to that in the s shells. Band,
Sliv, and Trzhaskovskaya" also showed that E2 P
conversion is not restricted to the inner region of
the atom but occurs within a region defined by the
radius of the L shell. In this case, we have com-
pared the radial p wave functions of the q =+10
ion and the neutral atom for all radii. It appears
that the shapes of the radial p(+10) and P(0) wave
functions are almost indistinguishable up to a dis-
tance well beyond the radius of the L shell. Hence
the conversion coefficients were obtained by nor-
malizing 0.' by the average ratio of wave func-
tions in the region where conversion takes place.
The results are displayed in Table I.

The conversion of s and P electrons in the n =2
to 4 shells together constitutes 99% of the total
conversion for the neutral atom, the remaining 1%
being contributed by the 0 and P shells. This
small fraction of the conversion was estimated for
the q =+10 gold ion in the same way as outlined for
the other shells, even though the approach used for
these shells might not be strictly valid here. How-
ever, even an error of 30% in the estimates for s
and p conversion for these outer shells will only
lead to a change of total conversion coefficient of
0.3%. This uncertainty is included in the calcula-
ted total relative change of conversion coefficient:
(n' —o, '")/a' = -0.0017 + 0.0030. The correspond-
ing relative change in the mean life is [(v' —T'")
/T 1„„=0.0014 + 0.0024.

Thus, it turns out that, even though 10 electrons
are removed from this atom, the conversion of
the remaining electrons increases to such an ex-
tent as to leave the total conversion coefficient
almost constant. Complete relativistic calculations
carried out by Obenshain et al. '8 yield (n —o.+' }
/uo = -0.001. The. small relative change in conver-
sion implies that no effect on the lifetime of the
state should have been observed within 0.3%. This
is in agreement with the experimental result.

We mould like to thank R. Klein for preparing the
sandwich target.
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