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We have studied the ionic charge state dependence of the nuclear lifetime of the 35.5-keV first excited state
of 125Te. We found for the 471 and 481 ions, 400 and 670 % variations with respect to the neutral-atom
half-life ~1.49 ns!. These unusually large effects are due to the energetic blocking of theK-shell internal
conversion as the charge state increases past 471. For the 461, we suggest a new internal conversion mode
without any electron emission into the energy continuum.@S0556-2813~97!00104-0#

PACS number~s!: 23.20.Nx, 21.10.Tg, 27.60.1j
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I. INTRODUCTION

Although the dependence of the nuclear lifetime (T1/2) or
decay constant (l) on the extranuclear environment ha
been investigated for a long time, only very small variatio
(Dl/l;1023) were found@1#. The revival of interest in this
field in recent years is due to accelerator developme
which make it possible to induce drastic changes in the
tranuclear environment by ionizing theinneratomic shells.
Such processes, asb decay, electron capture, and intern
conversion~IC!, all of great interest for astrophysics@2#, are
very sensitive to the electronic density in the vicinity of t
nucleus. However, Ulricksonet al. @3# found that the re-
moval of up to ten electrons did not affect significantly t
lifetime of the 77-keV level in197Au. Recently, two experi-
ments have demonstrated that in highly ionized atoms
electronic configurations can have a drastic effect on
nuclear decay. In the first experiment, Junget al. @4# found a
spectacular decrease of the163Dy half-life from T1/25`
~stable! in a neutral atom toT1/2550d in the bare nucleus
which is the experimental proof ofboundb decay, a process
previously suggested by Daudelet al. @5#. The second ex-
periment, by Phillipset al. @6#, concerns the measurement
the internal conversion coefficient~ICC! of the 14.4-keV ex-
cited state in57Fe ions with few electrons. A 20% increas
was observed in the decay rate of Li-like ions, compared
the decay rate of the neutral atom.

In this paper we report on a several-hundred-perc
variation of the internal conversion coefficient and the co
comitant lifetime in125Te with the ionic charge state. A firs
account of this work has been given in a previous paper@7#.
The present paper presents in detail the experimental me
and gives a complete account of the data analysis and in
pretation.

*Present address: GSI, Postfach 110552, D-64291 Darms
Germany.
550556-2813/97/55~4!/1665~11!/$10.00
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II. GENERAL CONSIDERATIONS

In the neutral125Te atom, the first excited nuclear leve
~35.492 keV, 3/21) decays by an almost pureM1 transition
~99.96%! with a half-life of 1.486 ns@8–10#. The main decay
mode of this level is by internal conversion~IC! on theK,
L, andM shells. The corresponding internal conversion c
efficients~ICC! in the neutral atom are respectively equal
@11#: aK

0511.987,aL1
0 51.461,aL2,3

0 50.145,aM
0 50.319,aT

0

513.912, whereaT
0 is the total ICC andL1, L2, andL3 refer

respectively to the subshell 2s, 2p1/2, and 2p3/2. The mea-
sured half-lifeT1/2

0 in the neutral atom is related to the parti
radiative decay width of this levelGg

0 through the expression

T1/2
0 5

\ ln2/Gg
0

11aK
01aL

01aM
0 . ~2.1!

The removal of outer-shell electrons has two different
fects on the IC decay process.~i! It modifies the electron
number in the different shells; the corresponding ICC dim
ishes and vanishes at the limit of empty shells@3,6,12#. ~ii ! It
increases the effective Coulomb field seen by the outer e
trons and increases the binding energy of the remaining e
trons. The binding energy of theK-shell electron has bee
calculated using relativistic wave functions for Te ions w
charge states ranging between 441 and 511. Some of these
values are listed in Table I. Only small deviations in the
values are seen when different electronic wave functions
used.

For one particular charge state, called hereafter thecriti-
cal charge state Qc, the binding energy of theK-shell elec-
tron (EBK

Qc) becomes larger than the available nuclear tran

tion energy (vg). In this case, in the usual IC process, wi
the emission of a bound electron into the energy continuu
the K-shell ionization by IC becomes energetically impo
sible despite the presence of the twoK-shell electrons. Con-
sequently the half-life should increase by a factor cor
dt,
1665 © 1997 The American Physical Society
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1666 55F. ATTALLAH et al.
sponding to the suppression ofaK in Eq. ~2.1!. Using the
K-shell binding energy calculations in Table I, we obta
Qc545.

The half-life of the first excited nuclear state
125Te (T1/2

Q ) as a function ofQ can be related to the neutra
atom half-lifeT1/2

0 by

T1/2
Q 5T1/2

0
11aT

0

11aT
Q , ~2.2!

where

TABLE I. Electronic configurations andK-shell binding ener-
gies (EB

K) of 125Te for various ionic charge states. Boldfaced valu
of EB

K exceed 35.492 keV.

Charge Config. EB
K ~keV!

state Ref.@13# Ref. @26# Ref. @27#

0 ~neutral! 31.81a

44 (2s22p4) 35.262 35.27 35.263
45 (2s22p3) 35.581 35.58 35.580
46 (2s22p2) 35.909 35.90 35.908
47 (2s22p) 36.256 36.23 36.252
48 (2s2) 36.599 36.57 36.602

aFrom Ref.@28#.
aT
05aK

01aL
01aM

0 , ~2.3!

aT
Q>Qc5aL

Q>Qc ~2.4!

since theM shell is empty forQ>Qc . The superscripts
above refer to the ionic charge state of Te. One finds for

half-life of He-like 125Te a valueT1/2
501

522.17 ns compared
to T1/2

0 51.486 ns.

III. EXPERIMENT

Our experimental technique follows closely that of Ph
lips et al. @6#. A beam of 27-MeV/u 125Te38

1
ions ~corre-

sponding to a velocity of 7.18 cm/ns!, accelerated at GANIL,
impinged on a 1-mg/cm2 target of 232Th in order to strip the
ions and to Coulomb excite the nuclei.

Figure 1 shows the experimental setup. It can be separ
into three parts. The first part serves to produce the Coulo
interaction of the Te ions with the target and to define
scattering angle. The second part separates of the Te
trajectories according to their charge states by means of
magnetic field of the dispersive spectrometer SPEG@14#.
This spectrometer consists of two magnetic dipoles separ
by a drift space. The mean trajectory radius in the dipole
2.5 m. A quadrupole lens at the exit of the dipoles is tuned
obtain parallel trajectories before entering the third, det

s

FIG. 1. Experimental setup.
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55 1667IONIC CHARGE DEPENDENCE OF THE INTERNAL . . .
FIG. 2. Charge state distribu
tion of 125Te ions at the exit of the
1-mg/cm2 Th target. The experi-
mental distribution is superim-
posed on the theoretical charg
state distribution from@15#.
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tion, and trajectory analysis part at the end of the spectr
eter.

The target is mounted as shown in Fig. 1, at a dista
d511 cm in front of the first dipole, which corresponds to
time of flight td.T1/2

0 . This time allows for,~i! the feeding
of the first nuclear excited state through the deexcitation
Coulomb excited higher levels in125Te with half-lives
,1029 s; ~ii ! the rearrangement of the atomic electrons
the ground-state configuration, except for a few metasta
configurations~see Sec. IV!.

The scattering angle (uCex) of Te ions is defined by a
system consisting of a rectangular aperture 1-mm wide
25-mm high in front of the target~not shown in Fig. 1! and a
movable slit, 0.1-mm wide and 50-mm high, mounted in t
entrance plane of the magnetic field. The remaining spac
the entrance plane was completely masked. This arra
ment defines the scattering angle toDu560.20. After the
time td , the scattered ions with different charge sta
(4312501) enter the magnetic field and follow trajectorie
defined by~i! the magnetic rigidity,~ii ! the incident angle
u0 and positionX0 in the magnetic field relative to the spe
trometer optical axis,~iii ! the charge stateQ and momentum
P. These ions reach the ionization chamber after a time
;150 ns upon leaving the target. The travel time inside
magnetic field is;70 ns, which indicates the order of ma
nitude of the lifetime limit in the present method.

The horizontal (X) and vertical (Y) positions of the
125Te ions at the exit of the last quadrupole are detec
event by event in two identical drift chambers, separated
-
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a distance of 1.9 m. From these parameters the corresp
ing horizontal (u) and vertical (f) angular distributions of
125Te ions are computed. The coincidence signal betw
two parallel plate avalanche counters~PPAC!, joined to each
drift chamber, and the cyclotron high frequency provides
fast trigger for the acquisition system. To measure the ene
of the scattered beam, the ions are stopped in an ioniza
chamber which has an energy resolution of 1.7%.

As the normal target position and beam focus of SP
are located 3 m away from the first dipole@14#, the present
position of the target requires a special beam focusing. A
in this situation, the spectrometer is no longer achroma
and the impact position of the ions in each drift chamb
becomes very dependent upon the horizontal incident a
u0 and positionX0 @12#. For the second drift chamber, on
finds dX/du0.0.30 cm/mrad, whereX is the horizontal ion
position in the chamber. Also, the spectrometer dispersio
affected; one findsDX/dP/P58.53, 8.02, and 7.68 cm %
for u0521.4,10.6,12.5°, respectively. These values are
excellent agreement with those obtained by the simula
discussed below. The angleu0 is limited to ;3° by beam
stops mounted inside SPEG~Fig. 1! which decrease drasti
cally the spectrometer transmission beyond this an
Therefore, the scattering angle in the experiment was fixe
uCex52.6°, as a compromise between an optimum spectr
eter transmission and a maximum Coulomb excitation pr
ability. This angle is much smaller than the nuclear graz
angle~6°).

The 1-mg/cm2 232Th target produces an ion energy lo
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FIG. 3. Total energy versus th
horizontal position (X) in the sec-
ond drift chamber for scattered
ions atuCex52.6°. There are four
different kinds of events as la
beled, next to theparentpeaks of
the charge states 47, 48, and 4
~see text!. The rectangle shows the
energy-position contour (Eic)
used to gate the elastic events.
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of 17.2 MeV, and broadens the relative full width at ha
maximum of the energy distribution from the accelera
value 1.531024 to 1.731024. The target thickness suffice
to reach the equilibrium charge state distribution. The dis
bution measured in this experiment is Gauss
(Q̄547,s51.5) and in excellent agreement with theoretic
calculations@15# ~Fig. 2!.

Figure 3 shows the energy distribution in the ionizati
chamber as a function of the horizontal position in the s
ond drift chamber, for125Te ions scattered atuCex52.6°.
There are four kinds of events. The position in the d
chamber of the events labeled~1! depends on the magnet
field. The distribution of these events reflects the ene
straggling distribution of the Te ions leaving the target. Fo
given charge state, the events labeled~2! are at the same
position in the drift chamber, but have different energies
the ionization chamber. This energy distribution reflects
energy degradation in the detector windows after pass
through the magnetic field. The events labeled~3! are mainly
due to pileup of events inside the drift chamber. The eve
labeled~4! have the same energy independent of the cha
state, but have differentX positions corresponding to differ
ent trajectories caused by a change of the ionic charge
in the magnetic field. These events are of main interes
this experiment and are included in the contour gate sho
in the figure, calledEic , set on the elastic events.

Figure 4 gives a scatter plot of the ion positions in the t
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drift chambers (X1, X2!. A contour gate is also set on th
events distributed along a straight line corresponding to
angle of emergenceu from the last quadrupole.

The effect of the contour gates on the background is v
drastic, as shown in Fig. 5. The figure compares the unga
horizontal distribution~dotted lines! with that gated by the
contoursEic andu defined in Figs. 3 and 4. Here, the sca
tering angle was fixed touCex<0.2° for which Coulomb ex-
citation is negligible. The peaks of the different charge sta
have an asymmetric shape with a low-energy~left side! tail
corresponding to the remaining energy straggling in the
get. Between these peaks, a few events remain after the
ing conditions have been applied, corresponding to
events labeled~4! in Fig. 3. We callR the ratio of the total
counts in an interpeak interval ofn524 channels to the even
number in the corresponding peak on the right-hand side.
find an approximately constant value ofR.(0.4460.1)
31024. As the interpeak region is;160-mm wide and the
drift chamber width is 600 mm, only three charge state pe
could be measured at a given magnetic rigidity of the sp
trometer.

IV. DATA ANALYSIS AND RESULTS

A. General remarks

Figure 6 gives theu,Eic gated spectrum of the Te ions i
the second drift chamber for a scattering angleuCex52.6°.
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FIG. 4. X position distribution
of Te ions in the two drift cham-
bers for charge states 47, 48, an
49 and for a scattering angl
uCex52.6°. The rectangle show
the contour (u) of X1-X2 posi-
tions used to gate the elasti
events.
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During the experiment, the magnetic rigidities were tuned
such a way that two consecutive runs had two comm
charge state peaks in the focal plane. The spectra could
be added by overlapping the related common peaks.

Inside the magnetic field of SPEG, beyond the dista
d from the target, different species of125Te ions coexist.

~i! 125Te ions in the nuclear ground state, calledparents,
give peaks in the spectra of Fig. 6. This figure presents
horizontal positions in the second drift chamber. The pe
have an asymmetric shape because of the angular de
dence of the elastic cross section within the angular open
DuCex. The effect is especially large because of the spe
tuning and beam focusing of SPEG noted in Sec. III.

~ii ! 125Te ions Coulomb excited to the first nuclear sta
with a half-life T1/2

Q .td . Following the IC process, an elec
tron is emitted in the continuum, but due to the short lifetim
these ions cannot be distinguished from those in their gro
state which enter the magnetic field with a charge s
(Q11) @see~i!#.

~iii ! 125Te ions with excited nuclei and withT1/2
Q .td

which impliesQ>Qc , calleddaughters. At some position
inside the magnetic field the nuclear state decays. Part o
decay arises byg emission, the other by IC and incremen
the charge state by one unit. The125TeQ ions become
125Te(Q11) and their trajectories move towards that of t
unexcited incidentQ11 ions. Thus they end in the drif
n
n
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e

e
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,
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chambers at positions between the unperturbedparent
125TeQ and 125TeQ11 ion peaks. It is worth noting that the
probability of a double charge state change due to the Au
process is very small. In Be-like ions, e.g., with a 1s2s22p
configuration, the calculated fluorescence yield is 86%@16#.
So for all relevant charge statesQ>Qc , which are those
with T1/2

Q .td ~see Sec. V!, this process is completely negl
gible.

The effect of lifetime variation can be seen qualitative
in the spectrum of Fig. 6. The intervals between peaks 44
45-46, and 46-47 reflect only the background: theR values
associated with these charge state intervals are compa
with those obtained atuCex<0.2° ~Fig. 5!. In contrast, the
large values ofR associated with the charge states 471,
481 are the signature of an enhanced nuclear lifetime. Si
the modification of the charge state during the flight p
duces events located on the high-energy side of the pe
such events cannot be confused with those produced by
ergy loss and not eliminated by the gating conditions. T
total number and distribution of these events are used
deduce the lifetimes associated with the different cha
states.

B. Simulation

A direct analysis of the data is very difficult. To deduc
from the location of an ion in the drift chamber, the locatio
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FIG. 5. Experimental horizon-
tal distribution (X) of 125Te ions
impinging on a 232Th target and
scattered atuCex.0°. On the un-
gated spectrum, shown by dotte
lines, the spectrum gated by th
(u,Eic) contours is superposed
The ratio R of the interpeak
counts to the counts in the right
hand side peak is indicated. Th
shape near the top of the pea
characterizes the incident beam
while the energy loss in the targe
produces the tail and the events o
the left side of these peaks.
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inside the magnetic field where the IC process occurs and
time of the occurrence of the nuclear deexcitation, one ne
to reconstruct the actual trajectory through all the magn
elements. Unfortunately, the relationship between the imp
points in the drift chambers and the point of decay is
unique. For example, trajectories at different entrance an
could end up at the same impact point for different dec
locations. Therefore, for a quantitative interpretation of
data we developed a simulation program calledTURTLE1

@17#.
In the simulation we used the following parameters:~i!

the beam dispersion parameters (DX,DY,Du,Df,DP/P)
deduced from the analysis of the incident beam;~ii ! the scat-
tering angle (uCex52.660.2°) given by the slit positions an
confirmed by the measurement of the shape of peak t
~iii ! the magnetic rigidity;~iv! the incident angleu0 and po-
sition X0 in the spectrometer;~v! a background ratio
R.0.531024 from Fig. 5, assumed to be the actual bac
ground because of the very low Coulomb excitation pro
ability at uCex.0.2°; ~vi! a nuclear half-lifeT1/2, arbitrarily
fixed for all charge states and then optimized~see below!;
~vii ! for each charge state, the value of the correspond
ICC calculated from theT1/2 value and relation~2!. ~viii ! the
feeding probability of the first excited nuclear state
1.331023, evaluated from the known branching ratios a
B(E2) values@8,18#. ~ix! the experimental charge state di
tribution. An example of the simulation giving the Te io
distribution in the second drift chamber is shown in dott
lines in Fig. 6~a! for charge statesQ544249. In this ex-
he
ds
ic
ct
t
es
y
e
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-
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g

f

ample, we used a common half-life value equal
T1/2
0 51.486 ns. There is very good agreement between

periment and the calculated positions, shapes, and intens
of the main peaks. The simulation also reproduces very w
the major features of the interpeak data for the 441,451, and
461 daughters. It fails to reproduce those for the 471 and
481 charge states.

We made simulations with a range of half-livesT1/2 be-
tween 1.5 and 22 ns. A first set of simulations@dotted curves
in Figs. 6~a!, 6~b!, and 6~c!# was done with a total number o
events equal to the experimental one. All the ion trajector
exiting from the target were followed. Due to the very sm
Coulomb excitation probability this yielded only a sma
number of charge changed events by IC inside the magn
field even though this kind of simulation required a lar
computing time. Nevertheless, this allowed us to evaluate
spectrometer transmission including the effect of the spa
constraints imposed by all the elements in the beam line
the detection system, together with the energy loss and st
gling in the target, on the Te distribution.

A second set of simulations followed only the trajectori
of daughter events, assuming a unit Coulomb excitatio
probability, thus providing much better statistics in the inte
peak regions@boldfaced dashed curves in Figs. 6~b! and
6~c!#. These simulations were normalized to the previo
ones which started withparent ions.

A quantitative comparison between experiment and
simulation was made over each interpeak interval ofn524
channels, indicated by the horizontal lines in Fig. 6~a!, as a
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FIG. 6. ~a! Experimental horizontal distribution of125Te ions scattered atuCex52.6°. A simulation in dotted lines is shown only for on
Q-independent half-lifeT1/251.5 ns. The numbers give the ratiosR of the number of interpeak counts in each selected interval, indic
by a horizontal line, to the counts in the corresponding peak on the right. Separately measured background ratios~see text! for Q546, 47,
and 48 are shown in Fig. 5.~b! Expanded interpeak spectra and low- and high-statistics simulations~dotted and dashed, respectively! for
T1/256 ns and forQ547 ~see text!. ~c! Same as~b!, but for T1/2511 ns and forQ548.
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function of T1/2. For each charge state, we calculated
quantityx2/n, resulting in the plot of Fig. 7 forQ546, 47,
48. The value ofT1/2 which minimizesx

2/n is adopted as the
most probable value of the first-excited-state half-life
125Te nuclei for a given charge state. This minimum val
was found to be independent ofn within a reasonable range

TheT1/2 values and relative one standard deviation unc
tainties are listed in Table II. They are compared with the
retical values calculated from the ICC given by the electro
configuration of the atoms~see Sec. V!. One sees a spectacu
lar increase of the first excited state half-life beyo
Q546, to which we return below.

The ratioR ~Sec. III! can also be used to deduce t
half-life. In Fig. 8, we give a scatter plot of the calculate
decay lengthsZd ~velocity 3 time before IC decay! versus
the X positions, for daughter ions of charge state
Q546249 and for different half-livesT1/251.49, 6, 11 ns.
The shapes of the decay length distribution for different li
times is easily understood: for the short half-lives (;1.5 ns!,
Fig. 8~a!, a very small fraction of Te ions change their char
state inside the magnetic field of the first dipole of SPE
e

f

r-
-
c

-

.

When the lifetime increases, a larger fraction of the io
decays in the first dipole and the distribution of events in
drift chamber reflects the exponential decay. For a half-
T1/256 ns, Fig. 8~b!, a significant fraction of ions starts t
decay in the drift space between the two magnetic dipo
Te ions decaying in this region of the spectrometer have
same position in the drift chamber. For a still larger half-li
T1/2511 ns, Fig. 8~c!, an important fraction of excited Te
ions reaches the second dipole. Once more, theX position
distribution in the drift chamber follows the exponential d
cay law. It is seen in Figs. 8~b! and 8~c! that the position of
TeQ ions decaying in the second dipole of SPEG can over
with the position of TeQ11 ions which decay in the firs
dipole. This gives an experimental limit to the lifetime whic
can be obtained by this method.

From the preceding discussion, one can understand
shape of theX distribution in the interpeak region, in par
ticular, the approximately bell shaped distribution f
T1/2511 ns due to the large fraction of Te ions decaying
the drift region, seen in Fig. 6~c!. For a given number of
interpeak channelsn, the total number of events depends n
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FIG. 7. Distribution of x2/n
for simulations fitting the experi-
mental distribution in the inter-
peak regions forQ546248 as a
function of the assumedT1/2.
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only on the exponential decay law, but also on the abso
value of the ICC (aT

Q) which is related to the half-life
through Eq.~2.2!. Large values ofT1/2 imply small values of
aT
Q and consequently few decaying ions. The ratioR, as

previously defined, is thus a function of the two variab
T1/2 andQ.

Taking into account the background contribution in t
interpeak interval, the values ofR for different T1/2 andQ
values are plotted in Fig. 9. One sees that for a given exp
mental value ofR, two solutions forT1/2 are possible~very

TABLE II. Half-lives of the first excited nuclear state of125Te
for various ionic charge states.

Charge T1/2 ~ns!
state Exp.b Exp.c Calc.d Calce

0 1.486(9)a

44 ;1.5 1.60 1.65
45 <1.5 8.0 2.6
46 <2 1.860.4 8.3 6.7
47 661 5.960.5 8.5 7.9
48 1162 11.062.5 10.3 10.1

aExperimental value, used in Eqs.~2! and~3!. The uncertainty in the
last digit is shown in parentheses.
bObtained by thex2/n method~see text!.
cObtained by theR ratio method~see text!.
dWithout inclusion of BIC.
eWith inclusion of BIC @22#.
te

s

ri-

short and long half-lives both produce few interpeak coun!.
One solution typically can be rejected on the basis of phy
cal argumentation. Also the shapes of theX distributions are
very different for the possible solutions. ForQ548 the rela-
tive uncertainty is rather large. From the figure one can
duce the values ofT1/2

Q listed in Table II, which are in good
agreement with those found by thex2/n method.

V. INTERPRETATION OF THE RESULTS

The IC process is sensitive mainly to the electronic wa
function close to the nucleus. This property can be used
determine the ICC in an ionic system of charge stateQ
(aQ) from the ICC in neutral atoms (a0) @20,21#. For a
nonrelativistic system, one finds@19#

aQ5a0 lim
r→0

rQ~r !

r0~r !
, ~5.1!

wherer(r ) is the electronic density in the nuclear region.
Any variation in the configuration of the outer electron

shells induces a modification of the screening and thu
modification of the inner electron wave functions. Neverth
less, the resulting modification of the electronic density n
the nucleus is small for the electrons in the 1s shell. This
leads to a small variation of theK-shell ICC with Q, as
found for 57Fe ions with charge statesQ519223 @6#. This
is also the reason of the small expected change in the lifet
of Te ions in the charge stateQ544 compared toQ50
~Table II!.
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FIG. 8. Simulation of the decay length distributions as a function of the ion positions in the second drift chamber, for the charg
Q546-49 and for half-livesT1/251.5, 6, and 11 ns. The simulations are given for the same total number of decaying ions for the di
charge states.
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Assuming that the IC process of theK shell is totally
inhibited if the transition energy becomes smaller than
binding energy of theK-shell electrons, the expected life
times can be obtained from Eq.~2.2!, using calculated value
of aT

Q @19,22#. In Tables II and III, we report these calculate
values ofT1/2

Q andaT
Q , respectively, together with the exper

mental values. The agreement is good for the charge s
Q544, 47, and 48, but large discrepancies are seen
Q545 and 46. For the latter, the experimental lifetimes
very close to the neutral-atom lifetime. To explain this fin
ing, in Ref. @7# we suggested that IC could in principle tak
place between two atomic bound states in excited Te ion
process we calledbound internal conversion~BIC!.

Recent calculations@23# show that ICC values indeed d
not change significantly when the nuclear transition ene
crosses the~1s) electron continuum threshold energy valu
For a transition to a bound state labeled by the relativi
quantum numbersn,k, IC becomes a resonant process w
an ICC value of

ank
b 5r nk

1

2p

G

~vg2vnk!21~G/2!2
, ~5.2!
e

tes
or
e
-

a

y
.
ic

whereG is the total width of the electron hole state produc
by the IC,vg is the nuclear transition energy,vnk is the
excitation energy of the hole state, andr nk is analog to the
usual ICC, but normalized on the energy scale. Just be
the continuum boundary the density of atomic states is la
and the probability to find available states in an energy ra
of vg6G/2 is close to unity. ForK-shell conversion in ions
havingp electrons, the radiative width of the excited state
dominated by emission of 2p→1s x rays~in 125Te, one finds
for the ratio Auger rate/radiative rate;1022 @16#!. For Te
ions with one or twop electrons, such a decay givesG.5
eV. Using Eq.~5.2!, modified ICC values can be obtained,
follows.

Q545,46. As there is no metastable electronic configu
tion remaining after 1.5 ns@12#, the total ICC, including the
probability of bound ICab,Q are respectively equal to

aT
455aK

b,451aL1
451aL2

451
1

4
aL3
4557.5,

aT
465aK

b,461aL1
461aL2

4652.3.
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FIG. 9. Distribution of the cal-
culated ratioR versus the half-life
T1/2. The experimental values o
R are drawn in boldface lines an
their uncertainties in dashed lines
c
he

ke
this
Q547. B-like 125Te ions also have no metastable ele
tronic configuration with a lifetime larger than 1.5 ns. T
ICC value of the ground state configuration is

aT
475ab,471aL1

4711/2aL2
4751.8.

Q548. For Be-like Te, there is the well-known3P0 meta-
stable configuration with a lifetime of about 1023 s @24#.
-Assuming a statistical population of the ten different Be-li
configurations at the target exit, inside the spectrometer
beam consists of ions 59% in the (2s2)1S0 ground state and
41% in the (2s2p)3P0 excited state@25#. We deduce a mean
ICC for the two configurations,

aT
485aL

48.1.0.
TABLE III. Internal conversion coefficients of the first excited nuclear state of125Te for various ionic
charge states.

Charge aK
Q aT

Q

state Calc.d Calc.e Exp.b Exp.c Calc.d Calc.e

0 11.985(7)a 13.912(1)a 13.912(1)a

44 ;13 13.2
45 0 5.9 >13 1.8 7.5
46 0 0.6 >13 1162 1.7 2.3
47 0 0.20 2.760.5 2.760.2 1.6 1.8
48 0 0 1.060.2 1.060.2 1.1 1.0

aExperimental values. The uncertainty in the last digit is shown in parentheses.
bCalculated from Eq.~2! andT1/2 using thex2/n method~see text!.
cCalculated from Eq.~2! andT1/2 using theR ratio method~see text!.
dWithout inclusion of BIC.
eWith inclusion of BIC @22#.
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These values of the ICC were used in Eq.~2.2! to calcu-
late the expected half-lives listed in Table II. One notes
great improvement forQ545 whose calculatedT1/2 value is
now close to the experimental one. ForQ546, a discrepancy
remains, much smaller than without BIC. However, in th
K-shell binding energy range the ICC is very sensitive to a
small variation of eithervg or binding energies@23#. For
example, a change of 23 eV of the electronic transition
ergyvg , changesaK

b,46 from 0.262 to 161. An energy shif
of 66 eV would give a resonance on the 7s level of Te471

with a value of aK
b,475760 instead of the quoted valu

aK
b,4750.2.

VI. CONCLUSION

We have presented in detail an experiment leading t
very large ionic-charge state dependence of the first exc
state lifetime in125Te nuclei which decay mainly by interna
conversion. We found a large increase of this halflife fro
the charge stateQ547 onwards, whereas it was expect
nd

.
C.
rf

.
F

E.
,

, S

ys

.

n

as
o.

g,
e

y

-

a
d

theoretically fromQ545 onwards, for which the calculate
K-shell binding energy exceeds the nuclear transition ene
@7#. As the energies and the experimental charge states
well determined, we assert that only the assumption o
K-shell internal conversion process into atomic bound sta
~bound internal conversion! can explain our findings. The
calculations made within this assumption@23# give half-life
values in better agreement with the experimental valu
These effects are not restricted to125Te ions but should ap-
ply to any ion undergoing internal conversion decay, as s
as its charge state is high enough so that theK-shell binding
energy exceeds the nuclear transition energy.
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@21# F. Rösel, H. M. Fries, K. Alder, and H. C. Pauli, At. Dat
Nucl. Data Tables21, 92 ~1978!.

@22# Hartree-Fock calculation. F. Karpeshin~private communica-
tion!.

@23# F. F. Karpeshin, M. R. Harston, F. Attallah, J. F. Chemin, J.
Scheurer, I. M. Band, and M. B. Trzhaskovskaya, Phys. R
C 53, 1640~1996!.

@24# J. P. Marques, F. Parente, and P. Indelicato, Phys. Rev. A47,
929 ~1993!.

@25# M. Harston,GRASPprogram calculations~private communica-
tion!.

@26# G. Zschornack, G. Musiol, and W. Wagner, ‘‘Dirac-Foc
Slater X-ray Energy Shifts and Electron Binding Ener
Changes for all Ion Ground States in Elements up to U
nium,’’ Report No. ZfK-574, Institute for Nuclear Physics
Rossendorf/Dresden, Germany, 1986~unpublished!.

@27# W. R. Phillips, GRASP program results~private communica-
tion!.

@28# J. A. Bearden and A. F. Burr, Rev. Mod. Phys.39, 125~1967!.


