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We present direct evidence for the process of internal conversion between bound atomiBsttesen
the binding energy of the converted electron becomes larger than the nuclear transition energy. This process
has been proposed as an explanation of the measured, unexpectedly short lifetime of the first excited state of
125Te with charge state larger than 44We have detected th¢, x rays emitted in flight which follow the
filling of the K-shell vacancy created by the bound internal conversion process, togethey raiis from Te
ions in charge states ranging between 4¢hd 48 . For Té®" and Té®", the comparison of the x-ray tp-ray
ratios with the theoretical calculations of the internal conversion coefficients including decay to bound atomic
states, assuming Te ions in their ground electronic state, show poor agreement. The agreement becomes good
if account is taken of BIC decay of excited initial states with different occupancies of fihg @d 25,
subshells. In this situation, the half-life becomes sensitive to the precise initial state and simple specification of
the charge state alone is no longer appropriate.

PACS numbgs): 23.20.Nx, 21.10.Tg, 27.68

INTRODUCTION acter. Thus, a change of a few eV in the atomic excitation
energy can result in a large variation in the nuclear decay
Previous report$l,2] have shown that in highly ionized rate and nuclear half-life. In particular cases such as highly
125Te, the lifetime of the first excited nuclear state at 35.491%harged ions, where the matching of atomic and nuclear ex-
*+0.0005 keV depends strongly on the ionic charge state ofitation energies can be achieved at the level of eV, the value
the Te ion in the charge state range betweenddd 48". A of the half-life T, can be significantly smaller than in the
large increase of the lifetime found for charge state5 4id  neutral atom. The dependence of the lifetime on the associ-
48" was explained by the blocking of the-shell internal  ated charge state and atomic configuration may have impor-
conversior(IC) because the binding energy oKashell elec-  {ant consequences in astrophysical plasmas as discussed pre-
t_ron for these charge states becomes Iarger than the ex0|t(;\i-0u\,¢,|y in the framework o3~ decay in highly charged ions
tion energy of the nuclear state,. The increase of the 4 5] | principle, BIC can play an important role in cases
K-shell binding energy &) is due to the reduction in the \ nore the binding energies of the atomic electrons are close
screening of the Coulomb nuclear potential by the outer sheﬁg the nuclear transition energy. For the particular case of
electrons. electronic transitions from th& shell and transitions con-

. o
Rath_er surprisingly, for the charge states d 46, necting one excited state to the ground nuclear state, this
the lifetime of the level was found to have a value close to . 2 ) . "
ituation is encountered in several nuclei in additiot3de

that in the neutral atom. For these two charge states, an irf—
crease of the lifetime was expected since the condign such as**ir, 196Au’_ 183Ta,_ _177Ta, 070s). 'V'"."”y more
>E_ is fulfilled. It was suggested in Rffl] that the nuclear cases can be found if transitions between excited states are
transition could still be converted, but without the emissionconsidered. . ,
of the electron into the continuum, the electron being pro- N this paper, we report the results of an experiment which
moted from theK shell to another bound state lying close to IS & direct proof of the existence of BIC. The signature of
the continuum. It was argued that, because the density d#!C is the observation of the delayéd, x rays following
states just below the limit of the energy continuum is high,the filling of the K-shell vacancy produced by the internal
and because the atomic width associated with the hole in theonversion of the nuclear transition. In the first part of the
1s state is as large as a few eV, it is highly probable to findpaper, we describe the experimental method. Then we com-
a transition that matches the nuclear transition energy, allowpare the experimental photon spectra with the results of
ing a type of internal conversion to take place. This newsimulations assuming a single internal conversion coefficient
process, called bound internal conversi@iC), bears the and one unique nuclear lifetime for any particular charge
same relationship to the usual IC process, as electronic excstate as suggested in R¢6]. Finally, the results are com-
tation does to ionizatiof3]. pared with a new set of calculations for an internal conver-
One important feature of BIC is its stongly resonant char-sion coefficient which takes into account the possible excita-
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tion of electrons inside the®shell at the time of nuclear ing laws developed by Anhott al. [10].

decay[7]. The lifetime of theK shell vacancies in Te ions with a
half-filled L shell is of the order of 10'® s [11]. The K
vacancies created in the Te ions at the end of the collision are
filled by 2p electrons within 10Qum behind the target with

The experiment was performed at GANIL. A beam of 25emission ofK x rays, the energies of which depend on the
MeV/nucleon of'?Te ions in the charge state 3@mpinged  charge state and electronic configuration. I°Tethe calcu-
on a 1 mg/crh thick 23Th target in order to strip the ions latedK x-ray energy is approximately 28.1 keV.
and to Coulomb excite the Te nuclei. The beam intensity was The other collision partner Th is more likely to undergo
of the order of 1 enA. The Te ions exiting from the targetdirect ionization of theL shell. The scaling laws applied to
had an approximately Gaussian charge distribution centereitie Xe +Th collision system yield an ionization probability
on (Q)=46.5 with standard deviatiow,=1.6 (see Ref. of the order of unity, so in each collision oheshell vacancy
[2]). Scattered Te ions witl)=44—48 within the angular should be formed. In the following, we refer to x rays pro-
range 6. ue=1—6° were accepted in the SPHG] spec- duced in pure atomic collisions as atomic x r&¢d x rays).
trometer, which was rotated to a mean angle of 3.5°. Two Ge detectors were mounted in the horizontal plane at

The distance between the beam focal point on the target35° with respect to the beam direction and two other Ge
and the entrance of the first dipole of SPEG was 3 m. Theletectors were placed at 45° out of the horizontal plane at a
corresponding time of flight of the ions from the target to themean angle of 120° with respect to the beam direction. The
spectrometer was 40 ns, allowing for atomic and nucleaenergy resolution of the detectors was 700 eV at 30 keV. The
decay before entering the magnetic field. The Te ions weréast and slow output signals from the Ge detectors were re-
then separated in the magnetic field of SPEG according toorded in coincidence with the signals issued from the ion
their charge state. At the exit of the separation system, thdetection system.
horizontal (X) and vertical(Y) positions of the'?*Te ions In order to optimize the discrimination betweknx rays
were detected event by event in two identical drift chambersgmitted in the decay of the nuclear state with a mean delay of
separated by a distance of 1.58 m. From these parametetbge order of the nuclear half-life and the Kex rays follow-
the distributions in horizontal anglé, and vertical angleg, ing the filling of K shell vacancies created in atomic colli-
of 1%Te ions entering the detection system were calculatedsions, the target was surrounded by lead and copper shield-
The coincidence signal between a parallel plate avalanchi@g so that the Ge detectors viewed a zone along the beam
counter and the cyclotron high frequency provided a fastocated at a mean distance of 8.7 cm behind the target.
trigger signal for the data acquisition system. Therefore, only the delayed T x rays following the IC

The energy of the scattered ions was measured in an iofprocess and rays at 35.49 keV, were expected to reach the
ization chamber located downstream of the drift chambersdetectors. These two radiations, emitted from Te ions in
The ionization chamber consisted of eight elements, the firdtight and detected in the backward direction at approxi-
two of which were used to measure the differential energymately 120° undergo a large Doppler effeot/ ¢=0.227),
loss, thereby allowing a selection of atomic numbers of thewhich induces a negative energy shift, lowering the mean
reaction products. energies of the Te I& x rays and they rays to 24 and 29.6

In the passage through the target, nuclear and atomic eXxeV, respectively.
citation of the Te beam were induced. In the range of scat- In spite of the shielding, prom@AT) x rays emitted at
tering angles analyzed by SPEG, below the grazing angle dhe target position can reach the detectors if they are emitted
6.6°, nuclear Coulomb excitation was the dominant mechain a forward direction, through the beam aperture in the
nism for the excitation of the Te nuclei. A fraction é°Te  shielding material surrounding the target, and then are scat-
nuclei were Coulomb excited to high spin, short-lived statedered in the direction of the detectors. The Doppler shift as-
which populate the first excited,=3/2" state of 1°Te at  sociated with these AT TK x rays is positive and leads to a
35.492 keV. In the neutral atom, this state has a half-life ofmaximum energy for AT TeK x rays equal to 34.3 keV.
Tglzz 1.486 ns. The decay in-flight of this state byray ~ Hence, the Doppler effect enables a discrimination between
emission or by internal conversion with subsequent emissiofh€ two different mechanisms producing Kex rays in the
of Te K x rays, referred to hereafter as IC x rays, was de_CO”iSiOI’l. Most AT ThL x rays are emitted from atoms with
tected by an array of four 10-&mplanar Ge detectors de- asmall recoil velocity, so that their x-ray energy is much less
scribed further below. affected by the Doppler effect.

Pure atomic collisions between the beam and the Th tar- The Ge spectra from the four detectors were gain-matched
get atoms induced vacancies in the Keshell which were off-line and added together. The different sources of back-
filled promptly with emission of Te& x rays. As far as the ground in the Ge spectrum are discussed in the next para-
excitation of the TeK shell is concerned, the collisions at graph.
this energy are in the quasimolecular regif9¢ Te K va-

EXPERIMENTAL SETUP

cancies are forr_ned by excitation of the2 molecu_lar or- DATA ANALYSIS AND RESULTS
bital due to the time-varying Coulomb potential acting on the
electron. From an extrapolation of the results for XeTh The data analysis follows closely the procedure described

collisions at 5.9 MeV/nucleofl0], a 300 b cross section for in Ref. [2]. However, in contrast to the experiment of Ref.
the production of Te&K x rays was estimated, using the scal-[2], the charge state remained unaltered in the spectrometer
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FIG. 1. Experimental photon spectra in coincidence with Tespectra.

ions in charge states ranging betweeri 4hd 48 . Spectrum(a) is

gated by the inela}stic contour, see text an(_JI Fig. 2. Spe_c@b)ris responding t0d.oex betWeen 2.3° and 6° and between 1.3°
gated by the elastic contour, see_te>_<t and Fig 2. The positions of AT 4 1 g° degrees, respectively. In the following, the events
x rays, IC x rays, andy rays are indicated by arrows. selected by these two contours, shown in Fig. 2, are referred

because t 3 m distance between the target and the entrand® @S inelastic and elastic, respectively.
of the magnetic field was large enough to allow for the decay Below 10 keV, the cut in each spectrum was due to the
of the nuclear excited?Te to take place before the ion €nergy discrimination thresholds. Between 10 and 50 keV,
entered SPEG. the different kinds of radiation in each spectrum can be iden-
Different bidimensional matrices of events were sortedtfied. The flat high energy background is due to Compton
from the raw data set. A contour in the bidimensional plotscattering from high-energy rays in the detectors and in the
giving the energy of the ions in the ionization chamber ver-material surrounding the target. Thegeays are mainly pro-
sus theX position in the first drift chamber was chosen to duced by the deexcitation of Coulomb-excited nuclear states
reduce the background associated with energy degradesf projectile and target.
events. Differeni positions selected different charge states. Characteristic lines between 10 and 20 keV correspond to
For each event in this contour, the angle of emergence frortargetL x rays rescattered in the direction of the detectors.
the last quadrupolé was then calculated from the horizontal Since the recoil velocity of the Th atoms is small, the lines
positionsX1 andX2 in the two drift chambers. As shown in are not Doppler shifted, but they are broadened strongly by
the next section, the angular distribution éhreflects the the formation of multiple vacancies in the Th atomic shells.
corresponding contribution of Te scattering angheg,jex iN The line at 31.8 keV is due to AT x rays, following the
the target. direct Coulomb ionization of the projectiles in the target,
Random events in the Ge spectrum were subtracted froramitted in the forward direction with a maximum Doppler
the true plus random events by setting contours in the bidishift and then scattered by the surrounding materials in the
mensional matrix of the photon energy versus delay timalirection of the detectors. This line dominates in the spec-
between the PPAC and fast Ge discriminator output signaldrum (b) associated with the elastic contour for which the
Finally, Ge spectra of true events were obtained for each Tauclear excitation is strongly suppressed. We find that the
charge state between 44nd 48 . relative intensity of this Te component remains independent
Because a maximum of four charge states could be resf the ionic charge state.
corded at one magnetic rigidity in the focal plane of SPEG, The line at 24 keV corresponds to IC Rex rays emitted
we used two consecutive values of the magnetic rigidity inin the backward direction, at around 130°. This line is not
order to analyze Te charge states ranging from #%#48".  seen in spectrunib) which is associated with large impact
The values of the rigidity were chosen to bring successivelyparameter collisions and a small nuclear excitation probabil-
the 46" and 47" charge states to the center of the drift cham-ity. On the other hand, this line dominates spectii@m re-
bers. The final Ge spectrum for a given charge state wallecting the strong dependence of the Coulomb excitation
obtained by summing the spectrum for each rigidity. probability of the nucleus on the scattering angle. The inten-
Ge energy spectra corresponding to the sum of the spectgity of this line is strongly dependent on the Te charge state.
for all charge states, are shown in Fig. 1. Spe@and(b)  The y transition at 35.49 keV, competing with the IC decay,
are conditioned by contours set on the scattering angles cois also seen in spectru@ doppler shifted to an energy of
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29.6 keV. This line appears as a shoulder on the low-energy

side of the 31.8-keV line. 200

AT X—rays

SIMULATIONS 100

For a quantitative interpretation of the results we per- 50
formed two different simulations. One, for the analysis of the @
ion trajectories in the spectrometer, was made with the pro--Q 0
gram TURTLE+ [12]. The second used the prograpEANT
[13] for the analysis of Ge spectra. TleEANT simulation 35 2000
takes into account Compton and elastic scattering of all ra-<
diations in the shielding and chamber materials. The param- 1500
eters entering the trajectory analysis wéirethe beam dis- 1000
persion parametergf, 6¢, Sp/p (p=ion momentum){ii)
the magnetic rigidity;(iii) the scattering angl®qyex; (i) 500
the target thicknessfv) the experimental yield of charge
state. 0
In Fig. 2, we show the bidimensional plot 6§,y Versus 5 1015 20 25 30 35 40 45 50
the angle of emergence from the last quadrupgbl&éhe con- Energy (keV)
tours used to select the Ge spectra associated with elastically
and inelastically scattered Te are shown. FIG. 3. In flight decay photon spectra simulated with tEaNT
The parameters entering in the simulation of the Ge specsode. The charge states of the Te ions and the angular contours are
tra by the progranGEANT were (|) the geometry of the reac- the same as for Figs. 1 and 2. The valud g§ from Refs.[1,2] and
tion chamber, including the shielding of the detectdiig;the reported in Table | column 6 are used in the simulation. In the
energy resolution of the Ge detectofi) the beam energy int_algstic spectrunfa) and in the e_Iastic spectruth), the spectrum
and beam angular distributions at the exit of the targey; ~ ansing from IC x rays and rays is shown by dotted-dashed lines.
the experimental yield of charge statés) the production of The t.hIC|§ solid lines give the total simulated spectra including the
atomic TeK and ThL x rays at the targetvi) the angle-  contribution of AT x rays from Te and Th.
dependent nuclear Coulomb excitation probability of Te nu- O_ 0. .0
clei P(0eouie,) and subsequent probability feeding of the first ar=agtar. Y
excited state of?°Te; (vii) the production of high-energy
rays from the decay of high spin states BfTe; (viii) the  The values fora? were computed using the standard meth-
energy dependence of th@2Ls transition on the Te charge 0ds for normal internal conversidi].
state; (ix) the time-dependent rate of the in-flight decay of TheQ-dependent? is related to the) dependence of the
the first excited state of**Te nuclei by internal conversion half-life of the nuclear state[ %, by the relation
in the L and K shells and byy emission. We performed
separate simulations for each type of radiative process, T,=Tx(1+ad)/(1+a%), 2)
namely, high-energy emission, AT TeK and ThL x-ray
emission, starting with the same number of events for eactvherea?=13.91 andr$,,= 1.486 ns are, respectively, the IC
type of process. The cross sections for these processes wejgefficient and the half-life in the neutral atom. The simula-
assumed to be independent of the Te charge state. tions cover a range of half-lives of the first excited nuclear
Next, we simulated the Ge spectra for the decay of thetate of **°Te ions Ty, between 0.7 and 10 ns. For each
first excited nuclear state b‘y emission or IC followed by value T?/Z’ the value Ofa? in the simulation was Changed
emission of a TeK x ray. In the neutral Te atom, Auger according to Eq(2). The location of the decaying ion drift-
transitions associated wittrs2Zand 2 electrons contribute to ing between the target and SPEG, was randomly sampled
8% of theK hole width [14] Measurements of thK-shell from an exponentia| decay law.
fluorescence yleld in hlghly ionized ions of Fe indicate that The Scattering ang|es were distributed between 1.3° and
the Auger contribution remains of the same order in carbonge according to the Rutherford scattering law. The number
like and nitrogenlike ions as in the neutral atditb]. In  of excited Te nuclei was obtained from the theoretical
consequence, IC followed by an Auger process were Nepgjues for P(6.o,e). The results of the simulations were
glected in the simulation. _ _ stored event by event in order to obtain the Ge energy spec-
Following the analysis of the previous experiméhf2],  trym associated with the scattering angle for each ionic spe-
we assumed first that Te ions at the exit of the target are igjes. Finally the simulated Ge spectrum for the different de-
the ground electronl_c state for each_ charge _sﬂ;até’hen a cay processes were scaled and added together.
single value of the internal conversion coefﬂmem% and We show in Fig. 3 the result of a simulation using the
a? and consequently a single valli§,, is inferred for each  values ofT,,, given by Attallahet al.[1,2] and reported in
charge stat® of the Te ions. The total IC coefficient? is  Table I. As in Fig. 1, the spectr@) and (b) correspond to
given by inelastic and elastic scattering, respectively. It is seen that the

O
'
-
3
5 150
O
—
o
| -

024311-4



FIRST DIRECT PROOF OF INTERNAL CONVERSION. .. PHYSICAL REVIEW €& 024311

TABLE |. Measured and calculated internal conversion coeffi- a =
X g . ) " 20 H(e) Ti=1.6ns
cients and half-lives of the first excited state of‘%e -‘E 1l s
> ! 3 I
Charge ag Ty2 (NS 8 OF
b c a b c AP PRI BTN SAVITIT PRI G
state Exg Exp”’ Calc® Exp:. Exp’ Calc! o 200» 0 o141
44 =8 108 <2 1.6 O »
+6 +0.4  100p a
45 1375, =11 59 149 <15 26 & i
46 =<19=2.8 10+2 06 =4=1 1804 6.7 o) 0 T Foo oA
47 <06 1105 02 =7  6x1 79 c 60 (9) Ti=3ns
48 <05 =9 112 101 > 40F Nl 3
Z ZOj ll VAl . -
#Present experiment. OPas il bk bt s
bReferencd 2]. 40f =(h) T,.=8 ns
‘Referencd6]. 203 5
experimental spectra in Fig. 1 and the simulated spectra in O My (e . J ‘ ‘
Fri]g. 3 ar:e in”g(r)]od c1ualitative agreem_ent.lTh(;s_ cot:nparr]ison 0 10 20 30 40 0 10 20 30 40 50
shows that all the relevant processes involved in the photon
emission have been included in the simulation. In Fig. 3, the Energy (ke\/) Energy (ke\/>

contribution of the nuclear decay of the first excited state of

Te by IC and byy emission is indicated by a dotted line. FIG. 4. (a) Spectra of IC x rays and rays obtained with in-

elastic contour fota) Te*', (b) Te*', (c) Te*®', and(d) Te*". (e)
Simulated spectra of IC x rays andrays using(e) aﬁ‘” =10.8 for
Te™' | (f) o> =13 for TES', (g) a® =4.7 for TES', () al*

In Figs. 4a)—4(d) we show the experimental Ge spectra=0.3 for Té” . See text for details.
conditioned by the inelastic contour diy,ex, and by the

; + +

charge state of the detected Te ions equal t, 45", 46", treated simultaneously when determining iheversusT,
and 47, respectively. For each spectrum, we have sub- 43
tracted the corresponding spectrum conditioned by the elasteve: W? _assumed ar=10.9 va_lue equ&l to the theoret-
contour after normalization on the number of Te ions. The'CE,a‘I coeﬂment[4]. From the experlmentaj 4\fla_|u,e we ob-
spectra in Figs. @)—4(h) correspond to simulation of the Ge (@iN€dT1,<2 ns anday'=8 . This value ofa " is in agree-
spectra for the nuclear decay of Te alone. These spectra apeent, within experimental errors bars, with the .theore'ucal
conditioned by the charge state after magnetic analysis an¢flue 10-8 calcuIaESd for norma!MIC. In the following analy-
by the inelastic contour as for the corresponding experimensiS We shall adopi'=10.8 andT;,,=1.6 ns, corresponding
tal spectra in Figs. @—4(d). to the calculated value[sﬂf]_. . _ N

Varying step by step, the value @f, in the simulation, Te™". The spectrum in Fig. @) is conditioned by Te
we have Ca|cu|ated for each Spectrum the rabo ?OUS detected in th@:45 Charge-state. The main Character'
=Nic/N,, of the number of IC x rays in the energy interval istic of the spectrum is the very intense pe_ak at 24 keV and
21.5 to 25.5 keVN,c, to the number of ofy rays in the fthe Iarge ratio between th_e x-ray an_dray intensities. Te
energy interval 28.0 to 32.5 keW,,. From each experimen- 10NS with Q=45 can be eithefi) Te ions produced irQ
tal spectrum of a given charge state, we have extracigd a = 44, Which after decay by a usual, energetically allowed, IC
value. Thisp? value was then compared with the curye @re transformed t®@=45 or (i) Te ions exiting from the
versusT,,, obtained from the simulation in order to deter- target withQ=45 which remain in this charge state after a

best value Ofa-,Q and ag_ The spectra in Figs. (6)—4(h) experimental conditions these two processes cannot be dis-

assume these particular values. tinguished. _ o

Te** . Starting the analysis with the spectrum in Fi¢g)4 In the simulation, the decay of T8 and Té*" were
gated by Te ions detected in the charge sGte44, we note cons!d_ered simultaneously to obtain the cupveersusTy,
the presence of a TK x-ray peak at 24 keV, signaling IC condltloned by the detectgd charge state 4_15. The contri-
decay. In this case, IC, followed by the emission of an elecPution from the decay by internal conversion fronf“l*gto _
tron in the continuum induces a change of the charge state &€ numbeN c used the theoretical charge state d'Str'?4Ut'°”
the Te ion by one unit. The x-ray signal detected in coinci-Of ions at the exit of the target and the valueswff and T3,
dence with charg€=44 corresponds to IC in a Te nucleus given above. The simulated curve @ versusT?}, is shown
with ionic charge stat®=43. The number of ions produced in Fig. 5, together with the result of the? analysis of the
in this charge state which also contribute to the x-ray signagxperimental spectrum compared to the simulated photon
in the photon spectrum in Fig.(@ is low because of the spectra in the energy range 20 to 33 keV. This yields values
charge state distribution of ions at the exit of the target. Thexg’=13"5 s and T15,=1.4" 34 ns. Due to the small propor-
vy signal at 29 keV is in coincidence with %&. tion of ions arising from decay of sta®=44 in the Q

In the simulation, the decays of ¥& and Té*" were =45 detected ions, the value eff’ is not very sensitive to

DISCUSSION OF THE RESULTS
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Te** T, The analysis of the spectrum in Fig(c#
shows that the IC coefficient for thi€ shell is even more

P ADO — 45*

O0.6[ame — 46" reduced for theQ=47 charge state. The-ray peak domi-
nates the photon spectrum and the emissiorKok rays
0.4} g cannot be ascertained with the available statistics.

For Q=48 (not shown, we do not observe an x-ray sig-
nal. For this charge state, almost complete inhibition of BIC
is expected, because the 8hell of the Te ions is now com-
pletely empty. The latter fact has two consequen@gshere
is no electron left to fill the & shell except for an electron
promoted to a high-lying bound state by internal conversion,
(i) the width of the & hole state becomes very small, so that
the energy matching between the nuclear transition and an
eventual atomic transition is very restricted.

In principle, the results of the simulation could be affected

by long-lived metastable states. For thé®dion, there is a
well-known metastable configuratiors?2p? 3P, with a life-
time of approximatively 1.7 mglL6,2]. The presence of ions

in this state will not change the analysis because BIC transi-

0 ' ' ' - ' - tions in such a state lie far from resonance and consequently
0 1 2 3 4 5 6 7 . -
such states cannot decay by BIC as is also the case f8r Te
T1/2 (I’\S) ground state. For T8 ,Te*s", and Té”' if we restrict our-

_ ) ) selves to configurations excited within theshell, there are
FIG. 5. Upper partp versusTy, obtained by simulating the o metastable states with lifetimes longer than those taken
decay of T€°, open squares, and e, filled squares. The curves jnto account in the theoretical analysis discussed bélsk
are the results of a fit procedure, dotted-dashed curv&fe#5, Metastable states formed with electrons in Meor higher
full curve for Q=46. The open and filled circles are, respectively, shelis will lie far from the resonance condition and conse-
the experimentap values with error bars for T8 and Té® . quently have negligible BIC decay rates.
Lower part: reduced¢? between the experimental photon spectra  Taple | summarizes the results of thg and Ty, values
and the simulated photon spectra for differ@nf, values;Q=45  gptained from the simulations for the different charge states
open triangles, dotted-dashed curv@=46 dark triangles, full ¢ Te, together with theT,, values measured previously
curve. [1,2]. Considering the difficulties associated with both the
present method and that used previously, one recognizes
the value taken fonﬁ“. For exampleaﬁ“: 15.6 leads to a general agreement between the two sets of experimental val-
valueT{»=1.2 ns. ues.
The uncertainty invj is mainly due to the low intensity
of the y signal and to the subtraction of the elastic spectrum.
The result is in quantitative agreement with the previous CALCULATION OF BOUND INTERNAL CONVERSION

measurement of the half-life given in R¢2], where it was The results of theoretical calculations of BIC decay in

45 ;
found thatTy;, was at most equal to the value in neutral 12574 jon were presented in R4#] and the values for the

atom. theoreticalK-shell internal conversion coefficients are shown
Te*®*. The photon spectrum in coincidence with Te ionSjn, Taple I. The values for the ion§ =45 andQ=46 are
in the 46" charge state is given in Fig.(@. In this case, gjgnificantly different from both sets of experimental results.
K-shell IC can occuonly by BIC. Therefore, the presence of one possible explanation of this difference is that the sim-
TeK x rays at 24 keV emitted in flight is a definite proof of pjified atomic structure of Te ions considered in Héfl led
nuclear decay involving bound electrons in the initial andtg the omission of resonant BIC transitions. In particular, the
final states. Compared to the spectrum in Fid) Athe ratio  cgiculation of Ref.[4] considered the initial state ion Te
betweenN,c and N, is very much reduced, indicating a 1822822522p46,Q to be in a single atomic state with the

smaller value of the IC coefficient as comparede 45. A ) b el i orbital db
diminution of ay is expected as the density of states whichMaximum number of electrons inp2orbitals. Here and be-

can be occupied by the excited electron becomes lower. THEW we use the notationf2to denote a pj = 1/2 orbital and
analysis of this spectrum is simpler than fgr=45, because the notation p to denote a pj=3/2 orbital. Calculations
there is no mixing of different original charge states in coin-[7] of excited atomic radiative decay rates of ionic states of
cidence with the photon signal. The curgeversusT,, is  the form Te K22s?2p*2pY with x#2 have revealed that
shown in Fig. 5 together with the results of tgé analysis. such states have lifetimes of the order of nanoseconds or
The curve ofp versusT,, indicates a value fof, between longer. These are comparable with, or longer than, the time
2.8 ns and 4.0 ns whereas the minimum of §fecurve  during which IC x rays andy rays are measured in the
favors a value foiT,,, between 1 and 3.2 ns. present experiment. This has the important consequence that
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the number of possible BIC resonances is substantially in- TABLE Il. Transitions energies and BIC coefficients; asso-
creased relative to the case in which the;2 shell has the ciated with the excitation &—8s in Te*S" for transitions with a

maximum occupancy. resonance defe¢t,— ;| <80 eV.
Below we present the results of calculations of BIC decay = :
in the ions Té" and Té®" taking into account excited ini- Initial state Final state Wy~ 0 A
tial states. Details of these calculations are given in R&f. ' f (eV)
For botp olf tr:ese |Qn|c_stat§s, the t(;I_l):‘f(laren.t pos_&bls d;_smbu_1522322512p2 J=0 1s'2s2p’8st J—1 —7751 0.9
ions of electrons in @ and 2 orbitals give rise to five 122520pl2p? J=1  1s'2s?2p?8st J—0 —76.58 0.5
atomic states. The total rate for nuclear decay of a Te iso- o e 6375 007
meric nuclear state for an ion in a given initial atomic state 1572s2p72p" J=1 1s72s°2p"2p78s™ J=2 : :
can be written 1s22522pt2pt J=1 1s'2s?2pl2plgst J=0 —62.95 0.04
1s?22s%2pt2pt J=1 1s'2s?2pl2ples! J=0 —32.11 0.62
Ni= ABCHNCH, (3)  1s?2s?2p'2p’ J=1 1s'2s?2p'2p'ss’ J=1 —3198 1.19
f 290c29m1l9n1 71— 19c29 41 loel — —
1s?2s?2pt2pt J=2 1s'2s?2pl2pl8st J=3 —66.25 0.06
290c29m1lonl 71— 19a29 41 lgal — —
where\E'® is the BIC decay rate to the final atomic state 1322322312p1 J=2 1512522212p1851 J=2 ~66.56 004
f,\, is the radiative nuclear decay rate, anit is the rate ~ 15°2s°2p'2p" J=2 1s'2s°2p'2p’gs’ J=1 —31.55 034
for internal conversion decay to continuum states, which inls?2s?2p*2p! J=2 1s'2s?2p'2p'8st Jj=2 —31.33 0.51
the ions under consideration is limited by energy conserva- 1s?2s22p? J=2 1s'2s22p?8st J=3  —43.88 0.08
tion to L-shell conversion. 1s?2s%2p? J=2 1s'2s22p28st J=2  —43.13 0.07
The BIC decay rate is strongly dependent on the elec- 1s22s22p? J=2 1s'2s?22p28st J=1 —4.26 16.39
tronic transition energy as shown by the expression for the 1s22s22p2 J=2 1s'2s22p?8st J=2  —4.13 25.65
BIC coefficienta; [4] 1s%2s?2p? J=0  1s'2s?2p?8s' J=1 —28.23 0.81
N _)\iBfIC At L' "
f - — 5 _ 1 i 1 1 i
N, T 2n (0, o)+ T2 4 link with experiment, we have calculated the ratic®

=N, /Ny assuming an initial statistical distribution of the

five initial levels, taking account of the population and decay
transition energy, and the quantiy; (corresponding ta,,, by atomic radiative transitions. After summing over all final

in Ref.[4]) is given by the same expression as that for thele"(al_S WAtShn=8—20 f% T andn=6-— 1,1 for Te®" we
internal conversion coefficient to continuum states excepPPt@inp™"=0.14 andp :O'ﬂ'é[' The experlmentajlavalues

that the wave function for the continuum electron, normal-ar€: respectively, equal tp™=0.08+0.04 andp™=0.35

ized on the energy scale, is replaced by that for a bound finaf 0-12- The good agreement between these values and the
state orbital. The quantity; in Eq. (4) is the total transition €XPerimental data given above confirms the importance of
width which is dominated by the width- eV) of the 1shole ~ BIC resonances in excited initial states.

in the final state following excitation of aslelectron by

BIC. For theM1 transition of ***™Te we have considered CONCLUSION

final states of the form €'2s?2p*2p’ns', created by & We have directly measured the ratiolok rays toy rays
—ns BIC transitions. Such states are likely to be dominantollowing internal conversion in*?Te ions with charge

since the electronic matrix elements are maximakforbital  states ranging between 44and 48. For charge state®
transitions. Additional contributions fromst-ds, transi-  =45" and, especiallyQ=46", a clearK , x-ray signal was
tions are possible but are associated with substantiallpbtained, which proves without ambiguity the presence of IC
smaller electronic matrix elements. The coupling betweenn a situation where th&-shell electron binding energy is

the open shell electrons in the final states considered leads f&rger than the nuclear transition energy. Fhex-ray signal
19 different levels for T®" and 16 levels for T&". disappears for Te ions witQ=48".

An example of 5—8s BIC transitions in Té"" is shown The measured values of the nuclear lifetimes f@r

in Table Il for those transitions lying within 80 eV of exact =45 to Q=48" Te are in general agreement with the val-
resonance. The transition energies, widths #@ndvalues yes previously measured by a different method. For the
have been calculated using Dirac-Fock electron wave funccharge stateQ=45", Q=46", good agreement between
tions calculated witteRASP[19]. In the calculations, the Au-  the experimental data and the theoretical calculations is ob-
ger contribution to the hole width and the effet of hyperfinetained if excited configurations off2electrons are consid-
interaction have been neglected. Very close energy matchingred. This splits a givenslto ns transition into different
between the electronic and nuclear transitions occurs for tW@ranches with different energies. Additional splittings arise
electronic transitions of the excited state’2s’2p* J=2.  from coupling between electrons in different open shells.
The transition that is closest to resonance in the ground statgnhe net result is that a rich resonance structure is produced
1s22s?2p? J=0 has an energy mismatch of 77 eV and thuswhich leads to an enhancement of the nuclear decay prob-
lies relatively far from resonance, bearing in mind the mag-ability. In this situation it is no longer possible to define a
nitude (~eV) of the transition widths. In order to make the unique internal conversion coefficient or a single lifetime for

where w,, is the nuclear transition energw;; the atomic
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an ion in a given charge state. Instead the full electronimuclear currents are exactly the same in BIC and in NEET if
configuration should be considered in the definition of thethe electronic and nuclear states involved in BIC and NEET
BIC coefficient. are identical. In order to observe the NEET process corre-
It is interesting to note that the BIC process is exactly thesponding to the BIC decay of?Te observed here, one
reverse process of NEET in which the nucleus is excited byvould have to prepare #°Te ion in the electronic configu-
a near-resonant electronic transitiphi7]. If we assume a ration 1s'2s?2p3nst (with n~17) or in the configuration
prepared excited atomic state which can decay by a transitiobs*2s?2p?ns' (with n equal 8 or 9, which is obviously very
whose approximate energy matches a nuclear transition idifficult. Nevertheless suitable situations for the observation
the same atom, it is possible for the excitation energy of thef BIC might be encountered in other atoms. In particular,
electronic part of the atom to be transfered to the nuclear padne favorable system may be the caseBU excited elec-
of the atom. The matrix elements coupling the electronic andronically in a laser-heated plasri20].
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