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Probability of nuclear excitation by electron transition in Os atoms
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An experiment on nuclear excitation by electronic transitiNEET) induced by deexcitations of the excited
atomic states was performed &ff0s. Osmium targets were bombarded with both a white beam and with a
monochromatic 115 keV x ray beam to produ€evacancies in Os atoms. Onlin€ x-ray spectra were
measured with a Ge detector and the rays emitted from the 30.814 keV isomer state in ¥®s nucleus
were measured offline. The NEET probability obtained from the monochromatic beam experiment was de-
duced to be less than 4110~ 1° per create hole. This value is much lower than the values measured so far.
The white beam experiment shows that these high probabilities of the NEET proc¥$©sn which were
obtained by irradiation with white x-ray and bremsstrahlung x-ray beams, results mainly in a contribution from
direct nuclear photoabsorption into the 69.537 keV stat¥9@s.
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. INTRODUCTION cribed to the excitation of the 69.537 keV state fi{Os
induced by the NEET process. Shinohataal. [6] observed
The deexcitation of excited states of atoms proceeds usu- x rays from the isomer if®°Os, after irradiation with a
ally by x-ray and Auger electron emission. The third decaywhite beam of synchrotron radiation and they concluded that
mode of deexcitation of atomic states was proposed theoretproduction of the activity resulted mainly from the excitation
cally by Morita[1]. This process is called nuclear excitation of the 69.537 keV state if%0s by the NEET process. La-
by electron transitiofNEET). In the NEET process, the en- kosiet al.[7] used bremsstrahlung x rays of 200 to 300 keV
ergy of the atomic excited states is transferred to the nucleusom a x ray generator. They claimed from their results that
via the exchange of a virtual photon. The NEET process cathe contribution from nuclear resonance absorption could not
be regarded as an inverse process to internal conversion. The separated. The use of electron beam, bremsstrahlung x
most widely known example for this process is radiationlessays or synchrotron white beam may result in a contribution
transition in muonic atomg2]. The process can occur only from direct nuclear resonance scattering into a range of lev-
when the atomic and nuclear excited states have close trapts which feed the 30.81 keV isomer state. Therefore, it is
sition energies and involve the same spin and parity changesgecessary to study the NEET process using a monochromatic
although its probability may be very small. The probability x-ray beam which does not overlap any of the nuclear level
for the NEET process is inversely proportional to the squareenergies of'8%0s. Ahmadet al. [8] employed a monochro-
of the difference between the electron transition energy anehatic 98.74 keV x-ray beam from a synchrotron radiation
the nuclear transition energy.
The NEET process was investigated experimen{aiys]

and theoretically{5,8—14 on the !3%0s nucleus, because it E(keV)
can offer experimentally a signature for excitation of the .
8 . 32 95.254

69.537 keV nuclear state if®0s by this process. The
69.537 keV state decays with a partial branztat hisomer 3DM5 o E(keV)
state of 30.81 keV in®®0s and the isomer state decays by 51 g9 =——— 1%
. . . . 32 === -2.04 5/2- —— 69.537
internal conversion. The detection of conversion electrons or 38 12 =————— -3.05
L x rays associated with conversion electrons is a signature
of the NEET process. The atomic and nuclear levels involved
in the NEET process in®0s are shown in Fig. 1. 1/2- ———— 36.202

The first result of the experiment investigating NEET pro- 92— 30.814
cess was reported by Otoztial. [3,4]. They used electrons (5.8h)
below 100 keV to ionize th& shells of Os atom and de- K
tected the conversion electrons frometh h isomer state 1S 12 —————-73.87 32— 00
activated through the 69.537 keV level $fOs. Saitoet al. 7608-atom 1% 0s

[5] observed the radioactivity of 6 h isomer in'®®0Os after
irradiation with bremsstrahlung x rays produced by 200 keV FIG. 1. Atomic and nuclear levels involved in the NEET process
electrons and they concluded that the radioactivity was asn #%0s.
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TABLE I. Summary of published NEET probabilities d#Os.

Experiment Theory
I:)NEET I:)NEET (M 1) I:)NEET (EZ)
Otozaiet al.[3]2 1x10°®  Okamoto[9] =1.6x10""7
Otozaiet al.[4] (1.7£0.2)x10°7  Saitoet al.[5] 1.58<10°8 1.43<1077
Saitoet al. [5] 43x10°%  Pisket al.[10] 2.3x1077 1.8x10°8
Shinohareet al.[6]  (5.7=1.7)x10°°  Bondarkovet al. [11] 1.1x10°7 2.5x107°
Lakosiet al.[7] (2.021.4)x10°8  Ljubicic et al.[12] 1.06x10° 7 1.25x10°7
Ahmadet al. [8] <9x10°1°  Tkalya[13] 1.1x10710 0.7x10712
Present work <4.1x10° % Hoetal[14] 2.1x10°°
Ahmadet al.[8] 1.3x10°10 3.8x10° 13

@Branching ratie=7x10"°. All the experimental data except R¢8] were determined on the basis of an
adopted value of 1:210 2 for the branching ratio for feeding the isomer state from the 69.537 keV state.

source to explore the NEET process. The upper limit of the To determine the number df°0s K vacancies produced
NEET probabilityPyeer<<9 % 10 1° obtained in their experi- in the target atoms, the on-line x-ray spectrum was measured
ment was several orders of magnitude lower than the valuesith a high-purity Ge detector. The diameter and the thick-
predicted in previous measurements. ness of the detector were 10 and 5 mm, respectively. The

Theoretical calculation$5,8—14 were also performed detector covered by both aluminum and copper plates was
applying various theoretical models which resulted in largelyplaced at 32.3 cm from the target at 90° with respect to the
varying NEET probabilities, too. The existing experimentalbeam axis. A lead collimator with a 2 mx8 mm window
and theoretical results reported for NEET probability inand a 6.0 mm thick copper-plate attenuator were inserted in
18%0s are summarized in Table 1. It can be seen from Table front of the detector to reduce the excessive counting rate.
that there is a great discrepancy among the predicted arfeigure 2 shows an O x-ray spectrum obtained during
measured data. irradiation for 6.17 h. The OK, andKz x rays resulting

We notice also a large difference among the measureftom K-hole creation can be clearly seen. The Rbx rays
NEET probabilities in'®0s. In order to examin this differ- are background fluorescent x-rays from the shield and colli-
ence, we performed an experiment f8*Os using both mator materials.
white beam and monochromatic x-ray beam as Ahetaal. After irradiation, the sample was brought to a low back-
[8] did. The main goal of this work is to evaluate the order ofground room and a spectrum of the Qsx ray emitted
magnitude of the probability for NEET process using aduring the decay of the 30.814 keV isomer state'ifDs
monochromatic x-ray beam and also to make comparisonsucleus was measured offline with a Ge low-energy photon
with previous experimental data and theoretical results. Thispectromete(LEPS. The diameter of the Ge LEPS surface
is to identify the origin of the large discrepancy.

6x(0° T T T T
x-ray Spectrum
Il. EXPERIMENT 10 OsKp1 White beam ]
Two enriched(81%) metallic ¥%0s targets of 15 mm di- ]
ameter with 4.2 mg/cm(1.91 um) and 3.5 mg/crh (1.56
um) thickness, respectively, were made by vacuum evapora- 4x10° ]
tion on a 15um Al foil.
& OsKat
§ 3x10° osKpm .
A. Irradiation with a white x-ray beam @]
The irradiation with white x rays were carried out to ex- 2x10° .
amine the contribution from direct nuclear photoabsorption 0sKaa
to the nuclear states which can feed the isomer state. The .
irradiation of *8%0s with white synchrotron radiation beam 1x10% 1 PbKar  PbKp1 PhKp |
from a bending magnet was performed in air at beamline 1 \ j
BLO4B1 in SPring-8. The energy width of the incident pho- X L L L LT
tons was about 30 to 150 keV and the maximum intensity 5 60 65 70 75 80 8 90 95
was at an energy of about 40 keV. The beam size (2 mm Energy(keV)

X3 mm) was defined by slits and collimators on the beam-

line and measured with a fluorescent screen. The current of FIG. 2. Online x-ray spectrum of an Os target measured with
the electron storage ring gradually decreased from 100 mAta pure Ge detector with white x-ray beam. The irradiation time
about 90 mA for a day. was 6.17 h.
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TABLE Il. Summary of experimental condition and the results.

Irradiation Counting
Target time Produced time? Detected
Run No. (mglen?), (deg) (h) K vacancies (h) L x rays
White beam
Run 1 4.2, 30 6.17 1.2210' 6.67 292
Run 2 3.5, 15 7.39 1.6810' 6.67 367
Run 3 4.2, 40 6.63 1.0710' 6.67 328
115 keV beam
Run 1 4.2, 20 15.5 1.6510'° 14.47 <10
Run 2 3.5, 12 13.8 2.0810'° 12.00 <10

&Time of off-line measurement.

was 16 mm. The irradiated sample was placed at 5 mm itbeam of 1&°— 10" photons/sec was obtained by Bragg dif-
front of the detector. The experiment was performed thredraction from a singlg400) Si crystal placed in the wiggler
times in the same way. The experimental conditions are sunbeam line. The energy width of the beam was about 100 eV.
marized in Table II. The beam energy does not overlap any of the nuclear level
The sum of the spectra obtained during the three offlineenergies of thé®®Os nucleus. The targets used were the ones
runs is shown in Fig. 3. At the same time, the half-life of used in the white beam irradiation experiments. The beam
decay of this radiation was measured. Figure 4 indicates thsizes which were measured with a fluorescence screen at
result of the half-life measurement with a fitted curve of thetarget position were 10 mm by 2 mm. The thick target was
exponential form. Each experimental point in this figureplaced at 20° with respect to the beam axis and the thin target
shows the results of summation of Qsx-ray intensity mea- was placed at 12°. The irradiation was performed in air at the
sured for the three runs. The obtained half-life time wasexperimental station. The irradiation times were 15.5 h
5.6£0.8 h. Both the x-ray energies and the measured halffor the thick target and 13.8 h for the thin target as listed
life time indicate that the measured x rays can be assigned ia Table II.
be L x rays emitted from the 30.814 keV isomer state of The number oK vacancies produced in thH€%Os target
1890s. They also show that we can measurerays emitted atoms was measured by onlife x-ray detection using a
from the isomer with the Ge LEPS system used in this expure Ge detector during irradiation. The detector was placed

periment. at 28.3 cm from the target center at 90° with respect to the
beam axis and it did not have any collimator. A copper plate
B. Irradiation with a monochromatic beam of 115 keV of 10.226 mm thickness was inserted in front of the Ge de-

. . . . tector to reduce the excessive counting rate of x rays. The
The experimental station BLOBW-B in SPring-8 was usedmean attenuation rates in the energy regioKof rays and

for the measurements. A monochromatic 115 keV x-ray
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FIG. 4. Observed time variation of @sx-ray intensity summed

FIG. 3. Offline OsL x-ray spectrum summed for three runs after for three runs at each time. The solid line is a fitted curve of the
irradiation with white x-ray beam. exponential form. The half-life time was 5:6.8 h.
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FIG. 5. Online x-ray spectrum measured of an Os target
with 115 keV monochromatic x-ray beam. The irradiation time
was 15.5 h.

FIG. 7. Room background spectrum in the room used for offline
measurement. The counting time was 14.75 h.

h for the thin target, respectively. Backgrounds in the room
sed for off-line measurement were also measured. The room
ackground spectrum is shown in Fig. 7. The counting time

was 14.75 h. A comparison of Figs. 6 and 7 shows that there

are fewL x rays that accompany the decay of the isomer
state in'8%0Os.

of Compton scattering were about T0and about 107,
respectively. Figure 5 shows an online spectrum observe
during irradiation for 13.8 h with 115 keV x rays. The,
andK x rays of Os can be seen clearly.

After irradiation, the target was brought to a low back-
ground room and the spectrum of the @Qsx ray emitted in
the decay of the 30.814 keV isomer state in s nucleus
was measured with the Ge LEPS. The irradiated target was
placed 5 mm in front of the detector. The experiment was |n the NEET process if®%0s, we consider an atomic
performed in the same way for both thick and thin targetstransition occurring between an initikl vacancy and a final
The experimental conditions are summarized in Table Il.  Mm-vacancy state. The decay of the initial atomic state will

The off-line spectrum for the thick target is shown in Fig. result in the excitation of the corresponding nuclear state. An
6. The counting time was 14.47 h for the thick target and 12pjtial K-vacancy state decays from the 70.82 kM),

71.83keVE?2), and 71.91keMVE?2) states of theM shell,

100 ‘ ‘ ‘ — and the 69.537 keV nuclear stat2 () as shown in Fig. 1 is
Off-Line Energy Spectrum excited. The state of the 69.537 keV decays promptly with a
14.47 hours partial branch to the 30.814 keV isomer state. The isomer

80 I ] decays primarily by internal conversion proceksx rays
associated with. conversion electrons is a signature of the
NEET process.

The NEET probability per a created vacancy can be
related to the yield of the produced isomer. After irradiation,

III. RESULTS AND DISCUSSION

§ the isomer production yieldNisomep) IS Obtained as
o
|:)NEET' B- NK 2\t
Nigomo=————— (1—e "), (1)

wherePyeeTis the NEET probabilityNy the production rate
of the K vacancies in®¥0s by irradiation,B the branching
ratio for population of the isomer state,the disintegration
constant of the isomer, arigl the irradiation time. The emit-
Energy (keV) tedL x rays (N,) from the isomer is written as

5 10 15 20 25 30

FIG. 6. OfflineL x-ray spectrum measured with the Ge LEPS
after irradiation. The counting time was 14.47 h. NL =Nigome(€ Mo—e Moty (2)
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wheret, andt are the start time and the end time of offline cess, the resulting probability could be .50 ° on average
measurement, respectively. for the three runs. But the monochromatic beam experiment
In the monochromatic experiment, the tokalvacancies shows that it is much lower. The result from the white beam
produced in'®*0s were deduced from the onlir€ x-ray  experiment is in agreement with that obtained by Shinohara
measurement taking into account the self-absorption in thet al. [6].
Os target, attenuation ¢ x rays in the Cu plate placed in  Recently, Kishimotoet al. [16] observed the NEET pro-
front of the Ge detector, geometrical factors and the responSgess in197Au using monochromatic x rays. The internal con-
function of the Ge detector. The detector efficiency was esyersion electrons emitted from excited nuclei were detected
timated from the intrinsic efficiency obtained with calibrated \jth a silicon avalanche photodiode. The NEET probability
radioactive sources. The correction factors of attenuation angas determined to be (5400.6)x 10~ 8. The common mul-
geometrical efficiency were calculated with tEes4 code tipolarity in 197Au is M1 which is same as that ##%0s. The
[15]. After corrections, the producel vacancies are 1.65 probability of the NEET process is very sensitive to the en-
X 10'* for thick target and 2.08 10*° for thin target, respec- ergy difference between the electron transition energy and
tively. After similar corrections such as geometric factors fOI’the energy of nuclear transition. The energy differences are at
L x-ray measurement and self-absorption in the target, wWgsast 1265 eV in8%0s and only 51 eV if®’Au, respectively.
obtain the number of emitted x rays (N.), and the NEET  The |arge energy difference #%s shows that the NEET
probability (Pneer) for individual irradiation can be derived propability in 8%0s should be extremely smaller than the one
from Egs.(1) and(2). The detection efficiency of the LEPS jy 197a since the probability is inversely proportional to the
for L x-ray measurement was determined experimentally b)équare of the energy difference.
using y rays of several radioactive sources. The detected |, summary, both monochromatic and white x-ray beam
number ofL x rays is at most 10. After corrections, the \ere used to study the NEET process'#0s. The present
resulting NEET probability could not exceed an upper "mitstudy gives an upper limit oPyeer<4.1X 10710 from a
of Pyger=4.1x 10" for thick target and an upper limit of measurement using 115 keV monochromatic x rays. The
2.8x 101 for thin target. Otozaiet al. [4] estimated the yajue is much lower than the previously obtained ones and is
branching ratioB for feeding the isomer state from the jp agreement with calculations by Tkalya3] and Ahmad
69.537 keV state to be MO*E’_- All the experimental et a|.[8]. From white beam irradiation experiment, we dem-
Pneer values in Table | were obtained assuming Biealue  onstrated that the isomer #i%s was mainly populated via
to be 1.2¢10°%. The values of the probabilities obtained in nyclear resonance absorption and that the result obtained by

this experiment agreed with each other for individual irradia'using white beam can not be considered to provide probabi”_
tion and are consistent with the result of Ahmetal. [8].  tjes of the NEET process itf%Os.

These are significantly lower than the values obtained from

previous experimentsl.sgl\(/ljost of the calculated values of the

NEET probabilities in***Os are relatively high as shown in

Table 1, but the calculations by Tkalya3] and Ahmackt al. ACKNOWLEDGMENTS

[8] give values that are much closer to our experimental re- We are extremely grateful to Dr. M. Itou and Dr. M. Mi-

sults. zumaki in SPring-8 for their various help in the use of
On the other hand, the corrected number&ofacancies BLO8W-B experimental station and to Dr. K. Funakoshi in

produced during the white beam irradiation are listed inthe use of BLO4B1 experimental station. We would like to

Table Il. The detected number bfx-rays from the decay of thank Professor H. Hirayama at KEK for use of the program

30.81 keV isomer state are also listed. In the experimentsode EGS4 We are indebted to Professors H. Kaji and T.

used electrons or bremsstrahlung x rays and SR white beanhukoyama for helpful discussion. This work was performed

for K-shell ionization, the NEET probability were very high. with the approval of Japan Synchrotron Radiation Research

If the obtainedL x rays after the corrections in this white Institute (JASR) (Proposal Nos. 2000A0145-NM-np and

beam experiment were fully attributable to the NEET pro-2001A0010-CM-njn.

[1] M. Morita, Prog. Theor. Phys49, 1574(1973. [7] L. Lakosi, N. C. Tam, and I. Pavlicsek, Phys. Re\b%; 1510
[2] F. F. Karpeshin and V. O. Nesterenko, J. Phys1% 705 (1995.

(1992. [8] I. Ahmad, R. W. Dunford, H. Esbensen, D. S. Gemmell, E. P.
[3] K. Otozai, R. Arakawa, and M. Morita, Prog. Theor. Phy8, Kanter, U. Rit, and S. H. Southworth, Phys. Rev. &l,

1771(1973. 051304R) (2000.
[4] K. Otozai, R. Arakawa, and T. Saito, Nucl. Phys297, 97 [9] K. Okamoto, Nucl. PhysA341, 75 (1980.

(1978. [10] K. Pisk, Z. Kaliman, and B. A. Logan, Nucl. PhyA504, 103
[5] T. Saito, A. Shinohara, T. Miura, and K. Otozai, J. Inorg. Nucl. (1989.

Chem.43, 1963(1981). [11] M. D. Bondarkov and V. M. Kolomietz, Izv. Akad. Nauk
[6] A. Shinohara, T. Saito, M. Shoji, A. Yokoyama, H. Baba, SSSR, Ser. Fiz55, 983(1991).

M. Ando, and T. Taniguchi, Nucl. Phy#&472, 151 (1987). [12] A. Ljubicic, D. Kekez, and B. A. Logan, Phys. Lett. &2 1

044609-5



K. AOKI et al. PHYSICAL REVIEW C 64 044609

(1991). code system, Stanford Linear Accelerator Center Reort SLAC-
[13] E. V. Tkalya, Nucl. PhysA539, 209(1992. 265, Stanford University, 1985.
[14] Y. Ho, Z. Yuan, B. Zhang, and Z. Pan, Phys. RewU& 2277 [16] S. Kishimoto, Y. Yoda, M. Seto, Y. Kobayashi, S. Kitao, R.
(1993. Haruki, T. Kawauchi, K. Fukutani, and T. Okano, Phys. Rev.
[15] W. R. Nelson, H. Hirayama, and D. W. O. Rogers, HEs4 Lett. 85, 1831(2000.

044609-6



