RAPID COMMUNICATIONS

PHYSICAL REVIEW C, VOLUME 61, 05130@R)

Nuclear excitation by electronic transition in *¥%s
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Monochromatic x rays have been used to explore the phenomenon of nuclear excitation by electronic
transition(NEET) in the 8%0s atomic/nuclear system. A new theoretical approach to calculating this process
has also been developed and predicts a value for the “NEET probabifygzr, of 1.3 107 % Pygeris the
probability that a given atomic excitatidim this case & vacancy, will result in the excitation of a specific
nuclear statéin this case the 69.5-keV level itf%0s). This value is much lower than most of the calculated
values given in the literature for this system. Our measurement gives the Paguh< 9x 10 1% an upper
limit which is several orders of magnitude lower than the values found in previous measurements, but which
is consistent with the new calculation.

PACS numbes): 23.20.Nx, 21.10.Tg, 27.78.q, 32.80.Hd

Nuclear excitation by electronic transitigcfNEET) is a

rare but fundamental mode of decay of an excited atomic ih d_::(Ea_iFa/Z)aa+ Kag,

state. It is a process by which the energy of the atomic state @
is transferred via the exchange of a virtual photon into exci- dag _

tation of the atom’s nucleus. It can only occur when the if szaaHEB—lFB/Z)aB,

atomic and nuclear states have closely matching transition

energies and also involve the same changes in spin and paghere €,,I',) and Ez.I') are the energies and decay

ity. The NEET process, which competes with the “normal” widths of the two product statefy) and |8), respectively.

decay modes involving x-ray and/or Auger-electron emis-The associated decay probabilities are

sion, was first postulated in 1973 by Morfth] and is similar

to related processes seen in the decay of muonic at@ims p :&f“|a (t)|2dt p =&fw|a (t)|2dt 3)
Consider an atomic system, such as tf&0s that we “ hJo" S Y P '

discuss here, in which an atomic transition can occur be- )

tween an initially excitedK-vacancy state and a final 1he statel8) can decay either by a nuclear or by an elec-

M-vacancy state. Let us assume that the nucleus of that atolfpnic transition from thévl vacancy. An electronic transition

can undergo an excitation to a level involving the sameWill, however, still result in a nuclear decay at a later time.

changes in angular momentum and parity as are involved i]a'huds Pg iz equag tg'llthe ;]‘NEET grObab"fityr';'P.NEET’l de—. d
the atomic transition. This situation is illustrated in Fig. 1. ined as the probability that the decay of the initial excite

NEET can occur when the two product states are nearly deqtomm state will result in the excitation of and subsequent

: . decay from the corresponding nuclear state.
generate. They are coupled by a residual interadtigp, the The coupled equatior@) for the coefficientsa,, anda
eIectromagnetic interaction of the electron.hole with the- Pr0%an be solved analytically and this leads to an eaxact, ifﬁéome-
tons in the nucleus. Lep; denqte the atomlc wave funptlon what complex, expression fdPyger (=P,). For small,
and ¢; the nuclear wave function. Following the creation of 4,ic expression reduces to
a K hole, the initial state has a product wave functjar)

=|ekio). The residual interaction generates an amplitude o Lal'g K2
for the statd 8)=| oy 1) and one can detect this component NEET™ T [+l 42 4
by measuring the nuclear decay. We can write the time evo- (Eo— EB)ZJF(T)
lution of the total wave function as
Atomic Nuclear E Atomic Nuclear
|(D(t):aa(t)|a>+aﬁ(t)|ﬁ>! (1) K-——-O——— ----------- exc. E K exc.
M gs. 1 MmO mmeeeeeeens s
. — Pk Yo : Om Wi
where the amplitudes, anda, have initial (t=0) values of ;
1 and 0, respectively. We determine the two time-dependen | atom  x nucleus > | atom x nucleus_ >
. . . . . exc. g.s. de-exc. exc.
amplitudes from the following coupled equations, which in-
clude the off-diagonal matrix element=(a|V¢,|B), and FIG. 1. Initial and final atomic and nuclear states involved in a
the decay rates of both states explicitly: NEET transition.
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TABLE |. Summary of published theoretical and experimental work on NEE¥$9s.

THEORY

I:)NEET (Ml) I:)NEET (E2)
Morita [1] 1973 - X108
Okamoto[3] 1977 - 1.5¢10°7
Pisket al.[4] 1989 2.%1077 1.8x10°8
Bondar'kovet al. [5] 1991 1.1x10°7 2.5x10°°
Ljubicic et al.[6] 1991 1.06<10°7 1.25x10°7
Tkalya[7] 1992 1.1x10° 10 7x10° 18
Ho et al. [8] 1993 2.1x10°° -
Present work 2000 1:310° 10 3.8x10° 13

EXPERIMENT
Method PneeT

Otozaiet al.[9] 1973 e~ bombardment 75-85 keV X108
Otozaiet al.[10] 1978 e~ bombardment 72-100 keV (10.2)10°7
Saitoet al. [11] 1981 200-keV bremsstrahlung (4.3+0.2)10°8
Shinoharaet al.[12] 1987 “White” synchrotron radiation (5%1.7)10°°
Lakosiet al.[13] 1995 300-keV bremsstrahlung (20.4)10°8
Present work 2000 Monochromatic 100-keV x rays <9x10710

a-"Hmp ()| ?
2L+ 1! ) ®)

Estimates ofPyger for various atomic/nuclear systems 3~ 5°
have been given by several authfts3—§, beginning with K2=47TGZB(HL,§ -3 )
Morita [1]. Many of the early estimates involved the use of
simplifying approximations that led to results at considerable 1 o 1\?
variance with Eq(4). Also, it was not recognized at first that ><< J KELO Im §>
PneeTtends to be significantly higher fdd1 transitions than
for E2 transitions,_ mainly because of the in\_/olvement of whereIlIL represent1 or E2, andq (=35.24 A°Y) is the
atomics states,. Which leads o a_stronger coupling. The MOrGyave number of the nuclear transition. The atomic matrix
trﬁcent calc_ulatlons of Tkaly{@] give values that are close to elementsmy, (q), defined by Eq(12) of Ref. [7], were cal-
ose obtained from Ed4). . : culated using wave functions from tke®Asp2code[ 18], and
. The system thqt hqs gece“’ed the most experlmenlta_l ateapulated value$14] of B(M1) andB(E2) were used for
tion in NEET studies is*Os[9-13. .Th's IS becau_se IS @ 1o nuclear transition. The Clebsch-Gordan coefficient refers
heavy sy_sten’(more Comp"?‘C‘ at_omlc wave func;tujnand to the total angular momenig of the K-vacancy and,, of
because it offers a convenient signature for excitation of the M-vacancy states.
S/2° nuclear state .at 69'537. keVin that this St,aée decays Inserting the calculated values af together with the
promptly (1.6 n9 with a partial branch 1.2X 1.0 » S€€  atomic transition energies given above, and the calculated
Ref. [10) to a lower-lying !'netastablée—h h"?"f"'f?) 92 atomic level widths of Ref[17], we obtain the following
state at 30.814 keV, which in turn decays primarily by inter-\egT probabilities:
nal conversion and can readily be measuféthless other-
wise specified, we use the values given in Rgfd,15 for Paneef(M1)=1.3x10" 1% and Pyge(E2)=3.8x10 13,
the nuclear properties 0f%s) For these reasons and also
to make comparisons with previous experimental and theo- Previous experimental determinations Rfegrin 80s
retical work, we too have made measurements and calculavere achieved employing a variety of technical approaches
tions for the case of®90s. We exploit the large fluxes of to produce the initiak-vacancy statetsee Table)l Each of
tunable, monochromatic, high-energy x rays now availablehese techniques has certain inherent difficulties. For ex-
from a third-generation synchrotron radiation source. ample, use of an electron beam can cause direct Coulomb
In the NEET process in®0s that we consider here, an excitation of the nuclear state and it is hard to distinguish this
initial K-vacancy state decays via an electronic transitiorcomponent from that due to the NEET process. Similarly, the
from theM shell. TheKM, (70.822 keVM1), KM, (71.840 use of a broad continuous spectral distribution of synchro-
keV, E2), andKM,, (71.911 keV E2) atomic transition$16] tron or bremsstrahlung x ray$white light” ) results in a
can contribute. The corresponding nuclear state at 69.53gontribution from direct nuclear photoabsorption into the
keV can be excited vidMl or E2 transitions from the 3/2  nuclear state or indeed into a range of nuclear levels that can

nuclear ground state. feed that state or the lower-lying metastable state. In the
The theoretical expression for the electromagn@t or  present work, we employed x-ray beams from a wiggler op-
E2) coupling matrix element that we have used is erated by the Basic Energy Sciences Synchrotron Radiation
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Center[19] at the Advanced Photon Source at Argonne Narated(95.3%) metallic ¥%0s electroplated onto a 0.015-in.-
tional Laboratory. After initial measurements with a white thick Cu disk using the method of Stuchbégg]. Individual
beam, in which the difficulties mentioned above became veryargets were irradiated in this fashion for periods of about 20
apparent, we switched to the use of a monochromatic 98.74y. Large numbers oK vacancies were produced, some of
keV x-ray beam to produce the-vacancy states. This beam which were expected to lead via NEET to the 69.5-keV state
(5x 10" photons/swas formed by Bragg diffraction from a and thence to the 30.8-keV metastable state of the nucleus.
single (440 Si crystal placed in the wiggler beam. The dif- The number of OK vacancies generated was monitored by

fraction angle was @=7.5°. This particular beam energy on_jine observation of th& x rays using a Ge detector.
was chosen because it lies above the osnkuetge at 73.9 After irradiation the targets were removed and the

keV [16], does not lie near the energy of a nuclear level Inrays associated with decays of the metastable state were de-

'8%0s, and corresponds to a convenient and intense diffrag : - -
. ’ X ected in a low-background shielded underground counting
tion. The energy width of the beam was about 0.I%0 eV) room where counting with a Ge detector proceeded also for

and the beam-spot size at the target was 0.2 mm wide anda out 20 h. Figure ®) shows the results summed for two
mm high. The incident x-ray beam contained a comparabI){ d. 9 | L f374N F .
intense component at 49.37 kébelow the osmiunk edge arget; and a tota_ c;ountmg time o /.4 . From a compari-
and also a few-percent component at 148.1 keV. None of th on with Fig. 2a), it is apparent that vy|th|n the sensitivity of
beam components had energies overlapping any offi@s this measurement, there was no evidence of the x rays that
nuclear level energies, thereby avoiding problems with2ccompany the decay_é?gos metastable statelhe peak at
nuclear resonant absorption. 10.3 keV in Fig. 2b) is due to weak natural background
The 30.814-keV metastable nuclear state80s decays radiation and is only observable in extremely well shielded
by internal conversion. This decay was measured off-lineconditions]
using a Ge(LEPS detector to count thé x-ray spectrum After taking into account factors such as the numbeK of
associated with thelL-conversion electrons. Figure(a holes created during the irradiatiqgand their decay the
shows the. x-ray spectrum obtained in the initial runs using branching ratio for feeding the metastable state from the
a white beam. The inset shows a corresponding measureme®f).5-keV state, geometrical factors, the emission probability
of the decay of this radiation. The half-life of the 30.8-keV for L x rays in the isomeric decdst2], self-absorption in the
state was measured to be 5#8%15 h, in good agreement target, etc., we obtained the res@lfeer<9x10 1% This
with the tabulated valugl4] of 5.8+0.1 h. value is significantly smaller than the various values ob-
The monochromated x-ray beam from the wiggler wastained in previous measurements and predicted by previous
incident upon a thi9.3 mg/cn?) layer of isotopically sepa- calculations(see Table)l It is, however, consistent with our
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beam at the target and these movements were accommodated
by corresponding linear translations of the target.
— Six x-ray beam energies were used in the scan ranging
5% from 69.47 to 69.97 keV. At each energy, an irradiation of
£ about 20 h was followed by a similar counting period. The
§‘°‘ number ofL, x rays from the decay of the 30.8-keV meta-
§ stable state was measured and from this the number of inci-
e dent photons/s/keV per 100 mA ring current at the nuclear
- resonance energy was deduced. The result was an energy
profile of the incident beartthe energy width of the nuclear
Gaussian Fit level is 4x 10 1% keV) and is shown plotted in Fig. 3The
insets in Fig. 3 show the x-ray spectra at two representative
points in the scaf.The absorption was found to be a maxi-
mum at a beam energy of 69.565 keV. We used a Ge detec-
tor on-line to determine the energy of the Rayleigh-scattered
photons and, in addition, we measured absorption oveKthe
60 604 606 0.8 70,0 edge of tungste(69.525 keM[16]). Based on these measure-
Photon energy (keV) ments, we estimate the error in the beam-energy determina-
) o tion to be aboutt30 eV (primarily a systematic error—the
FI_G. 3. The effective number of incident photons/s/keV per 100relative errors are much smallefThe resonance energy is
mA ring current at the nuclear resonance energy deduced from tht%us in reasonable agreement with the tabulated \jAkigof

measured pr_oducnon of isomeric decays resulting from nuclea 9.537 keV. Also, the energy width measured for the inci-
photoabsorption as the x-ray beam energy was scanned across the

; i ; 1
69.5-keV level energy. The result is the energy profile of the inci- ent beam(S1 eV) and the integrated intensity1.3x 10

dent beam shown plotted here and fitted with a Gaussian. The inse'igmtonslsm'00 mAboth agree with the calculated values.

show thel x-ray spectra at two representative points. Note that theThus the experimental technique and also the values taken

spectrum obtained at the peak is similar to that in Fig),vhereas 0T the atomic and nuclear properties BfOs (in particular
the one taken at the lowest beam energy is dominated by the wedRe branching ratio for feeding the 9/2metastable state

2.0 4

1.5 4

o

Counts/Channel
o a o

1.0 <

Photons /s 100 mA keV

10.3-keV background peak exhibited in FighR appear to be sound.
In summary, a new measurement using monoenergetic x
calculated value derived from E4) namely, rays and a new calculation d®yger in %%0s have been
performed. Both result in values that are significantly lower
Pnee(M1)=1.3<10"", than previously obtained. The measurement sets an upper

- _ limit for Pyger of 910 % consistent with our calculated
To demonstrate that our irradiation and detection systemggjue of 1.3 1010 As part of the work, we have also de-

were functioning properly and that our various assumptiongermined a new value of 5.89.15 h for the half-life of the
about the atomic and nuclear properties'810s were cor- 30.8-keV state int8%0s

rect, we changed monochromator crystals and switched to a '

nominal beam energy of 69.8 keV. This beam was used to We gratefully acknowledge the help of F. Markun, J.
measure nuclear resonant absorption into the 69.5-keV statereene, and A. Stuchbery in the preparation of the targets. P.
in 1890s. The beam energy was varied about the resonanddontano, M. Beno, and G. Jennings provided valuable assis-
energy by means of small rotations 0f400 Si monochro- tance in beamline operations. This work was supported by
mator crystal in Laue geometry in the wiggler beam. Thisthe U.S. Department of Energy under Contract No. W-31-
resulted in smal(a few mm) variations in the position of the 109-ENG-38.
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