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TRIGGERING OF '*Hf"> BY PHOTOINDUCED ELECTRON TRANSITION

We considered the NEET (nuclear excitation by electron transition) as a possible triggering mechanism of the
isomer '"*Hf"™ during ionization of the L; atomic shell by x-rays. This 16" isomer is assumed to be excited into an

intermediate state 15~ by E1 electronic transition between Ms and L; shells. Simple nonrelativistic formulas are derived
for the NEET probability. The estimations show the probability to be less than the experimental data of [1] by one order
of magnitude. The intermediate level is found to decay bypassing the isomeric level 16", if the nucleus attributes a
triaxial shape in the 15  state and, besides, there exists a level 13" shifted with respect to 15~ by 400 keV. We have
shown also that the NEET cross section Gy..(£)as a function of the energy of x-ray photons E, has to accept

constant value above the L ; photoionization threshold in contrast to narrow peak observed by [1].

Keywords: nuclear isomers, NEET, induced nuclear decay, x-rays, hafnium, nuclear spectra.

Introduction

Excited isomeric states of '*Hf for long time
attract great attention. Among them the 16" 4-quasi-
particle level with the energy W, =2446.09 keV has

the longest half-life 7,,, =31 yr. In this state spin
projection on the symmetry axis K, =16 much
exceeds K, of lower-lying levels and therefore

deexcitation transitions are strongly forbidden. The
m?2 isomer 16" decays by E3 transition into the 13~
level with the energy 2433.334 keV and K =8,
which belongs to the rotational band with the band-
head 8~ (ml isomer), located at 1147.41 keV and
having the half-life 7}, =4 s.

It would be very attractive to release instantly
huge energy stored in the sample with such isomeric
nuclei by affecting it with any external fields.
Therefore Collins et al. [1 - 6] in a long series of
experiments have been trying to trigger the 16"
isomer by x-rays. They observed slight increase of
intensities for some 7Y -lines as well as appearance of

new lines in the deexcitation spectrum of' *Hf™,
that allowed them to state about 2 % acceleration of
the isomer decay. It was suggested that x-ray
photons induced transitions into an upper-lying
intermediate K -mixing level of hafnium, that
cascaded up to the ground state. However, the
Collins’s results contradict to existing nuclear
models (see the review [7]) and alternative
experiments with synchrotron radiation [8, 9].
Really, direct absorption of x-ray photons by the
m?2 isomer is very weak. Therefore it was suggested
[2] that the observed effect is provided by the
NEET. In this event the x-ray photon ionizes one of
the inner atomic shells, then an electron from an
upper level fills the hole and simultaneously

transfers its energy to the nucleus. The NEET is
possible if the nuclear and atomic transitions have the
same multipolarity and close-lying energies [10 - 17].
Most refined NEET experiments were conducted
on the golden film containing '’ Au [15], where the
M1 transition from the ground state 3/2" to the first
excited one 1/2" was excited by the resonant hole
transition. Varying energy of incident x-ray photons
they observed the NEET edge, shifted with respect
to the K absorption edge higher in energy by 40 eV.
The measured NEET probability amounted
P,r =4.5-107° . Similarly, the accelerated decay of

SHf™ was observed [1] when the energy of x-ray
photons E exceeded the L, photoionization
threshold by 6 eV. The corresponding NEET
probability was found to be P =1.6-107. Such

large value might be provided by E1 transitions,
which are, in principle, more intensive than MI
transitions.

The probability P,,,, of photoinduced NEET for

the isomer '*Hf™ has been calculated in the
framework of the quantum electrodynamics in [16,
17]. It was assumed that the nucleus '*Hf in the
intermediate state conserved its axial shape. Then
the nucleus practically always returns to the initial
isomeric level. As a result, these authors concluded
that Collins’s team overestimated the effect at least
by 15 orders of magnitude.

In present paper we consider the NEET on
SHf™ in the nonrelativistic approach, which allows
to avoid cumbersome numerical calculations and get
simple formulas. Main attention is paid to the shape
of the NEET cross section ©,,,,(E) versus the

energy of the incident x-ray photons £ as well as to
possible decay path of the intermediate nuclear level
around the initial isomeric state16".
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NEET cross section

The cross section for photoinduced decay of the
isomer through the NEET channel is determined by
the product [13, 14]

Gy = RO vy (E), (1)
where the branching ratio

R= er:f /T, )
#i

I';, are the partial widths for deexcitation transitions
from the excited level e into levels f, bypassing

the isomeric state, I" is the total width of the

excited level.

General expression of the NEET cross section at
the L; absorption edge is given by the integral over
the energy of ejected photoelectron €= 4"k /2m
[13, 14]:

o, (e)de

ion (3)

GNEET(E):Eiit [_f)j 2 2 2 27°
2n )70 [(e=AE) +(I',/2)"][(e—AE +9) +(,/2)7]

where
d=E; - E; 4)

is the mismatch of the nuclear (£;) and electron
(Ey) (¢) denotes the
ionization cross section of the L, level, I', and T',

transition energies, ©

ion

are the widths of the initial and final atomic hole
states, AE=FE—-B(L,) and B(L,) is the binding
energy of the L ; electron.

Following [18] it can be shown that the
ionization cross section of the L ; level in the dipole

approximation is determined by the expression

10
04+(n/2)
G[on (8) = [Hj (n 2) 6 f(n) G[on > (5)
2) [1+m/2y] f(=)
where 1 denotes the Coulomb parameter:
mZe’
= , 6
h’x ©)

the factor /(M) denotes the following expression:

_ exp{—4n-arccot(n/2)}

f(n) 1_ e,z,-m > (7)
which tends to f(e)=e® as mM—>oc, and
G,, =0,,(0) is the cross section at zero energy of
ejected electrons:

6,0 =227 a2 f () (8)
won 9 hc

According to Egs. (5) - (8) the cross section

G,,(¢) is a slowly varying function of € and
therefore near the NEET edge one can replace
6,,(¢) by the constant o,,=0,,(0). Then

12

integration in Eq. (3) simplifies, giving [14]
Oneer (E) = Pugpr Fyper (E)Cy,5 9

where P,,., stands for the NEET probability [11, 12]:

P

_ 1+Ff E;n‘ (10)
NEET I, )8 +T,+T,)" /4

The edge factor F,,.(E) describes energy

dependence of the NEET cross section at the NEET
edge [14]:

_ 1 \
Farer (E) = (14T, /T)[& +(T,~T,) /4] 2/n(E)

7 (11)
with
Dl (T (D)
S(E) F{S [2j+£2j]x
7
X| —+—arctan| —— | |,
2 n I,

fz(E)=8rfln{ (A‘E)Zj(rl./z)2 2}
2 | (AE=8) +(T, /2)

oo 515}

X|:l+larctan(2(AE—_6)J:l. (12)
2 r

n 7

General expression for the coupling parameter
E’ has been derived in [11, 12]. If ka <<1, where

int
a=a,/Z and a, is the Bohr radius, k = E{ / hc 1is
the wave vector of virtual photons, one can neglect
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the retardation corrections to P, which are of the
order of 10 % [10]. In such long-wave approximation
the formula for £’ , derived in [12], reduces to

int

4 (.. 1. . 1Y
E, = W(LLEO |J EJ e’RB(ML; I, — 1),
(13)

where j, and j, are the initial and final angular

momenta of the electronic shells containing the
holes, whose transition is matched with the isomer
excitation into the intermediate level,
(J,j,mm, | jm) is the Clebsh - Gordan coefficient,
B(MAL;I, — I,) represents the reduced probability of
the AL transition from the initial nuclear state to the
excited one [19]

B(MLL; 1, —)I(,):L z I ,M, |Mu(7uL)|],.Mi>|2,

(14)
determined by the electric (A=FE) or magnetic
(A= M) multipole operator M (AL) of the nucleus,

1 < —L+
Ry=—z[ dpp™ g, )z 0)  (19)

is the atomic matrix element expressed in terms of
the radial wave functions g, ,(p) of electrons,

and f . They

depend on the dimensionless radial coordinate
p =r/a and are normalized as follows:

associated with the vacancies i

[ &@pidp=1. (16)

The nuclear electric multipole operator M (EL)

is defined by the sum over all protons with spherical
coordinates 7, 0,, {,:

M, (EL)= eZ;gLYLH (8,0,). (17)

In order to take into account screening of the
nuclear Coulomb field we shall replace the nuclear
charge number Z =72 by the effective values

Z/=Z~-s, and Z,=Z-s,, where the screening

corrections s; =4.15 and s, =21.15 are calculated

by the procedure of Slater (see its description in
[20]). Then the nonrelativistic radial wave functions
for the electrons, which would fill the initial L; hole
and the final M;s hole are [18]

Z, 5/2 1
: —-Zp/2Z
gl-(p){?’j T \/gpe ’ (18)
and
Z ” 4 ~Z'pl3Z
==L 207" 19
g,(p) (z} 81\/%‘) (19)

By simple calculation, one finds the NEET
strength for the hole transition L ,— M

Ej == 04| — | x

y (Z12y(Z,1Z)
[0.6(Z]/ Z)+0.4(Z, | Z)[

B(E1;1, = 1,). (20)
Folowing [16, 17] we put B(E1)= B, (El),

where the single-particle (Weisskopf) unit for the EL
transition is given by [21]

e’ 3 :
B (EL)=—| —— | R,
w(EL) 47t(3+Lj 0

and the nuclear radius is R, =1.24" fm.

21

For the transition L ,— M in the case of exact
resonance (0= 0) we obtained the NEET probabilty
Pyer =2.2-107, coinciding with the result of [16].
Other types of El transitions appeared to be much
less intensive. So, for L,— M, transition we find
Pr =3.8:107 compared to 4.4-107 of [16] and
2.8-107 of [17], and for L,— M, transition
Pyr =2.1-10°, whereas P, =3.8-10° in [16]
and 8.0-107° in [17].

Center of the NEET edge is located at the energy
of incident x-ray photons E°, for which
F(E')=0.5. Once T, >> I',, it is shifted with

respect to the L, absorption edge by AE" =3 with
O defined in (4). The edge factor F(E) reaches the

value =1 at the distance AE =8+T" +T,, where

ro
I', stands for the width of the energy distribution of

the incident x-ray photons [14]. In the case
considered the widths are I', =1 eV [1] as well as

[ =455 ¢Vand T', =1.52 eV [22]. Comparing all

this with the experimental shift of the NEET peak
AE=6 eV [1], we find 8=3.5 eV. Then the

corrected NEET probability at the M ;— L, electron

transition becomes P, =0.9-107*.

13
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Calculated dependence of the NEET cross section (in

units P,,,.0,,) as a function of AE =FE—B(L,), where

E is the energy of incident x-ray photons, counted from

the L; photoabsorption edge B(L,).

ion

The edge factor F,,,.(E)=1 at all energies of

x-ray photons, which satisfy the condition
AE—-8>>T, (see also [14]). This means that the

accelerated decay of the hafnium isomer had to be
observed at all energies above the NEET threshold.
On the contrary, the acceleration have been detected
[1] only in the narrow interval of the order of 1 eV
above the L; edge. In order to verify this conclusion
we have done exact numerical calculations of the

IMK Q)=
‘e eee> 16n2

where D,fj « () is the rotation matrix, depending
O ={9,,9,,0;}, which
determine orientation of the coordinate frame &,m,{

bound to the principal axes of the inertia ellipsoid of
the nucleus, K, and €, are the projections of the

on the Eulerian angles

total (/) and intrinsic (/) angular momenta on the
axis (, the function Y, (r') describes intrinsic

motion of the nucleons with coordinates »' relative
to the axes &m,{. The projections take the values

K,=1,3,..15 and Q,=1,3,....
The expansion coefficients A,i“t,g (), depending

on the triaxiality parameter 7y, satisfy the following
orthogonality relations:

DA, (DA (1)=8,
K Q

24)

’
e

1 1t
ZAKZ,QE (’Y)AKZ,Q; (= Skeké 6969 .
T
The equations to determine the coefficients

A,’;’TQ (y) in odd triaxial nuclei can be found in [19].

14

21, +1
| D O, )+ (DD (Do ()],

NEET cross section by substituting (9) - (12) into
Eq. (3). The results, shown in the Figure, confirm
the above statement that the accelerated depletion of
the isomer, if it exists, should have been observed at
all energies AE =26 eV.

Intermediate triaxial shape

Previously it was believed [16, 17] that "*Hf in

the hypothetical intermediate state 15~ conserves its
prolate axial shape. In this case spin projection on
the symmetry axis has definite value K, =15. As a

result, the transitions 15~ — 13~ with alteration of
K by AK=7 should be strongly forbidden

compared to the backward transition 15~ — 16" with
AK =1. The corresponding extremely small

branching ratio R~10"" [19, 20] absolutely
annihilates the results of Collins et al. But one can
not exclude the situation when the nucleus in the
intermediate state attributes a triaxial shape. Then
the wave function |/,M,) will be spread over the

states with different K, [19]:

LMY= 4 DILMELQ).  (22)
K Q
Here the basis components |/ M KX ) are
given by

(23)

Similar K-mixing arises if the nucleus in the 15
state is y-soft. Then it may be treated as a rigid

triaxial rotator with the effective triaxiality
parameter y,, [19]. Remind that maximum mixing
of components with different K, is achieved when
Y, =7/ 6. The initial isomeric state 16" with the
prolate axially-symmetric shape (y=0) is described
by single component |16, M,,16,16) .

When we pass to the axes &, (, the electric
multipole operator (17) transforms as

M, (EL) =D, (9)M',(EL), (25)
where M',(EL) depends on the intrinsic coordinates
r',. By using also the integral

1, *
[P, (O DLID; (92 =

8 2
= T (IeLMe“’ | Ifo)(IeLKeV | Ifo )7

21, +1

(26)
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one finds the reduced probability for the EL
transition per unit time from the excited state

B(ELL, —1,)=|3 3 A¢ o (DULKN 1K XX, | M\ (EL) %) -

\Y Ke,Qe

Every intrinsic wave function Y,(r') can be
expanded in the functions | jQ), characterized by
definite angular momenta ; (see, e.g., [23]):

Yo () = Zaj | jQ). (28)

Then
o, | M(ED) %) =

= Za, 4, ULV QG IMED) | Je) . (29)
]/-/e

where Q =K, and (j, [|[M'(EL)| j,) denotes the

reduced matrix element. From Egs. (27) and (29) it

follows that K, =K, +Vv and K, =Q, +v. That is

only components with K, =€  of the 15 wave

function are involved

transition.
For estimation of B(FEL) we shall demand that

for every transition

[l | M, (EL) |10} = B, (EL)

in the electromagnetic

(30)

Then in correspondence with (27) for the El
transition from 15~ to 16" one has

B(EL;1S —167) = (45,,(m) B, (E), (1)

while for the E2 transition from /, =15 to /, =13~

with the energy 2433.334 keV and spin projection
K, =8
I

B(E2;15 —137) ~

2

~ ZA}SK (1)(15,2,K,v[13,8)| B, (E2), (32)
K v

where K, =6, 8§, 10.
The unit-time probability for the EL transition is
related to the reduced probability by [19]

8n(L+1)

k**'B(EL;i = f),

(33)

I,=15" to any final axially-symmetric state

11,M,K,,Q,) with Q, =K, :

2

27

where £ is the wave vector of emitted y-quanta.
Substituting (31), (32) into (33) and adopting that
all the expansion coefficients 4, x(Y) are

approximately equal, we arrive at the branching ratio

po PEELIS 513)

- 107,
P(EL;15 —16")

(34)

but not R ~107"* as predicted in [16, 17].
Discussion

The hafnium atomic binding energies are
B(L,)=9560.7£0.4 eV and B(M;)=2600.9t

0.4 eV [24], so that the electron transition energy
E; =6.9598 keV. The energy of the nuclear
transition, involved in NEET, differs from E; only

by few eV [1]. Therefore the intermediate level 15
should have the energy W, =2453.05 keV.

Note that our nonrelativistic calculations of the
probability P, for excitation of the intermediate

15~ level via the atomic electrons astonishingly well
correlate with more cumbersome exact relativistic
Hartri - Fock calculations [16, 17]. Therefore
analyzing NEET in other nuclei one can apply
analogous simple estimations. Above the L;
absorption edge we calculated the NEET probability

Pyr =0.9-107, being by one order less than the
experimental result P,,,,-R=1.6-10" [1].

Up to now the main theoretical argument [16, 17]
against validity of the experimental results [1] was
very low branching ratio R for deexcitation
transition of the 15 level into 13" level against the
transition, which returns the nucleus back in the 16"
isomeric state.

An assumption of the nuclear shape triaxiality in
the intermediate 15~ state allows us to increase
previous estimations of R by 7 orders. However,
this estimation (34) again shows that the

deexcitation path 15 — 13 is too weak to be
possible. The main reason of such weakness is that
the 137 level is separated only by 19.72 keV from
the 157 level. The situation is improved if there is
one more 13, level, which is located much lower.

15
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Let the energy of transition 15~ — 13, be 400 keV.
Then we already get R ~1. Note, however, that the
expansion amplitude A4, is greater than all other

amplitudes 4. , with K,,Q, <15, and hence the

real value of R may be somewhat lower. Of course,
more fundamental theory of -electromagnetic
transitions in the triaxial nuclei is needed, similar to
that, given in [28] for odd nuclei, treated as an even-
even core + one nucleon.

The m2 isomer spontaneously decays to the 13~
level with the spin projection K =8 but not in any
hypothetical f =13, level. Therefore we ought to
assume also that the corresponding spin projection
K, <8. This is possible if the 13; level belongs to

any yet unknown rotational band with K, <8. Then

the decay of the intermediate level 15~ will proceed
around the rotational band, built on the m1 isomer.
Such our conclusion correlates, in principle, with
observations of [1]. They detected an induced
prompt decay of the isomer around the 13~ level. On
the contrary, the decay via the 13~ level (member of
the rotational band of the m1 isomer) would lead to
4 s delay of the emission of Yy quanta in final chain
of transitions within the ground state band.

Thus, if the nucleus '"*Hf has a triaxial shape in
the intermediate state 15, it can successfully decay
in the 13, level of still unknown rotational band.
However, even in such favorite case our upper
estimation of the effect remains less than the

experimental data by one order. Possible collectivity
of the 15 level would increase the NEET
probability.

The edge factor Fy,.,(E)=1 at all energies of

x-ray photons, which satisfy the condition
AE —§>> I', (see also [17]). This means that the

accelerated decay of the hafnium isomer had to be
observed at all energies above the NEET threshold. In
addition we have done exact numerical calculations of
the NEET cross section by substituting (9) - (12) into
Eq. (3). The results, shown in the figure, confirm the
above statement that the accelerated depletion of the
isomer, if it exists, should have been observed at all
energies AE 26 eV.

At the same time, the decay enhancement vs FE
in the experiment [1] has been described by very
sharp peak, having the width of the order of 1 eV.
Perhaps, such a peak is provided by EXAFS
oscillations of the ionization cross section above the
L; absorption edge, which are caused by interference
of the emitted photoelectron wave and coherent
electron waves backscattered by the neighboring
atoms (analysis of this possibility is under way).
Note that oscillations of NEET cross section on
7 Au, due to the EXAFS effect, have been already
observed in [15].

Thus, we see that -categorical objections,
advanced in papers [16, 17] against findings of [1 -
6], may be removed and therefore the problem of the
'"Hf™ enduced depletion remains open.

I am thankful to professor G.F. Filippov and
Dr. V. I. Kirischuk for helpful discussions.
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0. 1. /I3wb6auk

TPUTEPYBAHHS "*Hf™ MPA ®OTOIHIYKOBAHOMY EJEKTPOHHOMY HNEPEXO/I

Posristryro NEET (30ymkeHHS siep MpH eeKTPOHHHUX Mepexoax) sIK MOXIIUBHHA MEXaHi3M TPUTEPYBaHHS i30Mepy
"Hf™ npu iowisanii aToMHOT 000/I0HKH L3 peHTreHIBCHKIMU MPOMEHIMH. BBakaeTbcs, 110 1l i3omep 16" 36ymKyerses
B poMiKHHUI cTaH 15 npu enexkrpoHnoMy El-mepexoai Mixx o6osnonkamu Ms ta L;. BuBeneHo mpocTi HepensTUBICTChKI
¢dbopmymu ast #imoBipHocTi NEET. OIiHKM MOKa3yIOTh, IO I HMOBIPHICTh BHSIBJISIETHCS HA MOPSIOK MEHIIOK Bif
eKcriepuMeHTaIbHUX fauux [1]. 3Haiizeno, mo npoMixauii cTan 15 posnanaeTses B 06Xina i3oMepHOro piBHs 16, Ko
siApo B cTaHi 15~ Mae HeakcianmbHy (opMy i, KpiM Toro, icHye me piBeHsb 137, 3mimennuit Ha 400 xeB BigHocHO 15
INokazano Takox, mo nepepi3 NEET Oyppr(£) , Ak QyHKUisS eHepril peHTreHiBcbkuX (OTOHIB £, IocsArae MoCTilHOTO
3HAYEHHS BUIIE Mopora ioHi3amii L;-00010HKH Ha BiAMIHY Bil By3bKOTO TiKa, 110 criocTepirascs B [1].

Kniouosi crosa: sinepui i3omepu, NEET, ingykoBaHui po3naji, peHTI€HIBCbKI IPOMeHi, TadHil, SIepHi CIEKTPH.

A. 5. 13100,1uK
TPUITEPOBAHHME "*Hf" IIPH ®OTOUHIYLIUPOBAHHOM SJEKTPOHHOM ITEPEXO/IE

Paccmorpeno NEET (Bo30yxaeHue saep IpH 3JIEKTPOHHBIX ITEPexX0/1ax) KaKk BO3MOXKHBIH MEXaHNU3M TPUITEPOBAHUS
nzomepa 1782 MIPH MOHU3AIMK aTOMHOM 0007109KH L; peHTreHoBCKUMH JTydamu. [Ipeamonaraercs, 9To 3TOT H30Mep
16" BO30yXIaeTcs B IPOMEKYTOYHOE COCTOSHME 15 mpu anekTponHoM El-mepexome mexmy obonoukamu Ms u Ls.
BriBenensl npocteie HepensTuBucTkie hopmyiisl st BepositHoctd NEET. OrieHKH OKa3bIBaloOT, 4TO 3Ta BEPOSTHOCTh
OKa3bIBAETCSI Ha MOPSAIOK MEHBIIEH S3KCIIepHMEHTANbHBIX AaHHBIX [1]. HaiimeHo, yTo mpoMexyTOYHBIH ypoBeHb 157
pacmaziaetcst B 00X0J] H30MEPHOTO YpOBHS 167, eciu SApo B COCTOSHMM 157 MMeeT HeaKCHalbHYI0 (OpMY H, KpOMeE
TOTO, CYLIECTBYET elle ypoBeHb 137, cmemiennblit Ha 400 k3B oTHocuTenbHo 15°. Tlokazano Ttakxke, uro ceuenue NEET
Oneer(£) , Kak QyHKIMS 2HEPrUM PEHTTEHOBCKUX (DOTOHOB E , IpHOOpETaeT IOCTOSHHOE 3HAYEHHUE BBILIE IOpOra
HOHM3aNH L;-0001109KH B OTJIMYHE OT y3KOTO KA, HabroaBmerocs B [1].

Kniouesvie cnosa: snepusie nzomepsl, NEET, HHIyIIMpOBaHHEIN pacmaj, peHTTEHOBCKUE JIydH, TadHUl, saepHbIe
CHEKTPHI.

Hagnitinuia 05.02.2013
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