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Emission ofg rays by x-ray electron-nuclear transitions

Silviu Olariu, Agata Olariu, and Valeriu Zoran
Institute of Physics and Nuclear Engineering, Heavy-Ion Physics Department,

76900 Magurele, P.O. Box MG-6, Bucharest, Romania
~Received 12 August 1996; revised manuscript received 7 January 1997!

We estimate the cross section of processes in which a transition effected by an inner atomic electron takes
place simultaneously with a nuclear electromagnetic transition, for electric and magnetic interactions of various
multipole orders. We calculate the rate of deexcitation of isomeric nuclei induced by processes of this type for
the case when the holes in the atomic shells are produced by incident ionizing electrons and find that the
induced nuclear deexcitation rate becomes comparable to the natural decay rate for ionizing fluxes of the order
of 1014 W cm22. We show that forE1 andM1 nuclear processes for which there is a matching between the
electron and the nuclear transition energies, these electron-nuclear transitions can be used to produce pulses of
Mössbauer radiation, with yields of the order of 104 Bq mA21. @S0556-2813~97!04106-X#

PACS number~s!: 23.20.Lv, 23.20.Nx, 42.55.Vc
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Electron-nuclear~double! transitions are a class of pro
cesses in which a transition effected by an atomic elec
takes place simultaneously with a nuclear electromagn
transition. There are several types of electron-nuclear tra
tions, depending on the range of energies for the electron
nuclear transition energies. Thus, the application of a ra
frequency magnetic field to a sample generates additio
lines in the Mössbauer spectra@1–8#. In the case of the
electron-nuclear double resonance@9–11#, a microwave
magnetic field interacts with the Zeeman sublevels of e
trons from incomplete atomic shells while a radio-frequen
magnetic field interacts resonantly with the magnetic sub
els of the ground nuclear state. Another possibility@12,13# is
that the electron transition takes place between the Zee
substates of incomplete electron shells while the nucl
makes a gamma-ray transition. These electron-nuc
double transitions, also involving microwave magne
fields, produce additional lines in the Mo¨ssbauer spectra an
may have applications for research on the amplification
gamma rays without inversion of the nuclear population a
for the identification of the position of lines in comple
Mössbauer spectra. In the case of the electron-nuclear do
transitions at optical frequencies, the optical pumping
atomic hyperfine transitions by a laser induces an anisotr
in the angular distribution of gamma rays emitted by t
nucleus@14#.

In the case of x-ray electron-nuclear transitions, the e
trons make transitions to fill the holes created in the ato
shells by a beam of incident electrons or by the electron
a dense hot plasma. In the process of nuclear excitation b
electron transition first described by Morita@15–23#, an elec-
tron from a higher electron shell makes a transition to fil
hole in an inner electron shell while at the same time
nucleus makes a transition from the ground nuclear stat
an excited nuclear state. The nuclear excitation by an e
tron transition competes with the conventional atomic de
citation via x-ray emission or Auger emission. The branch
ratio for nuclear excitation by an electron transition depe
on the energy of the interaction between the inner-shell e
tron and the protons of the nucleus, and since the inner e
trons are rather close to the nucleus, this energy of the in
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action is relatively large. The branching ratio for nucle
excitation by an electron transition is inversely proportion
to the square of the difference between the electron trans
energy and the nuclear transition energy. Therefore, nuc
excitation by an electron transition becomes important wh
there is a matching between the transition energy from
populated nuclear state, like the ground state or an isom
state, and an x-ray transition energy. Typical transition en
gies are of the order of a few tens of keV’s, and the detun
between the electron and nuclear transition energies ma
of about 1 keV. The nucleus can also make a transition fr
an excited state to a lower state while an electron is rai
from an inner shell to a hole in a higher shell. This proce
may be called nuclear deexcitation by an electron transit
The process of nuclear excitation by an electron transit
has been observed in189Os @16,17,21#, 235U @18#, 237Np
@19#, and 197Au @22#. Although the cross sections for nucle
excitation by an electron transitions are rather small, th
processes are interesting because they represent a w
control a nuclear transition by actions exerted at the ato
level.

In this work we give expressions for the cross sections
electric and magnetic x-ray electron-nuclear~double! transi-
tions ~XENDT’s! and study the application of these pr
cesses to the problem of induced gamma emission. If
nucleus is initially in a long-lived isomeric stateu i &, the
electron-nuclear transitions open a new deexcitation cha
for the isomeric state, in addition to the regular gamma-
emission and internal conversion. One possibility is the
rect deexcitation of the isomeric nucleus by a transition fr
the isomeric stateu i & to a lower stateu l &, while an electron is
raised to fill a hole in a higher electron shell. Another pos
bility is the two-step deexcitation of the isomeric nucleus
a transition from the isomeric stateu i & to a higher nuclear
stateuh& while an electron from a higher shell makes a tra
sition to a hole in an inner electron shell . The nuclear int
mediate stateuh& then decays by the emission of a gamm
ray photon to the lower nuclear stateu l &. These alternative
nuclear paths for the deexcitation of an isomeric state by
electron transition are shown in Fig. 1. The rate of t
electron-nuclear process is proportional to the electron
381 © 1997 The American Physical Society
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which produces the holes in the atomic shells, and for su
ciently large ionizing electron fluxes the deexcitation rate
the electron-nuclear process becomes comparable to
natural decay rate of the isomer. Another application of
x-ray electron-nuclear transitions is the possibility of produ
ing pulsed Mo¨ssbauer gamma radiation for isotopic eleme
where there is a matching between the electron transi
energy and the resonant nuclear transition energy.

We shall calculate the probability of an x-ray electro
nuclear double transition for electric or magnetic interactio
of arbitrary multipole orders and shall estimate the cross s
tion for the production of these transitions for the case wh
the holes in the atomic shells are produced by incident i
izing electrons. We shall estimate the ionizing electron flu
for which the rate of the electron-nuclear process beco
equal to the natural decay rate of the isomeric state, both
a direct deexcitationu i &→u l & and for a two-step deexcitatio
u i &→uh&→u l &. Then we shall list the isotopic species f
which it is possible to generate resonant Mo¨ssbauer radiation
by electron-nuclear transitions and shall estimate the
resonding yields.

The initial state of the electron-nuclear process is p
pared when an electron hole is created in a certain ato
subshell, for example, by electron impact. We designate
initial atomic state byua1& and its energy byE1

(a).0, as
shown in Fig. 2. Moreover, we designate the initial nucle
state byun1& and the energy of the initial nuclear state
E1
(n) . The initial state of the electron-nuclear process is th

ua1n1&. In the course of the electron-nuclear transition,
electron from another atomic subshell fills the initial ho
thereby creating a new hole in a different subshell and t
leaving the atom in the final stateua2& of energyE2

(a).0.
The electron transitionua1&→ua2& takes place simulta
neously with a nuclear transitionun1&→un2& from the initial

FIG. 1. Nuclear paths for the deexcitation of an isomeric st
by electron transition. The two possibilities are the direct deexc
tion from the isomeric stateu i & to a lower stateu l & via a nuclear
deexcitation by electron transition and the two-step deexcitat
when the nucleus goes from the isomeric stateu i & to a higher state
nuclear stateuh& via a nuclear excitation by electron transitio
then, it decays to the lower stateu l & by regular gamma-ray emis
sion.
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nuclear stateun1& to the final nuclear stateun2& of energy
E2
(n) . The final state of the electron-nuclear process is t

ua2n2&. If E1
(n).E2

(n) , we have a nuclear deexcitation by a
electron transition, as shown in Fig. 2~a!, and if
E1
(n),E2

(n) , we have a nuclear excitation by an electron tra
sition, as shown in Fig. 2~b!.

The probability of the electron-nuclear process depe
on the detuning D between the total initial energy
E1
(n)1E1

(a) and the total final energyE2
(n)1E2

(a) ,

D5E1
~n!1E1

~a!2~E2
~n!1E2

~a!!. ~1!

The widthsG1 ,G2 of the atomic statesua1&,ua2& are deter-
mined by the x-ray emission and the Auger and Cos
Kronig emission of electrons. We shall represent these p
cesses by imaginary terms2 iG1/2,2 iG2/2 in the
Hamiltonian matrix of the electron-nuclear system. Ifc1(t)
andc2(t) are the amplitudes to find the electron-nuclear s
tem in the statesua1n1& andua2n2&, respectively, the Hamil-
tonian equations for this system are@24#

i\
dc1
dt

52
iG1

2
c11V12e

iDt/\c2 , ~2!

i\
dc2
dt

5V12* e
2 iDt/\c12

iG2

2
c2 , ~3!

e
-

n,

FIG. 2. The two cases of XENDT’s.~a! Nuclear deexcitation by
electron transition~NDET!, when an electron from an inner she
makes a transition to fill a hole in a higher electron shell.~b!
Nuclear excitation by electron transition~NEET! when an electron
from a higher electron shell makes a transition to fill a hole in
inner shell. The subscripts 1 and 2 indicate the initial state and fi
state, respectively. The higher electron shells are represented b
upper lines in the atomic level schemes. The arrows in the ato
schemes suggest the path of the electron which fills the hole in
initial state.
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whereV125^a1n1uVua2n2& is the matrix element for the in
teraction between the electrons and the nucleus, andV12* is
the complex conjugate ofV12. The solution of Eqs.~2! and
~3! with the initial conditionsc151,c250 at t50 is

c1~ t !5eiDt/\2~G11G2!t/4\S cosVt2
iD1~G12G2!/2

2\V
sinVt D ,

~4!

c2~ t !52
iV12*

\V
e2 iDt/\2~G11G2!t/4\sinVt, ~5!

where

V25
1

4\2S D2 i
G12G2

2 D 21uV12u2

\2 . ~6!

The fact thatc1(t)→0 andc2(t)→0 ast→` is due to the
presence of the imaginary diagonal terms in the Hamilton
equations~2! and ~3!.

The probabilityP to have the nucleus in the staten2 at the
end of the process can be obtained by multiplying the pr
ability uc2(t)u2 of finding the electron-nuclear system in th
stateua2n2& by the probabilityG2dt of an electron transition
from the stateua2n2& to other statesua28n2& ,

P5E
0

`

uc2~ t !u2G2dt. ~7!

Usually we haveuDu@G1 ,G2 ,uV12u, so thatV2'D2/4\2,
and then

P5
G11G2

G1

uV12u2

D2 . ~8!

This is in agreement with the expression given in@17#. The
1/D2 dependence is characteristic of nonresonant Rabi o
lations in two-state systems@25#. The phase of the stat
ua1n1& is the sum of the phase of the atomic stateua1& and of
the phase of the nuclear stateun1&, and similarly the phase o
the stateua2n2& is the sum of the phase of the atomic sta
ua2& and of the phase of the nuclear stateun2&. The probabil-
ity P, Eq. ~8!, is independent of these phases.

We shall assume that in the initial atomic stateua1& the
hole is in thenlJ subshell of principal quantum numbern,
orbital angular momentuml , and total angular momentum
J. An atomic electron can make a transition to fill this ho
thereby creating the final stateua2& having a hole in the
subshelln8l J8

8 . If the angular momentum and parity of th

nuclear statesun1&,un2& are respectivelyI 1
p1 ,I 2

p2, then the
angular momentumF1 of the stateunlJ ,n1& is such that
uJ2I 1u,F1,J1I 1 and the parity of the stateunlJ ,n1& is
P15p1(21)l . The angular momentumF2 of the state
un8l J8

8 ,n2& is such thatuJ82I 2u,F2,J81I 2 and the parity

of the stateun8l J8
8 ,n2& is P25p2(21)l 8.

In Eq. ~8! we have assumed thatone electron interacts
with the nucleus to produce the electron-nuclear transit
There are, however, 2J811 electrons which can make
transition from then8l J8

8 subshell to fill the hole in thenlJ
subshell, so that the total transition probability is
n

-

il-

,

n.

Ptot5~2J811!P. ~9!

We shall estimate the matrix elementV12 appearing in Eq.
~8! as the energy of the interaction between two electric m
tipoles of the same order or between two magnetic mu
poles of the same order. In the case of the interaction
tween electric multipoles of orderL, the energy of the
interaction@26,27# can be estimated as

V12
~EL!5

3 f Ee
2r A

L^n8l J8
8 ur2L21unlJ&

~4p!1/2e0~2L11!~L13!
, ~10!

where r A is the radius of a nucleus of mass numberA,
r A5r 0A

1/3, r 051.2310215 m, and the dimensionless facto
f E is of the order of unity. In the independent-partic
nuclear model used in this work the energy of the interact
V12
(EL) is not proportional to the proton numberZ.
The energy of the interaction between two magnetic m

tipoles of orderL can be estimated as

V12
~ML !5 f MS \

mpcrA
D 3e2r A

L

~4p!1/2e0~2L11!~L13!

3^n8l J8
8 u~me

2c2r 2/\211!21/2r2L21unlJ&, ~11!

whereme is the electron mass,mp the proton mass, and th
dimensionless factorf M has values of a few units. The facto
\/mpcrA is of the order ofvp /c, wherevp is the proton
velocity, and gives approximately the ratio between the m
netic and the electric multipole moments@27#, and the factor
(me

2c2r 2/\211)21/2 is of the order of ve(r )/c, where
ve(r ) is the electron velocity at a distancer from the origin.
For r@\/mecr the factor (me

2c2r 2/\211)21/2 is approxi-
mately equal to\/mecr, while for r→0 it converges to 1.

The total transition probability in the electric case is th

Ptot
~EL!5

G11G2

G1

~2J811!uV12
~EL!u2

D2 , ~12!

and the total transition probability in the magnetic case is

Ptot
~ML !5

G11G2

G1

~2J811!uV12
~ML !u2

D2 . ~13!

In this work we shall assume thatf E51, f M
2 510, as in the

Weisskopf estimate of gamma-ray transition rates@27#. As in
the case of the Weisskopf estimates, the probabilities in E
~12! and~13! may differ from the real transition probabilitie
by about two orders of magnitude.

The cross section of an x-ray electron-nuclear dou
transition is then

s5sholePtot , ~14!

where shole is the cross section for the production of th
initial hole in the atomic subshellnlJ . We shall estimate
shole according to Gryzin´ski @28# as

shole5
pe4~2J11!

16p2e0
2EnlJ

2 gi~Eel /EnlJ
!, ~15!
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TABLE I. Direct deexcitation of isomeric nuclei induced by XENDT’s.

Nuclide Eil EL/ML t i~s! nlJ n8l J8
8 V12 D Ptot s Eel F I

~keV! ~eV! ~keV! ~cm2) ~keV! ~W cm22)

85Sr 6.96 E3 4.063103 3d5/2 2p3/2 3.2731029 5.15 3.12310223 7.50310241 0.213 7.7631019
86Y 10.2 E3 2.883103 3d5/2 2p3/2 4.0431029 8.23 2.06310223 3.51310241 0.253 2.7831020
99Tc 2.17 E3 2.163104 3d5/2 2p3/2 9.4731029 -0.251 6.30310220 4.19310238 0.405 4.9631016
162Ho 10 E3 4.023103 4d5/2 2p3/2 3.9731028 2.09 2.69310221 4.42310239 0.258 1.6131018
174Lu 59.1 M3 1.233107 4d5/2 1s1/2 9.7331028 -4.04 6.89310221 7.63310239 0.314 3.7231014
188Re 2.63 M3 1.123103 4 f 5/2 3p1/2 4.40310212 -0.009 6.25310223 1.44310239 0.069 4.7631018
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whereEel is the energy of the ionizing electron and whe
the expression of the functiongi is given in Ref.@28#. We
shall assume that Eel51.6EnlJ

, and we have

gi(1.6)50.109.
In the case of a direct nuclear transition from stateu i & to

stateu l & the rate of the electron-nuclear process is

RI5sNel , ~16!

whereNel is the number of ionizing electrons per unit surfa
and unit time. The relative deexcitation rate for an isome
state of half-lifet i is then

TI5sNelt i / ln2. ~17!

In the case of a two-step nuclear transitionu i &→uh&→u l &, the
induced deexcitation rate of the stateu i & is

RII5sNelB, ~18!

whereB is the branching ratio for the gamma-ray transiti
uh&→u l &. We have determinedB from the Weisskopf esti-
mate of the radiative widthsGhi ,Ghl and from the internal
conversion coefficients ahi ,ahl of the transitions
uh&→u i &,uh&→u l & as

B5
~11ahl!Ghl

~11ahi!Ghi1~11ahl!Ghl
. ~19!

The relative deexcitation rate for an isomeric half-lifet i is
then

TII5sNelBti / ln2. ~20!

The induced gamma emission becomes significant w
the induced and natural decay rates are equal, so thatTI51
or TII51 . In the case of a direct deexcitation process
energy fluxF I of the ionizing electrons for whichTI51 is

F I5
ln2Eel

st i
. ~21!

In the case of a two-step deexcitation process the energy
F II of the ionizing electrons for whichTII51 is

F II5
ln2Eel

st iB
. ~22!

In Table I we have given the results of calculations on
direct deexcitation of isomeric nuclei by x-ray electro
c

n

e

ux

e

nuclear double transitions, for several isomeric nuclides h
ing a half-life t i.10 min, and for which there is a downwar
transition u i &→u l & of energyEil,100 keV. We have used
the total atomic level widths as given by Keski-Rahkon
and Krause@29#, which include the radiative width, the Au
ger width, and the Coster-Kronig width. In order to evalua
the matrix elements in Eqs.~10! and ~11! we have repre-
sented the atomic statesunlJ&,un8l J8

8 & by screened hydro-
genic wave functions. The values of the screening const
have been determined according to the rules of Slater@30#. In
Tables I, II, and III we have used the values of the gamm
ray transition energies, energy levels, and half-lives adop
by the IAEA Nuclear Data Information System, and for th
atomic energy levels we have used the values listed by L
erer and Shirley@31#. We see from Table I that for direc
induced emission the lowest values of the ionizing elect
energy flux F I are of the order of 1015 W cm22, for
174mLu and 99mTc.
In Table II we have given the results of calculations

the two-step deexcitation of isomeric nuclei by x-ra
electron-nuclear double transitions, for several isomeric
clides having a half-lifet i.10 min, and for which there is an
upward transitionuh&→u i & of energyEhi,100 keV. We
have used the theoretical internal conversion coefficients
Bandet al. @32# and of Rösselet al. @33#. The values of the
branching ratioB are calculated according to Eq.~19!. We
see from Table II that for the two-step induced emission
lowest values of the ionizing electron energy fluxF II are of
the order of 1014 W cm22, for 174mLu and 188mRe.

In the case of99mTc the energy of the isomeric transitio
is Eil52.1 keV, and the99Tc nucleus makes a transitio
from theu l & level to the ground state with the emission of
140.5 keV photon. In the case of188mRe the energy of the
upward transition isEhi510.7 keV; then, the188Re nucleus
emits 26.7 keV, 63 keV, and 156 keV photons. In the case
174mLu the energy of the upward transition isEhi529.1 keV;
then, the174Lu nucleus emits 44.7 keV, 67.1 keV, and 88
keV photons. Thus, the emission of gamma-ray-induc
electron-nuclear processes may be regarded in these cas
an upconversion of the incident electron energy. The e
ciency of the upconversion process is, however, very low

A preliminary step in the direction of the observation
gamma-ray emission from nuclear isomers via electr
nuclear processes would be the generation of resonant M¨ss-
bauer gamma radiation by electron-nuclear transitions.
this case, a transition of a nucleus to an excited state is
duced by an electron transition to a hole in an inner atom
shell, the hole being produced by incident ionizing electro
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 This type of Mössbauer source would be active only as lo
as it is excited by incident electrons. The gamma-ray line
much more narrow than the x-ray line, so that a Mo¨ssbauer
scatterer can be used to distinguish between the gamma
photons and the x-ray photons.

If ionizing electrons of suitable energy are incident on
thin layer of surfaceS and thicknessde containing the Mo¨ss-
bauer nuclei, the numberNg of resonant gamma-ray photon
emitted per second by the nuclei in the layer is

Ng5
INde

~11a!e
s, ~23!

whereI is the incident electron current,e.0 is the electron
charge,N the concentration of Mo¨ssbauer nuclei in the foil,
and a the internal conversion coefficient for the transitio
under study. The number of Mo¨ssbauer gamma-ray photon
generated per second via electron-nuclear transitions per
of incident electron current is thenNg /I . We have estimated
the thicknessde as

de5a
A

Zr
EnlJ
2 , ~24!

wherea55.6331023 whende is in mm, the densityr of the
target in g cm23, andEnlJ

in keV, A andZ being the mass
number and the proton number for the nuclei in the targe

In Table III we have listed the stable nuclides and t
nuclides having a half-life greater than 100 days for wh
the detuning isuDu,10 keV. We have also required that th
spectral gamma-ray intensity at the center of the Mo¨ssbauer
line produced by electron-nuclear transitions should
greater than the spectral intensity of the bremsstrahlung g
erated by the ionizing electrons and should also be gre
than the spectral intensity due to nonresonant x-ray emiss
We have used the x-ray emission rates calculated by Sco
@34#. The aforementioned conditions are fulfilled byE1 and
M1 transitions when there is a matching between the x-
transition energy and the nuclear transition energy. We h
evaluated the induced Mo¨ssbauer activity per unit of inciden
electron currentNg /I for a target concentrationN51022 nu-
clides cm23. The nuclides in Table III which have a signifi
cant recoilless fraction at room temperature are119Sn,
161Dy, 189Os, and193Ir. For theE1 andM1 transitions listed
in Table III, the energy of the interactionV12 is of the order
of 1 eV, the probabilityPtot of the electron-nuclear process
in the 1027–1024 range, the cross section of the electro
nuclear process with respect to the incident ionizing el
trons is in the range 10230–10228 cm2, and the Mo¨ssbauer
activity per unit of incident electron currentNg /I is of the
order of 104 Bq/mA. This would be a rather weak continuou
gamma-ray source, but the interesting property of suc
Mössbauer source is that it can producepulsesof Mössbauer
radiation.

We have assumed so far that the holes in the atomic sh
are produced by electrons. The generation of Mo¨ssbauer ra-
diation by electron-nuclear transitions can be also be stud
with incident protons having an energy of the several Me
The smaller cross sections for the generation of the hole
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TABLE III. Emission of Mössbauer radiation induced by XENDT’s.

Nuclide Nat. ab./half-life Eg EL/ML Half-life nlJ n8l J8
8 V12 D Ptot s/(11a) Eel Ng /I

~s! ~keV! ~s! ~eV! ~keV! ~cm2) ~keV! ~Bq mA21)

119Sn 8.6% 23.9 M1 1.8031028 1s1/2 2s1/2 0.316 0.86 4.3031027 7.16310230 46.7 1.433104
129I 4.9531014 27.8 M1 1.6831028 1s1/2 2s1/2 0.364 0.17 1.1631025 1.49310228 53.1 5.093105
152Eu 4.273108 89.8 E1 3.8431027 1s1/2 2p1/2 1.85 -48.9 3.3831029 2.04310232 77.6 5.613102
154Eu 2.713108 68.2 E1 2.231026 1s1/2 2p1/2 1.86 -27.3 1.1031028 6.62310232 77.6 1.423103
153Gd 2.093107 41.5 M1 4.0831029 1s1/2 2s1/2 0.571 0.30 8.6431026 4.85310229 80.4 2.513105
157Gd 15.7% 63.9 E1 4.631027 1s1/2 2p1/2 1.94 -21.6 1.8931028 1.06310231 80.4 1.493103
161Dy 18.9% 25.6 E1 2.9131028 1s1/2 2p1/2 2.08 19.6 2.6431028 1.29310231 86.1 1.133103
161Dy 18.9% 43.8 M1 8.3310210 1s1/2 2s1/2 0.614 0.92 1.0831026 5.28310230 86.1 2.863104
179Ta 5.653107 30.7 E1 1.4231026 1s1/2 2p1/2 2.67 25.6 2.4731028 7.71310232 107.8 6.573102
181Ta 99.9% 6.24 E1 6.0531026 2p3/2 3s1/2 0.0968 0.94 1.0931027 3.17310229 15.8 5.173102
189Os 16.1% 69.6 M1 1.6231029 1s1/2 3s1/2 0.413 1.28 2.9331027 7.63310231 118.2 3.453103
193Ir 62.7% 73.0 M1 6.0931029 1s1/2 3s1/2 0.426 -0.10 4.9331025 1.21310228 121.8 4.233105
195Au 1.613107 61.5 M1 3.031029 1s1/2 2s1/2 0.934 4.91 8.7931028 1.91310231 129.2 8.413102
197Au 100% 77.3 M1 1.9131029 1s1/2 3s1/2 0.454 -0.054 1.9731024 4.29310228 129.2 3.273106
231Pa 1.0331012 84.2 E1 4.5131028 1s1/2 2p1/2 4.62 8.07 7.2231027 8.07310231 180.2 4.973104
237Np 6.7731013 102.9 E1 8.0310210 1s1/2 2p3/2 4.88 -1.91 2.8331025 2.85310229 189.9 1.573106
n

in
ur
e
th
ul
is

the

the

rom
the atomic shells are compensated by the larger proton ra
in the target.

In this paper we have investigated the possibility of
ducing nuclear deexcitation rates comparable to the nat
emission rates from nuclear isomeric states by using the r
tively large energy of the interaction extant between
nuclear protons and the inner atomic electrons. The calc
tions of the present work show that significant induced em
.

ge

-
al
la-
e
a-
-

sion rates could be obtained for ionizing energy fluxes of
order of 1014 W cm22. An application of x-ray electron-
nuclear transitions which requires lower electron fluxes is
generation for certain elements of pulses of Mo¨ssbauer
gamma radiation.
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