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Induced emission ofg radiation from isomeric nuclei

Silviu Olariu and Agata Olariu
Institute of Physics and Nuclear Engineering, Atomic and Nuclear Physics Department, P.O. Box MG-6,

76900 Magurele, Bucharest, Romania
~Received 1 October 1997!

We study the possibility to influence the lifetime of nuclear isomeric states with the aid of incident fluxes of
photons. We assume that a nucleus initially in an isomeric stateu i & first absorbs an incident photon of energy
Eni to reach a higher intermediate stateun& and then the stateun& decays to a lower stateu l &. In favorable cases
the two-step induced emission rates become equal to the natural isomeric decay rates for incident power
densities of the order of 1010 W cm22. @S0556-2813~98!01606-9#

PACS number~s!: 23.20.Lv, 23.20.Nx, 25.20.Dc, 42.55.Vc
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I. INTRODUCTION

In a recent work it has been shown that the lifetime
isomeric nuclear states can be influenced by x-ray elect
nuclear double transitions~XENDT’s!, which are processe
in which a transition effected by an inner atomic electr
takes place simultaneously with a nuclear electromagn
transition @1#. The rate of deexcitation of isomeric nucl
induced by XENDT’s was calculated for the case when
holes in the atomic shells are produced by incident ioniz
electrons and it was found that the induced nuclear dee
tation rate becomes comparable to the natural decay rat
ionizing electron fluxes of the order of 1014 W cm22.

In this work we shall study the possibility to influence th
lifetime of nuclear isomeric states with the aid of fluxes
g-ray photons. The induced deexcitation of the isome
nucleus considered in this work is a two-step process.
assume that the nucleus initially in the isomeric stateu i & first
absorbs a photon of energyEni so that the nucleus reache
the higher intermediate stateun&. The stateun& then decays to
a lower stateu l & by the emission of ag-ray photon having
energyEnl or by internal conversion. In Sec. II we estima
the spectral intensities for which the single-photon induc
emission rates become equal to the isomeric decay ra
These single-photon intensities turn out to be extrem
large. In Sec. III we introduce the concept of a two-st
deexcitation of isomeric nuclei induced by incident phot
fluxes, and estimate the spectral intensities for which
two-step induced emission rates become equal to the
meric decay rates. In Sec. IV we list the nuclear isomers
which the required incident power density is within the rea
of existing experimental techniques. In favorable cases
two-step induced emission rates become equal to the
meric decay rates for incident power densities of the orde
1010 W cm22.

II. SINGLE-PHOTON INDUCED g EMISSION RATES

We consider an isomeric stateu i & of energyEi and as-
sume that a nucleus in the stateu i & decays to a lower stateu l &
of energyEl . A photon of energyEil may be spontaneousl
emitted in this isomeric transition. In the presence of a be
of incident photons there will also be a certain rate for
inducedemission of photons of energyEil . In this section
PRC 580556-2813/98/58~1!/333~4!/$15.00
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we estimate this single-photon inducedg emission rate. We
describe the incident photon flux by the spectral intens
N(E), defined such thatN(E)dE should represent the num
ber of photons incident per unit surface and time and hav
energy betweenE andE1dE.

The probability per second for the induced emission o
photon of energyE is

wi
~1!5E

0

`

s i~E!N~E!dE. ~1!

The cross section for induced emissions i(E) is

s i~E!5
pc2\4

2E2

G i l ~G i1G l !

~E2Eil !
21\2~G i1G l !

2/4
. ~2!

In Eq. ~2!, G i l is the partial width forg-ray emission in the
transition u i &→u l &, G i5 ln 2/t i is the natural isomeric deca
rate,t i being the isomeric half-life, andG l is the total width
of the stateu l &. If u l & is the ground state, thenG l50. The
level widths are expressed in this work in units of s21. If the
spectral intensityN(E) is a slowly varying function ofE, the
single-photon induced emission rate becomes, from Eqs~1!
and ~2!,

wi
~1!5

p2c2\3

Eil
2

G i l N~Eil !. ~3!

The half-lifet i of the isomeric state is related to the widthG i l
by

t i5
ln 2 f IT

~11a i l !G i l
, ~4!

where f IT is the fraction of isomeric decays byg-ray emis-
sion or electron conversion anda i l is the internal conversion
coefficient for the transitionu i &→u l &.

The single-photon induced emission ratewi
(1) and the iso-

meric decay rate ln 2/t i become equal for a spectral intensi

N1~Eil !5
~11a i l !Eil

2

p2c2\3f IT

. ~5!
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Numerically we have

N1~Eil !53.9531029
~11a i l !Eil

2

f IT
, ~6!

whereN1 is expressed in photons cm22 s21 eV21 and Eil
is expressed in keV. The single-photon spectral intensity
Eq. ~6! is extremely large.

III. TWO-STEP DEEXCITATION OF ISOMERIC NUCLEI
INDUCED BY INCIDENT PHOTON FLUXES

In this section we analyze the possibility of a two-st
deexcitation of a nuclear isomeric state. The first step c
sists in the absorption by the nucleus in the isomeric stateu i &
of a photon having energyEni , the nucleus thus making
transition to a higher intermediate stateun& of energyEn .
The stateun& then decays into a lower stateu l & by the emis-
sion of a g-ray photon having energyEnl or by internal
conversion, as shown in Fig. 1. In some cases the stateu l &
may be situated above the isomeric stateu i &, and in these
cases the transitionun&→u l & is followed by a furtherg-ray
transition to a lower stateu l 8&.

The multipolarity of the single-photong-ray transition
u i &→u l & is usuallyE3, M3, E4, or M4, while the multipo-
larity of the transitionsu i &→un&, un&→u l & may be lower.
Then the rate of the induced two-stepg transition u i &→un&
→u l & may be in some cases higher than the rate of the sin
photon induced transitionu i &→u l &, for the same applied
spectral intensity. The spinJn of the nuclear intermediate
state un& must be enclosed between the spinsJi ,Jl of the
statesu i &,u l &.

For a flux of incident photons of spectral intensityN(E),
the rate of the transitionu i &→un& is

FIG. 1. Paths for the deexcitation of a nuclear isomeric st
The two possibilities are the spontaneous deexcitation of the
meric stateu i & to a lower stateu l & and the two-step deexcitation
when the nucleus first makes a transition from the isomeric statu i &
to a higher nuclear stateun& by the absorption of a photon of energ
Eni , it then emits a photon to reach the lower nuclear stateu l &.
in

n-

e-

win
~1!5E

0

` 2Jn11

2Ji11

pc2\4

2E2

GniGn

~E2Eni!
21\2Gn

2/4
N~E!dE,

~7!

whereEni5En2Ei , Gn is the total width of the stateun&,
Gn@G i , andGni is the partial width of the electromagnet
transition un&→u i &. The total widthGn of the intermediate
stateun& which decays into the statesu i &,u l & and other lower
statesu l 8& is given by

Gn5~11ani!Gni1~11anl!Gnl1(
l 8

~11anl8!Gnl8,

~8!

whereani ,anl , andanl8 are the internal conversion coeffi
cients for the transitionsun&→u i &,un&→u l &, and un&→u l 8&.
The ratewil

(2) for the two-step transitionu i &→un&→u l & is
then

wil
~2!5win

~1!~11anl!Gnl /Gn , ~9!

whereGnl is the partial width of the electromagnetic trans
tion un&→u l &. If N(E) is a slowly varying function of en-
ergy, the two-step transition rate is

wil
~2!5

2Jn11

2Ji11

p2c2\3

Eni
2

~11anl!GniGnl

Gn
N~Eni!. ~10!

The two-step transition rate is thus proportional to the eff
tive width

Geff5~11anl!GniGnl /Gn . ~11!

The two-step induced ratewil
(2) becomes equal to the iso

meric decay rate ln 2/t i for a spectral intensity

N2~Eni!5
2Ji11

2Jn11

Eni
2

p2c2\3

1

F

tn

t i
, ~12!

where

F5~11anl!GniGnl /Gn
2 . ~13!

In Eq. ~13! the widthGn is related to the half-lifetn of the
stateun& by Gn5 ln 2/tn . We have 1/F>4, but usually 1/F
@4.

The ratioN2(Eni)/N1(Enl) is

N2~Eni!/N1~Eil !5
2Ji11

2Jn11

f IT

~11a i l !

Eni
2

Eil
2

1

F

tn

t i
. ~14!

Although usually 1/F@4, we have, however,tn /t i!1, and
N2 /N1!1. Thus, the two-step approach to the problem
inducedg emission requires much lower incident power de
sities than the single-photon approach.

The number of photons per unit surface and time in
incident beam is of the order ofN2(Eni)Eni , and the power
density, measured in W cm22, is of the order of

P25N2~Eni!Eni
2 . ~15!

.
o-



ual

s

PRC 58 335INDUCED EMISSION OFg RADIATION FROM . . .
TABLE I. Spectral intensityN2 and power levelP2 for which the induced emission rate becomes eq
to the natural emission rate from an isomeric nucleus. The isomeric level has energyEi and half-life t i , the
incident photons have energyEni ; Enl is the energy of theg-ray photon emitted from the stateun& andEg

is the largest photon energy in the cascade from the intermediate stateun&. An R in the method column mean
thatN2 andP2 have been calculated from the relativeg-ray intensities and the measuredtn andt i , and a W
in the method column means thatN2 andP2 have been obtained from the Weisskopf estimates for theg-ray
widths and half-lives.

Nucleus Ei t i Eni Enl N2 P2 Method Eg /Eni

~keV! ~keV! ~keV! @photons/(cm2 s eV)# (W/cm2)

186Re 149.0 2.03105 yr 37.0 12.1 5.131019 1.131010 W 2.0
152Eu 45.6 9.27 h 32.6 13.0 5.831021 1.031012 R 2.0
52Mn 377.7 21.1 min 353.7 731.5 1.131021 2.131013 R 2.1
152Eu 45.6 9.27 h 19.7 65.3 6.331023 3.931013 R 3.3
178Hf 2446.1 31 yr 126.1 140.3 4.431022 1.131014 R 4.6
96Tc 34.3 51.5 min 11.1 45.3 6.831024 1.331014 W 4.1
44Sc 271.1 58.6 h 78.7 349.8 2.431023 2.431014 W 4.4
202Pb 2169.8 3.53 h 38.6 168.1 1.331024 3.131014 W 17.0
99Tc 142.7 6.01 h 38.4 181.1 1.631024 3.731014 R 4.7
178Hf 2446.1 31 yr 126.1 437.0 1.531023 3.931014 R 4.2
99Tc 142.7 6.01 h 38.4 40.6 2.231024 5.231014 R 3.7
119Te 261.0 4.70 d 99.4 40.0 6.531023 1.031015 W 3.2
71Zn 157.7 3.96 h 128.6 286.3 4.731023 1.331015 W 2.2
201Bi 846.3 59.1 min 240.1 195.9 4.631023 4.331015 R 3.7
242Am 48.6 141 yr 4.3 52.9 2.131027 6.131015 W 12.4
93Mo 2424.9 6.85 h 4.8 267.9 2.831027 1.031016 W 307.7
186Re 149.0 2.03105 yr 37.0 86.6 9.531025 2.131016 W 2.3
69Zn 438.6 13.7 h 92.7 531.2 2.231025 3.031016 W 5.7
84Rb 463.6 20.2 min 151.4 615.0 9.131024 3.431016 W 4.1
204Pb 2185.8 67.2 min 78.6 990.3 5.031025 5.031016 R 12.6
115In 336.2 4.48 h 260.9 597.1 5.931024 6.431016 W 2.3
191Os 74.4 13.1 h 57.6 131.9 1.631026 8.531016 W 2.3
96Tc 34.3 51.5 min 14.9 49.2 2.531027 9.031016 W 3.3
102Rh 140.8 2.9 yr 13.7 112.5 9.431027 2.831017 W 8.2
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We have numerically

N2~Eni!53.9531029
2Ji11

2Jn11

Gn
2

~11anl!GniGnl

tn

t i
Eni

2 ,

~16!

P256.3331016
2Ji11

2Jn11

Gn
2

~11anl!GniGnl

tn

t i
Eni

4 , ~17!

where N2 is expressed in photons cm22 s21 eV21, P2 in
W cm22, and Eni in keV. For Gn

2/GniGnl54, anl

50, tn /t i510213, Eni530 keV, andJi5Jn we haveN2
51.4231020 photons cm22 s21 eV21, and N2Eni54.27
31024 photons cm22 s21, which for Eni530 keV corre-
sponds toN2Eni

2 52.0531010 W cm22, which is not exceed-
ingly high. However, as mentioned previously, the quan
Gn

2/(11anl)GniGnl has values which in reality are muc
larger than the lower limit of 4.

IV. CASE STUDY

We have determined the spectral intensityN2 and the
power levelP2 at which the induced emission rate becom
equal to the isomeric decay rate for isomeric nuclei havin
y

s
a

half-life t i.10 min and for which the cascade originating o
the state un& contains ag-ray transition of energyEg
.2Eni . The latter relation represents a condition of upco
version of the energy of the incident photons. Some of
isomeric nuclei having these properties are listed in Tabl
In the analysis of the nuclear properties we have used
Table of Isotopes@2#, and the internal conversion coefficien
are taken from the BNL database@3# and from Refs.@4# and
@5#. If tn ,t i and the relativeg-ray intensitiesRni , Rnl , and
Rnl8 of the downward transitions from the stateun& are all
known, we have calculatedN2 andP2 from Eqs.~12!, ~13!,
and ~15!, using forF the value

FR5
~11anl!RniRnl

@~11ani!Rni1~11anl!Rnl1( l 8~11anl8!Rnl8#
2

.

~18!

Otherwise we have calculatedN2 andP2 by using the Weis-
skopf estimates for the radiative widths of the transitions a
the half-livestn ,t i appearing in Eqs.~12!, ~13!, and~15!. The
error of the values ofN2 and P2 calculated with the aid of
the Weisskopf estimates is in general of about two orders
magnitude.
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We see from Table I that the lowest values ofP2 are of
the order of 1010 W cm22, while in most cases theg-ray
power densityP2 is of the order of 1014 W cm22. In the case
of the 6.8 h isomeric nucleus93Mo, a 4.8 keV photon gen
erates a cascade in which a 1477 keV photon is emitted
the case of the 3.5 h isomeric nucleus202Pb, a 38.6 keV
photon generates a cascade in which a 960 keV photo
emitted. In the case of the 67.2 min isomeric nucleus204Pb,
a 78.56 keV photon produces the emission of a 990 k
photon. In the case of the 141 yr isomeric nucleus242Am, a
4.3 keV photon produces the emission of a 52.9 keV pho
In the case of the 2.9 yr isomeric nucleus102Rh, a 13.7 keV
photon produces the emission of a 112.5 keV photon. In
case of the 13.7 h isomeric nucleus69Zn, a 92.7 keV photon
produces the emission of a 531 keV photon. In the cas
the 6.01 h isomeric nucleus99Tc, a 38.4 keV photon pro
duces the emission of a 181.0 keV photon. In the case of
31 yr isomeric nucleus178Hf, a 126.1 keV photon generate
a cascade in which a 574 keV photon is emitted.

The analysis has been restricted in this work to case
upconversion, for which the cascade originating on the s
un& contains ag-ray photon of energyEg.2Eni . Moreover,
the analysis has been restricted to isomeric nuclei for wh
there is a tabulated intermediate stateun& of known energy
and known spin and parity. In the proximity of isomer
states there are also tabulated levels of known energy
unknown or uncertain spin or parity. The assignment of sp
and parities and the discovery of new states may lead in t
to the finding of isomeric nuclei with favorable intermedia
states for which the power levelP2 should be lower than the
present estimate of 1010 W cm22.

The power levelP2 required for the observation of in
ducedg emission is large because the effective widthGeff
appearing in Eq.~11! is a very small fraction of the tota
width of the spectrum of pumping radiation. The use
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small-area isomeric samples and of pulsed incident radia
may reduce the total energy of the incident pulse to pract
values. An alternative to the broadband pumping is the us
Mössbauer sources ofg radiation. Considering an isomeri
nucleus of proton numberZ and mass numberA, the nucleus
(Z21,A) or (Z11,A) may in certain cases populate the i
termediate stateun& of the nucleus (A,Z) by b2 or, respec-
tively, b1, electron capture~EC! disintegrations. In this
way, Mössbauer sources containing the nucleus (Z21,A) or
(Z11,A) may produce photon fluxes of energyEni in a nar-
row interval of width\Gn aroundEni . An example of this
kind is 82

202Pb, whose 42 ns intermediate state at 2208.4 k
is populated by the decay of the nucleus83

202Bi, which has a
half-life of 1.72 h. On the other hand, while Mo¨ssbauer
sources can produce large spectral intensities, they ca
produce pulses of radiation. The two-step transition rates
tained from the Mo¨ssbauer scattering by isomeric nuclei d
pend much on the practical details of the experiment.

V. CONCLUSIONS

The power levels required by the photon approach to
problem of inducedg emission studied in this work are com
parable to the power levels required by the XENDT a
proach described in@1#. The choice of isomeric nuclei wa
restricted in this work by the upconversion conditionEg
.2Eni , and it was restricted to intermediate states of kno
energy and known spin and parity. For the cases consid
in this work, the required level of incident power for whic
the two-step emission rate becomes equal to the nat
emission rate of isomeric nuclei is of the order of 1010

W cm22.
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