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Induced emission ofy radiation from isomeric nuclei
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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 §tafirst absorbs an incident photon of energy
E,; to reach a higher intermediate state and then the staf®) decays to a lower staté). 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 #W cm™2. [S0556-28188)01606-9

PACS numbses): 23.20.Lv, 23.20.Nx, 25.20.Dc, 42.55.Vc

I. INTRODUCTION we estimate this single-photon inducgdemission rate. We
describe the incident photon flux by the spectral intensity
In a recent work it has been shown that the lifetime ofN(E), defined such thal(E)dE should represent the hum-
isomeric nuclear states can be influenced by x-ray electrorber of photons incident per unit surface and time and having
nuclear double transitionsKENDT's), which are processes energy betweelr andE+dE.
in which a transition effected by an inner atomic electron The probability per second for the induced emission of a
takes place simultaneously with a nuclear electromagnetiphoton of energy is
transition[1]. The rate of deexcitation of isomeric nuclei
induced by XENDT's was calculated for the case when the
holes in the atomic shells are produced by incident ionizing
electrons and it was found that the induced nuclear deexci-
tation rate becomes comparable to the natural decay rate faihe cross section for induced emissiof(E) is
ionizing electron fluxes of the order of ¥OwW cm™2.
In this work we shall study the possibility to influence the () Tc2h4 r(T+T)
lifetime of nuclear isomeric states with the aid of fluxes of oi(E)= .
v-ray photons. The induced deexcitation of the isomeric 2B* (E-Ey)*+AATi+T))%4
nucleus considered in this work is a two-step process. W
assume that the nucleus initially in the isomeric statdirst
absorbs a photon of enerdy;,; so that the nucleus reaches
the higher intermediate state). The statén) then decays to
a lower statgl) by the emission of ay-ray photon having

energyE,,, or by internal conversion. In Sec. Il we esnmatedspectral intensit\(E) is a slowly varying function o€, the

the spectral intensities for which the single-photon induce Lingle-photon induced emission rate becomes, from Bgs
emission rates become equal to the isomeric decay rates, ge-p ' '

wfl):J:ai(E)N(E)dE. 1)

2

i Eq. (2), I'; is the partial width fory-ray emission in the
transition|i)—|l), [';=In 24; is the natural isomeric decay
rate,t; being the isomeric half-life, anHl, is the total width
of the state|l). If |I) is the ground state, theR,=0. The
level widths are expressed in this work in units of's If the

These single-photon intensities turn out to be extremelyand(z)’

large. In Sec. Il we introduce the concept of a two-step 5 2,3

deexcitation of isomeric nuclei induced by incident photon wh= Ty N(E;). 3)
fluxes, and estimate the spectral intensities for which the ! B2 :

two-step induced emission rates become equal to the iso-

meric decay rates. In Sec. IV we list the nuclear isomers foiThe half-lifet; of the isomeric state is related to the width
which the required incident power density is within the reachby

of existing experimental techniques. In favorable cases the

two-step induced emission rates become equal to the iso- In 2f,¢
meric decay rates for incident power densities of the order of K :m’ )
10°Wcm™2,
wheref,; is the fraction of isomeric decays byray emis-
II. SINGLE-PHOTON INDUCED y EMISSION RATES sion or electron conversion ang, is the internal conversion
coefficient for the transitiofi)—|l).
We consider an isomeric statg) of energyE; and as- The single-photon induced emission ratg’ and the iso-

sume that a nucleus in the stdite decays to a lower stafe)  meric decay rate In &/ become equal for a spectral intensity
of energyE, . A photon of energye; may be spontaneously

emitted in this isomeric transition. In the presence of a beam (1+ay)EZ
of incident photons there will also be a certain rate for the N.(Ej)= TSI 5
inducedemission of photons of enerdy;; . In this section wch T
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> 224
»2J.+1 wCch r,r
wiy'= J : o N(E)dE,

to-sep 0 2Ji+1 27 (E-Ey)*+4°TH4

deexcitation (7)

whereE,;=E,—E;, ', is the total width of the statgn),

li> I',>T,, andI',; is the partial width of the electromagnetic
transition |[n)—|i). The total widthT',, of the intermediate
state|n) which decays into the statéi9,|l) and other lower
stateg|l’) is given by

direct
deexcitation

1—‘n:(]-'ipa‘ni)l—‘ni"'(l"—anl)l—‘nl"'z (L+an )y,
|’
8)

whereay;,ap, anda,, are the internal conversion coeffi-

cients for the transitiongn)—|i),|n)—|l), and [n)—|l").

The ratew!?) for the two-step transitiori)—|n)—|l) is
FIG. 1. Paths for the deexcitation of a nuclear isomeric statethen

The two possibilities are the spontaneous deexcitation of the iso-

meric state|i) to a lower statgl) and the two-step deexcitation; w@=wP(1+a,)Ty /Ty, 9

when the nucleus first makes a transition from the isomeric Htate

to a higher nuclear state) by the absorption of a photon of energy Wherel',, is the partial width of the electromagnetic transi-

E,:, it then emits a photon to reach the lower nuclear gtate tion [n)—|l). If N(E) is a slowly varying function of en-

ergy, the two-step transition rate is

1>

Numerically we have 2,273
23, +1 mch” (14 an)lil'y,

(2) — .
Wi ZJi+l Eﬁ- rn N(Em)- (10)
N;(E;)=3.95% 10zgm 6 |
1(Ei)=3. fir ©®  The two-step transition rate is thus proportional to the effec-
tive width
whereN; is expressed in photons crhis * eVt andE; Ieg=(1+ ap) Tyl /Th. (11)
is expressed in keV. The single-photon spectral intensity in
Eq. (6) is extremely large. The two-step induced rate{?) becomes equal to the iso-
meric decay rate In 2/for a spectral intensity
Il. TWO-STEP DEEXCITATION OF ISOMERIC NUCLEI 2J;+1 Eﬁi 1t,
INDUCED BY INCIDENT PHOTON FLUXES No(En) =570 S o3 1 (12
2J,+1 226243 F t

In this section we analyze the possibility of a two-step
deexcitation of a nuclear isomeric state. The first step conwhere
sists in the absorption by the nucleus in the isomeric $tate
of a photon having energg,;, the nucleus thus making a
transition to a higher intermediate stdt®) of energyE,,.
The statgn) then decays into a lower stale by the emis-
sion of a vy-ray photon having energ¥,, or by internal
conversion, as shown in Fig. 1. In some cases the $itate
may be situated above the isomeric stife and in these
cases the transitiom)—|l) is followed by a furthery-ray 2
transition to a lower statf’). _ o2kt Enilty

. . . . NZ(Em)/Nl(ElI) i 2 R (14)

The multipolarity of the single-photory-ray transition 2Jy,t1 (1+ay) EZ F U
[iYy—|l) is usuallyE3, M3, E4, or M4, while the multipo-
larity of the transitions|i)—|n), [n)—|l) may be lower. Although usually 1¥>4, we have, howevet, /t;<1, and

F=(1+an)Tnln/T2. (13)

In Eq. (13) the width T, is related to the half-life,, of the
state|n) by I',=In 2f,. We have ¥ =4, but usually ¥
>4,

The ratioN,(Ei)/N1(Ey) is

Then the rate of the induced two-steptransition|i)—|n) N,/N;<1. Thus, the two-step approach to the problem of

—|1) may be in some cases higher than the rate of the singlénducedy emission requires much lower incident power den-
photon induced transitioni)—|l), for the same applied sities than the single-photon approach.

spectral intensity. The spid, of the nuclear intermediate =~ The number of photons per unit surface and time in the

state|n) must be enclosed between the spihs), of the incident beam is of the order &f,(E,;)E,;, and the power
stateg|i),|I). density, measured in W ciit, is of the order of

For a flux of incident photons of spectral intensNyE), )
the rate of the transitiofi )—|n) is P2=Na(En)Ey; - (15
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TABLE |. Spectral intensityN, and power leveP, for which the induced emission rate becomes equal

to the natural emission rate from an isomeric nucleus. The isomeric level has éhexggt half-lifet; , the
incident photons have enerd@y, ; Ey is the energy of the-ray photon emitted from the stafe) andE,,

is the largest photon energy in the cascade from the intermediatérstagen R in the method column means
thatN, andP, have been calculated from the relativaay intensities and the measurgdandt;, and a W
in the method column means tHd} andP, have been obtained from the Weisskopf estimates forythay

widths and half-lives.

Nucleus E; t; Eni En N, P, Method E,/E,;
(keV) (keV) (keV) [photons/(cris eV)] (W/cn?)
18Re 149.0 2.x10°yr 37.0 121 5.k 10 1.1x10° W 2.0
152y 45.6 9.27 h 326 13.0 58107 1.0x10% R 2.0
52Mn 3777 211min 3537 7315 ot 2.1x10% R 2.1
5%y 45.6 9.27 h 19.7 653 6RL2 3.9x10% R 3.3
178 2446.1 31yr 126.1 140.3 441072 1.1x10% R 4.6
%T¢ 343 51.5min 11.1 453 68107 1.3x10% w 4.1
43¢ 271.1 58.6 h 78.7 3498 X403 2.4x 104 w 4.4
20%pp 2169.8 3.53 h 38.6 168.1 K3 3.1x10% W 17.0
“Tc 142.7 6.01 h 384 181.1 DB 3.7x10% R 4.7
1784 2446.1 31yr 126.1 437.0 151078 3.9x10% R 4.2
“Tc 142.7 6.01 h 38.4 40.6 22107 5.2x10% R 3.7
191e 261.0 4.70d 99.4  40.0 681073 1.0x 10'° w 3.2
Zn 157.7 3.96 h 128.6 286.3 KNP 1.3x10'° w 2.2
201g; 846.3 59.1 min 240.1 195.9 56107 4.3x10% R 3.7
242Am 48.6 141 yr 43 529 24107 6.1x 10% w 12.4
Mo 2424.9 6.85 h 4.8 2679 281077 1.0x 10 w 307.7
18Re 149.0 2.x10°yr 37.0 86.6 9.X%10%° 2.1x10% W 2.3
8%Zn 438.6 13.7 h 92.7 531.2 21075 3.0x 10 w 5.7
89Rb 4636 20.2min 1514 615.0 xno* 3.4x 106 W 41
204pp 2185.8 67.2 min 78.6 990.3 Xa0%° 5.0x 106 R 12.6
19n 336.2 4.48 h 260.9 597.1 5Q0% 6.4x 10' w 2.3
¥los 74.4 13.1h 57.6 1319 x6L.0%° 8.5x 10 w 2.3
%T¢ 343 51.5min 149 492 261077 9.0x 10' w 3.3
102Rh 140.8 2.9 yr 13.7 1125 410’ 2.8x 10" w 8.2
We have numerically half-life t;>10 min and for which the cascade originating on
5 the state|n) contains ay-ray transition of energye,
2J;+1 Iy th >2E,;. The latter relation represents a condition of upcon-

Nz(Eni) =3.95X 1029

23,71 (1+ am)Tolm 11"

version of the energy of the incident photons. Some of the

(16 isomeric nuclei having these properties are listed in Table I.
In the analysis of the nuclear properties we have used the
c2Jit1 Fﬁ th 4 Table of Isotope§2], and the internal conversion coefficients
P,=6.33x10" 23,41 (I+an) il EE”“ (17 are taken from the BNL databaf®] and from Refs[4] and

where N, is expressed in photons ¢rhis ' eV !, P, in
Wcem™2, and E, in keV. For T2l Tn=4, ap
=0, t,/t;=10" 13, E,;=30 keV, andJ;=J,, we haveN,
=1.42<10?° photons cm? s ' eVl and N,E,=4.27
X 107 photons cm? s™1, which for E,,;=30 keV corre-
sponds td\,E2 = 2.05x< 10'° W cm ™2, which is not exceed-

ingly high. However, as mentioned previously, the quantity

Fﬁ/(1+ anT nil'n has values which in reality are much
larger than the lower limit of 4.

IV. CASE STUDY

We have determined the spectral intendiy and the

[5]. If t,.t; and the relativey-ray intensitiesR,,;, R, , and
R, of the downward transitions from the stdte) are all
known, we have calculated, and P, from Egs.(12), (13),
and(15), using forF the value

_ (1+ an)RniRy
[(1+ ani)Ryi+ (14 an) Ry + 2 (1+ an )Ry 12
1

Fr

Otherwise we have calculatéd, andP-, by using the Weis-
skopf estimates for the radiative widths of the transitions and
the half-livest, ,t; appearing in Eq9412), (13), and(15). The
error of the values oN, and P, calculated with the aid of

power levelP, at which the induced emission rate becomesthe Weisskopf estimates is in general of about two orders of
equal to the isomeric decay rate for isomeric nuclei having anagnitude.
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We see from Table | that the lowest valuesRyf are of  small-area isomeric samples and of pulsed incident radiation
the order of 16° W cm™2, while in most cases thg-ray  may reduce the total energy of the incident pulse to practical
power densityP, is of the order of 18 W cm™2. In the case  values. An alternative to the broadband pumping is the use of
of the 6.8 h isomeric nucleu¥Mo, a 4.8 keV photon gen- Mossbauer sources of radiation. Considering an isomeric
erates a cascade in which a 1477 keV photon is emitted. Inucleus of proton numbé&t and mass numbeX, the nucleus
the case of the 3.5 h isomeric nucle&®Pb, a 38.6 keV (Z—1,A) or (Z+1,A) may in certain cases populate the in-
photon generates a cascade in which a 960 keV photon iermediate statgn) of the nucleus £,Z) by g~ or, respec-
emitted. In the case of the 67.2 min isomeric nuclé®b, tively, 8%, electron capturg EC) disintegrations. In this
a 78.56 keV photon produces the emission of a 990 keWvay, Massbauer sources containing the nuclefis (,A) or
photon. In the case of the 141 yr isomeric nucléf@m, a  (Z+1,A) may produce photon fluxes of enerBy; in a nar-

4.3 keV photon produces the emission of a 52.9 keV photorrow interval of widthA ', aroundE,;. An example of this

In the case of the 2.9 yr isomeric nucletfRh, a 13.7 keV  kind is 33Pb, whose 42 ns intermediate state at 2208.4 keV
photon produces the emission of a 112.5 keV photon. In thés populated by the decay of the nucle%@%Bi, which has a
case of the 13.7 h isomeric nuclef®n, a 92.7 keV photon  half-life of 1.72 h. On the other hand, while Msbauer
produces the emission of a 531 keV photon. In the case odources can produce large spectral intensities, they cannot
the 6.01 h isomeric nucleu¥’Tc, a 38.4 keV photon pro- produce pulses of radiation. The two-step transition rates ob-
duces the emission of a 181.0 keV photon. In the case of thgiined from the Mesbauer scattering by isomeric nuclei de-
31 yr isomeric nucleus’Hf, a 126.1 keV photon generates pend much on the practical details of the experiment.

a cascade in which a 574 keV photon is emitted.

The analysis has been restricted in this work to cases of
upconversion, for which the cascade originating on the state V. CONCLUSIONS
[n) contains ay-ray photon of energ¥ > 2E;. Moreover,
the analysis has been restricted to isomeric nuclei for whicr[:[)r

there is a tabulated intermediate stft¢ of known energy parable to the power levels required by the XENDT ap-

ztn a(i eis(nt(melpe S;r'g aalgg Ea abrgfgtelg rg\?elgr%);lrl?:gw(: ésr%rperl(t:) proach described ifil]. The choice of isomeric nuclei was
unknown or uncertain spin or parity. The assignment Of%ym"r'éstricted in this work by the upconversion conditiér
P parity. 9 P 2E,;, and it was restricted to intermediate states of known

and parities and the discovery of new states may lead in timgner and known spin and parity. For the cases considered
to the finding of isomeric nuclei with favorable intermediate . 9y P P :

states for which the power levet, should be lower than the in this work, the required level of incident power for which

The power levels required by the photon approach to the
oblem of inducedy emission studied in this work are com-

resent estimate of 1OW cm-2 the two-step emission rate becomes equal to the natural
P o . . emission rate of isomeric nuclei is of the order of'40
The power levelP, required for the observation of in- W em- 2

duced y emission is large because the effective widlty
appearing in Eq(11) is a very small fraction of the total This work was supported by a research grant from the
width of the spectrum of pumping radiation. The use ofRomanian Academy of Sciences.
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