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We analyzed the possibility of the two-step triggering of nuclear isomers by short X-ray laser pulses via an excited
intermediate level. The estimations of the decay acceleration are performed for the 6~ isomer of **Rb in the field of future

European X-ray laser.
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Introduction

A few dozens nuclei have excited metastable
(isomeric) states with long lifetimes. Different
attempts were undertaken in recent years to release
great energy of these isomers, affecting them by any

external fields. Collins et al. [1] irradiated the 16"

isomer of '’* Hf (whose half-life is 31 y and energy

2.446 MeV) by X-rays, and found acceleration of its
decay by few per cent. These authors described the
acceleration as a two-step process, when the nucleus,
absorbing X-ray photon, goes first to the higher level
|e) and then decays through the chain of levels to the

ground state. However, the nature of such
intermediate state |e) was not identified so far.

These results have not been confirmed in the recent
experiments with more strong radiation sources (see
the review [2]).

The Coulomb interaction of the nucleus with
surrounding electrons can significantly change the
nuclear decay rate. Therefore intensive studies have
been devoted to NEET (Nuclear Excitation by
Electronic Transition) - reciprocal process with
respect to the bound electron conversion. Trying to
solve the Hf problem, Karpeshin et al. [3] studied the
NEET accompanied by emission of photon.

It was also discussed similar process, called
NEEC (Nuclear Excitation by Electronic Capture)
when free electrons of the continuous spectrum are
captured into unoccupied atomic orbits, giving off
their energy to the nucleus [4]. Possible triggering of
isomers by means of NEEC was discussed in [5].
Alternative process was analyzed by Gosselin et al.
[6], who regarded the Coulomb excitation of nuclei in
the process of inelastic scattering of free electrons in
hot plasma.

The decay of bare isomeric nuclei via an excited
intermediate level induced by optical lasers has been
studied in [7]. More realistic chance for the isomeric
triggering is associated with the appearance of X-ray
lasers on free electrons (XFEL). Advantages
compared to optical lasers in this case are obvious.
First, one can match the radiation frequency with the
nuclear transition frequency. Moreover, the
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probability for the transition of multipolarity L is

2L+1

proportional to (kR)™" , where k is the wave vector

of the photon and R is the radius of the nucleus [8].
Hence, the gain in the transition probability for the
X-ray photon with the energy E oc 1 keV compared to
the optical photons with E ocl eV becomes very
large.

Biirvenich et al. [9] analyzed the electric dipole
transitions between the ground and excited nuclear
states, induced by the X-ray laser pulse. For this aim
the muster equations for the level populations have
been solved numerically. These equations contained
the Rabi frequency, explicitly depending on time.
The next paper of Palffy et al. [10] dealt with similar
calculations for laser-induced transitions of arbitrary
multipole order.

The problems of the coherent nuclear optics and
triggering of isomers are very intriguing. Therefore it
is important to derive analytic formulas for the
de-excitation probability of nuclei exposed to X-ray
laser field, which would explicitly show the role of all
relevant physical parameters. Our paper is devoted to
this aim.

Semiclassical approach

In semi-classical approach the nucleus together
with the field of ¥ quanta are described
quantum-mechanically, while the laser radiation is
treated as a classical electromagnetic wave packet.
Let the wave be linearly polarized and its vector
potential

A(r,t)= A (t)cos(kr —w, ). (D)
We approximate the time-dependent envelope
A (¢) by the Gaussian function
Ay ()= Ajexp[ 1 /277], 2)
where parameter t characterizes the pulse duration.
The unperturbed Hamiltonian of the system

nucleus in the laser field + quantized electromagnetic
field is
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ﬁozﬁn+ﬁrad’ (3)

where H, and H,, define respectively the

Hamiltonian of the nucleus and the Hamiltonian of
the quantized electromagnetic field. The latter in the
Coulomb gauge is given by

H,=%Ya.a,, (4)

K p=tl

where d;p and &Kp are the creation and annihilation

operators of the photon with the wave vector ¥ and
circular polarization €,. For brevity, we do not talk

about the conversion electrons.
The total Hamiltonian

A A

H=H,+V, +V,(1), (5)

where 17, is the interaction operator of the nucleus
with the quantized electromagnetic field and I}f(t) is

the interaction operator of the nucleus with the laser
field.

The first interaction is defined by well-known
expression (see, e.g., [8]):

.=~ Lfaritma), ©)
C

where j(r) is the flux density operator of the nucleus,
A(r) is the vector potential operator of the quantized

electromagnetic field.
Similarly, the interaction operator of the nucleus

with the laser wave I}f(t) is defined by the same

expression (6) with the operator A replaced by the
classical potential (1). Using Eq. (1), we represent the

operator I;'f (¢) as

~ B 10~ —iw(k
7, (0==5-| j e

where

)t N io(k)t
(ke }Ao(t), ™

()= j(k)e, (8)

is the product of the Fourier-transform of the nuclear
flux density operator

j(k) = [drj(r)e™ )

and the polarization vector e = A (¢)/ 4,(¢) .
The projections of j(k) along the -circular
polarization vectors €, ,, are determined by the

following expansion in multipoles:
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(10)
Y D (@, ,0) [M, (EL)~ipM,, (ML)],

m=—L

where M, (AL) are the electric (A=F) and

(A=M) [11],
L _ _ipa gL . .

D, (a,p,0)=e"d,, (p) are the rotation matrices,

pm
depending on spherical angles f,a of the wave

magnetic multipole  operators

vector k of the laser wave with respect to the nuclear
center-of-mass coordinate frame x,y,z .

We direct the axis x along the wave vector k
and the axis z along the polarization vector e . Then
the orientation of the frame x',y’,z" with the axis z’

parallel to k is defined by the Eulerian angles o =0,
p=n/2, y=0,while

J(EK) = (i (k) = ], (k) /2. (11)

The eigenfunctions and eigenvalues of the
unperturbed Hamiltonian H , obey the equation

Hyy,=E,x,. (12)

Let at the initial moment ¢ =-7/2 the system
(nucleus + quantized electromagnetic field) be
described by the wave function

X, =I1;M;)10), (13)
where the function |/,M,) describes the isomeric
state of the nucleus and |0) the vacuum of the
quantized field. The corresponding E, equals the
initial energy of the nucleus W, .

The nucleus, absorbing X-ray photon, performs
transition from |7) to the intermediate excited state

|ey=|1,M,) with the energy W, (the corresponding
wave function of the system will be y, =[e)|0) ).
Then the nucleus, emitting ¥ quantum with the
energy £, =hw,, goes into the final state |/ M ),
having the energy W, . So the energy of such a final
state |b) of the whole system equals E, =W, +E, .

We assume that the X-ray photon energy is close
to the transition energy E, =W, —W, and introduce

the detuning parameter

§=E,/h-a,. (14)
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Transition probability

The probability of finding the system at the
moment 7 /2 in the final state |b) is given by [12]

2 ?
Pb = é‘ba _77}%1((0011) H (15)

where the transition frequency o, =(E,—E,)/h, or
with the above definitions

o, =W, -W,)/ h-a,. (16)
The matrix for the two-step transition is [12]
bV |eW! (@
]wba(wab)zz < | r| > e;( ab) (17)

W, W, —ha,, +il, /2

where I', is the width of the intermediate (excited)
level; V/(@,,) denotes the Fourier-transform of the
matrix element (/ M, |I}f(t)|ll.M .>» which for the

Gaussian pulse will be

—(w+ay, )2 12 /2
Te .

2 :_L' I i
V. (@) 201“(1\"/)6[ 2 on (18)

After substitution of Egs. (17) and (18) into
Eq. (15) we have to average yet the probability P,

over the initial states and sum over all possible final
ones |b) . Using Egs. (10) and (11) as well as
standard relations

> (LM | LMY LMm' | 1,M,)

ive

=(218+1j5mm’ (19)
2L+1
and
- L L
ZL (B, (B)=0,,, (20)
we find that
1 . 21,+1 |17,
—— > k), =] = =L, @1)
21, +1,i7, 21, +1 )4k

where I7, is the partial width of the radiative

transition of arbitrary multipolatity from e to i.
Besides, note that time-dependence of the flux
density of the Gaussian pulse is defined by the
function
2,2
S(t)y=S8,e""", (22)

where the peak power
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ﬁAoz

S =
° 8

(23)

All this allows us to write down the probability of
the isomeric triggering with emission of ¥ quantum

in the form
’ 7.1
Py = e 2 Dol L), 4
21 +1 \nk ) w, | T,
where
—(§+a)}/ —w}(/o) )2 2
H&:rﬁcm S . (25)
23 T (E, ~E}y +(T,/2)

and E,=hae” is the energy of transition from the

excited level to the final one:

Ej=W,-W,. (26)

The pulse duration 7 is by several orders less
than the typical lifetime of the excited level
7. =h/T,. Therefore the integrand in Eq. (25) is a
product of the sharp peak due to the denominator and
the exponent, smoothly dependent on «,. Standard

estimations give then

1(5) e, 27)

Treating emission of the conversion electrons in
the same manner, one obtains the complete triggering

probability P, =(l+a,)P/ , where «, is the
conversion coefficient for the transition e — f . The

induced decay occurs for a short time oc7 .
Nevertheless, it is convenient to introduce the average
triggering rate during the repetition period 7 :

Wind(i_)f):Pf/T- (28)

Discussion

The physical meaning of the Eq. (24) becomes
more clear, when we treat the laser pulse as a bunch
of X-ray photons. Let us denote the number of all
photons in this pulse, passing through unit square
with the energies from E=hw to E+AE , by
N(E)AE . Their energy distribution N(E) is
characterized by the squared Fourier-transform of the
vector potential (1), i.e.,

N(E) o« exp[ ~(0—a,)' 7" |. (29)

The total energy of the pulse per unit square amounts

E, =7S,z. (30)
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Integrating N(£) and equating the result to the full
/hao(k), we easily find the
normalization factor in Eq. (29).

Let us introduce the average flux rate of photons,

transmitting through unit square per unit energy,
during the repetition period 7 :

number of photons E,

N(E)=N(E)/T. (31)

The resonant value of such flux rate at £ = £, will be

N(E,) = —— (lje_52,2
" ho(k)T,\ T ’

where I'; =7 /7 stands for the bandwidth of the

Gaussian pulse. In reality XFEL is characterized by
much more wider bandwith I', , so that for numerical

(32)

estimations we have to replace in Eq. (32) I'; by I', .

Comparing Eq. (32) with Egs. (25), (27) as 7 <<7,
we obtain the following average rate of the isomeric
triggering, induced by the X-ray laser:

21 +1\7° .
w. (i—> )= ¢ —N(E)F,I , 33
Wmd(l f) (2114-1}]{2 ( 0) R e ( )
where the factor
1+ R .R.
— ( a@/) ei ef (34)

Lo+ )R,+ ) (+a,)R, T
f

is expressed in terms of the branching ratios R,

for the radiative transitions e —i(f) and the

corresponding conversion coefficients «,, , .
The total width of the excited level I',, entering

into Eq. (33), is determined by its half-life:

_ Ailn2
e Te

1/2

r (35)

Our Eq. (33) coincides with that derived in [13]
for the two-step transition rate via an excited
intermediate level in the case of isomeric triggering
by an incoherent beam of X-rays. Note, however, that
in [13] the two-step decay had been regarded as a
process continuous in time, when the excitation of the
intermediate level and its decay proceed simul-
taneously. But in our case a short laser pulse first
stimulates the transition to the excited level, which
then exponentially decays emitting y-quantum.
Therefore our Eq. (33) contains the averaged flux rate,
while the corresponding result of [13] contains
constant rate dN(Eg)/dt (note that some our
designations are slightly different from those of [13]).

Even small probability P, may be associated with

large acceleration of the isomeric decay during the
repetition period of the pulses 7. When T /7! and
W, (i > 1) this
acceleration R is defined by the ratio of the induced
decay rate to the spontaneous one 1/7. :

are much less than unity,

R=>,,i— f)r,).

f#i

(36)

We estimated the triggering rate for the 6~ isomer
*Rb, having the energy W.=463.59 keV and the

half-life 7}7, =20.26 m, assuming exact matching of

the laser radiation to the nuclear transition from the
isomeric state to the intermediate one (6 =0) . Using

such parameters of future European XFEL as the
duration of the pulse 7 =100 fs, the repetition period

T=2.5-10" s, the peak power S, =6-10"° W/cm”’
and the bandwidth 0.1% we got the induced decay
probability P, =2-1077 and the acceleration of the

decay R=4.
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MNPUCKOPEHHS PO3NALY I3OMEPIB PEHTIEHIBCHBKUM JIABEPOM
0. 5. 13106k

[TpoananizoBaHO MOKIJIMBICTH TBOKPOKOBOTO TPUIEpYBaHHS SIEPHUX i30MEPiB KOPOTKMMH IMITyJIbCAMH PEHTTEHIB-
CBHKOTO JIazepa yepe3 30y HKEeHHI MPOMDKHHUN piBeHb. 3po0JIeHO OLIHKU MPUCKOPEHHS po3nany Iyt 6 i3omepy %Rb y
oI MalOyTHBOT'O €BPONEHCHKOTO PEHTIEHIBCHKOTO JIazepa.

Kniouosi crosa: peHTreHiBCbKHH J1a3ep, BUAJICHHS €Heprii, IPUCKOPEHHS po3nay.

YCKOPEHHUE PACIIAJA U30MEPOB PEHTTEHOBCKHUM JIASEPOM
A. 5. I3100,1uK

[Ipoananm3upoBaHa BO3MOXHOCTbH JBYXIIArOBOIO TPHUI€POBAHMS SIAEPHBIX H30MEPOB KOPOTKUMH HMITYJIECAMHU
PEHTI'€HOBCKOTO JIazepa uepe3 Bo30yKICHHBIH IPOMEXYTOUHBIN ypoBeHb. CleNaHbl OI[EHKH YCKOPEHH pachaaa Uit 6~
m3omepa “'Rb B 1mos1e Gy1yIIero eponeiickoro peHTreHOBCKOTO J1a3epa.

Kniouesvie cnosa: peHTTeHOBCKHUI J1a3ep, TPUT€pOBaHUE, BBIICIIEHHE YHEPTUH, YCKOPEHHE paciaa.
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