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Model of nuclear excitation by electronic motion in intense laser fields
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A simple model of coupled electronic and collective nuclear motion is used to study energy-transfer
processes in the presence of intense short-wavelength laser fields. The complete Hamiltonian of the
model includes distinct nuclear, electronic, and laser-field terms. A semiclassical method of extracting
spectral information from the generated trajectories of the Hamiltonian is used to calculate laser-
electronic-nuclear energy-transfer rates. The nuclear term describes a deformed heavy nucleus; it
suKciently treats the collective nuclear motion, which is lower in frequency than that which would be
given by an individual-particle nucleon model. We specifically report on the dynamics of this model, and
on the energy transfers that ensue, in the presence of an x-ray laser field, as a function of the electron ra-
dial distance. This general problem is of basic interest in the studies of laser-driven nuclear excitation.

I. INTRODUCTION
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FICi. 1. Schematic diagram of the types of transitions that
are of interest in laser-driven electron-nuclear excitation. These
include transitions (a) from a nuclear ground state to a low-lying
isomeric excited state (e.g., as in "U) and (b) from a long-lived
nuclear isomeric level to a shorter-lived nuclear excited state
(e.g., as in" Ag).

Interactions between the electronic transitions of an
atom and the nuclear transitions of its nucleus are of po-
tential importance, both in the excitation of nuclei from
ground states to low-lying excited states and in the exci-
tation of short-lived states from long-lived nuclear
isomeric states. Such nuclear excitations are shown
schematically in Fig. 1.

Part of the initial motivation for the recent work
[l —3] in this field by a number of research groups evolved
from their interest in investigating the feasibility of mak-
ing a laser based on nuclear transitions [4]. Even in the
simplest picture, though, population inversions of the re-

quired magnitude can, in principle, be achieved only in
the (radiochemical) lifetime range of hours or longer,
whereas resonant absorption cross sections are generally
significant only in the (Mossbauer) lifetime range of mi-
croseconds or shorter [5]. Switching from a long-lived to
a short-lived state is one approach that has been suggest-
ed to meet this mismatch. However, our calculations in
this paper support the general contention [4,5] that the
energy conditions that are required to achieve significant
population inversions are very stringent and consequently
are quite incompatible with the critical requirements
needed to maintain a significant stimulated emission cross
section; the conditions for laser gain are conveniently list-
ed in Ref. [6].

For each of the two aforementioned lifetime regimes,
radiochemical and Mossbauer, one can consider carrying
out experiments of definite physical interest. In the ra-
diochemical regime, experiments could be performed to
investigate the transition from a long-lived isomeric nu-
clear state to a shorter-lived nuclear excited state by
detecting the rapid emission of (non stimulated) y rays
not attributable to the slower decay of the initial long-
lived isomer. In the Mossbauer range, experiments could
be undertaken to study the excitation of nuclei which
subsequently undergo enhanced decays [7]. In the latter
case, we currently believe that the number of such parti-
cipating nuclei with enhanced decays will probably be
quite small [8]. Although many techniques exist for the
excitation of nuclei, we restrict ourselves here to the area
of nuclear excitations which result from electronic
motions, an aspect receiving increased attention. We
note in passing that photonuclear absorption can also
lead to isomeric depopulation.

The simple model which we study in this paper de-
scribes the excitation of collective nuclear rotational
motion due to the motion of an electron in both the
Coulomb field of the nucleus and the intense, high-
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frequency field of the laser. This simple model approach
seeks to identify basic aspects of the problem and to pro-
vide orders of magnitude of physical efFects. Three
different energy regimes of potential interest are (i) the
low-energy y -ray regime (nuclear emissions generally
lower than 100 keV in energy), a regime in which no
lasers currently exist (ii) the x-ray laser regime (atomic
emissions generally lower than 5 keV in energy) where
there are perturbations primarily to the electronic motion
so that in this case energy is transferred to the nucleus by
the oscillating electronic charge, and (iii) the high-
intensity optical to ultraviolet (uv) photon regime where
the possibility of collective electronic motions exists as
well. In this paper, we will limit ourselves to some of the
nuclear results that we have obtained by carrying out in-
vestigations in the x-ray regime. For comparison to the
behavior in this x-ray regime, we additionally made ini-
tial investigations of the energy transfer in the y-ray and
the optical-uv regimes. The model and approach which
we develop is primarily suitable for the study of the
electron-nuclear interaction and energy transfer in the
presence of intense laser fields, particularly in terms of its
dependence on energy and intensity of the laser. Also in-
cluded in our discussion will be some general comments
about the availability of the laser parameters and the pos-
sibilities for observing the excitation. Since we find ener-

gy transfers in the eV to low-keV range (not MeV) the ap-
plicability is limited to low-energy nuclear transitions
which do exist as also summarized later in the discussion.

II. BA.CKGROUND

Theoretical or model investigations of energy transfer
to the nucleus by laser-driven electronic motions have
been reported recently by several groups [9]. In 1985,
Baldwin, Biedenharn, Rinker, and Solem addressed the
energy-transfer question by focusing on the laser-electron
interaction and utilizing a perturbative approach to esti-
mate nuclear excitation probabilities [1]. On the other
hand, Noid, Hartmann, and Koszykowski carried out a
study of the coupled dynamics of the electron-nuclear
system using a semiclassical approach [2]. Finally,
Berger, Gogny, and Weiss have examined the physics of
laser-driven free classical electron motion and used a per-
turbative approach to evaluate the nuclear matrix ele-
ment [3].

In this paper we describe a simple laser-electron-
nucleon model where the nucleus undergoes collective ro-
tational motion. Previous preliminary investigations by
us utilized an individual-particle model for the nuclear
excitations [2], although those preliminary studies were
of use in exploring the feasibility of coupled models of
this general type, they had led to frequencies that were
much too high to be of practical importance for low-lying
nuclear states. The collective nuclear term which we
consequently shall introduce into the Hamiltonian in Sec.
III of this paper characterizes more realistically many of
the actual low-lying states of heavy rotational nuclei.
Hence, this new Hamiltonian provides a significant irn-
provement for studying energy transfer to a nucleus of
high atomic weight by laser-driven electron motions at

lower frequencies. Our semiclassical approach [10] is one
which solves Hamilton's dynamical equations of motion
for the electron and nucleus system, starting from the ini-
tial quantum conditions, and treats the laser field classi-
cally as an explicit function of time. More details about
this approach will be provided next in Sec. III.

III. MODEL

A simple model of coupled electronic and nuclear
motion is used as a first step to study electronic-nuclear
energy-transfer processes in the presence of a laser field.
The time-dependent nuclear-electron-laser Harniltonian
H (p, r, t) for this coupled system is

H (p, r, t) =H„(p„,r„)+H, (p„r, )

+H, (r„r„)+H~„„(r„r„,t),
where H„ is the nuclear term, H, is the electronic term,
H, is the electron-nuclear coupling term, and H&„„ is the
time-dependent laser term. Here r„represents position
and p„momentum of the nucleus, and similarly r, and p,
for the electron. Both H, and H&„„depend on r, and r„
but not on corresponding rnomenta.

A. The nuclear term M„

The nuclear Hamiltonian H„describes the motion of a
reduced mass p, in a potential well; it is used to treat the
case of a deformed rotating nucleus with a variable mo-
ment of inertia:

H„(p„,r„)=p,„c —1 + +n n n n

(2)
Here a, P, and N are parameters which describe the po-
tential well and are explained further below. The last two
terms represent an extension [11]to the variable moment
of inertia (VMI) model commonly used in nuclear phys-
ics.

This choice of the nuclear term in the Hamiltonian is
an improvement upon the one that was employed in our
earlier investigation [2] of a preliminary model of laser-
electron-nuclear energy transfer which utilized an
individual-particle model for the nuclear term H„. In
that individual-particle approximation, the characteristic
frequencies that are obtained, typical of nuclear excita-
tions in nuclei near closed shells, turned out too high to
be of practical interest. We noted there, though, what
should be an important and general physical feature-
the energy transfer between the electronic motion and
nuclear motion takes place mostly during the brief time
that the electron trajectory is nearest the nucleus. We
find that during this brief time period, in some high-Z
cases (e.g. , Z = 82) the electron's classical velocity be-
comes sufficiently large so that we must use in our Harnil-
tonian Eq. (1), in the H, term, the relativistic form for the
electron kinetic energy. As a practical feature, then, we
keep the relativistic form also in Eq. (2) above, both for
the nuclear reduced mass and the kinetic energy of the
nucleus, cases where it is much less important, as well as
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for the single electron's kinetic energy in Eq. (4) below.
The nuclear term is intended to describe a deformed

rotational nucleus. The potential well in Eq. (2) can be
solved approximately, using a semiclassical approxima-
tion [11] exactly to give the nuclear energy E as a func-
tion of the nuclear spin I:

2 N/N+2

E(I)= —+—I3
2/(. N +2) a+ I+—

2 2 p~

C. The electron-nucleus coupling term H,

In the absence of nuclear internal degrees of freedom,
the electron moves in the Coulomb field of the net charge
of Z protons. With our description of the nucleus as a
simplified rotor, the electron moves in the potential well
given by (Z —k) "core" protons and k "valence" protons,
that is, associated with the mass p„. The electrostatic
coupling term is then given by

(3)
keV(r„r„)=— (Z —k)e Ze+

re re
(7)

The parameters a, f3, and N can be fit to the rotational
band spacings, as has been done [11] for a number of
heavy nuclei.

B. The electronic term H,

Our model greatly simplifies the problem by assuming
that only a single electron is relevant to the process of in-
terest. We hope to extend our work in the future to also
include the possibility of collective electronic motions.

The single-particle electron term H, in the Hamiltoni-
an of Eq. (1) is given by

The last term in Eq. (7) simply corrects Eq. (4) by undo-
ing the static nuclear term in the single-particle Hamil-
tonian. An electrostatic repulsive term depending on the
product Zk is not included in Eq. (7) since the nuclear
potential models the net e6'ect of all the nuclear forces,
including Coulombic repulsion. We ignore screening;
thus our electron trajectories would characterize those of
Ref. (3) except that we include those additional eff'ects of
the Coulomb potential well that are important to our
model.

B. The laser term H&„„
' 1/2'+

H, (p„r, ) =me
pl c

with energy levels

2—1
The final term in the Hamiltonian H&„„has the expli-

cit time dependence

H&„«=ep(r„r„)cosset .

cx ZE=mc 1+
[n„+(rC' —~'Z')'"]'

—1/2

PlC 2
The quantity p is the total system dipole moment:

(5)
p= gq, r,

K AE=c +Pl c
e, max

1/2
—rnc 2 Ze

re, max

From Eq. (6), the outer turning point radial distance
r, „can be found by iteration for a given E. For the
purposes of our calculation, the distinction between or-
bital and total angular momentum is less important than
ensuring that the term treating the orbital energy as
given by K A /r be calculable.

The numbers n„and I( are the radial and quantized angu-
lar momentum quantum numbers, respectively; a is the
fine-structure constant. For aZ((K, the denominator
becomes n, where the principal quantum number
n=n„+K. In a manner consistent with nonrelativistic
quantum mechanics with spin, we let K =j+—,'. Then for
n=1, n„=O, K=1, and j=—,; for n=2; n, =1, %=1,
j=

—,
' and n„=0, K =2, j=

—,', etc. (In the usual semiclas-
sical approximations which treat nonrelativistic quantum
mechanics with spin and deviate from the "old quantum
theory, " for n =1, K =

—,
' and n„=—,', giving an elliptic or-

bit, since n & K. In treating the relativistic corrections in
the kinetic energy term we do not need these further ap-
proximations. Alternately, we recover the approxima-
tions of "old quantum theory" when utilizing a semiclas-
sical relativistic approach based on Sommerfeld [12] as
recently highlighted by Jackson [12]).

At the outer turning point of the electron's orbit r.
we have

summed over the location of all three point particles in
the three-body model: the electron, the nuclear rotor re-
duced mass, and the core nuclear well. For convenience,
we have fixed the origin of the coordinate system at the
mean position of the core nucleons, specifically at the ori-
gin of the nuclear potential in which the mass p„moves.
The quantities e and m are the electric field strengths and
frequencies, respectively, of the driving laser field. The
model is pictured in Fig. 2.

The complete model, thus described, is not easily
solved by direct quantum-mechanical approaches. Then
again, precise solutions are not needed to understand the
basic behavior. One simplification, to treat the single
electron as free in the electric field of the laser, allows one
to calculate the nuclear transition matrix element under
the .perturbation of a Coulombic interaction with a
sinusoidally oscillating classical electron in a linear model
[3]. We have chosen to keep the complexity of the nu-
clear Coulombic attraction, as well as a two-dimensional
(versus linear) model, in treating the electron-nuclear in-
teraction with short-wavelength laser fields. In so doing,
the classical trajectory becomes more complicated, and a
simple approximation, such as a sinusoidal motion, is less
appropriate. As a price, though, we have to include a rel-
ativistic treatment of the electron for inner shell electrons
and an approach to calculating the energy transfer to the
nucleus. The semiclassical approach, thus chosen, then
proceeds along the lines of Refs. [10], [13], and [14],
which exploit the use of classical trajectories computed
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FIG. 2. The model basically describes the interaction of a
three-body system with an intense laser field having intensity e
and frequency co. The electron, with charge q= —1, interacts
via the Coulomb field with the nuclear collective rotor of overall
charge +Z; the nuclear rotor is treated as a reduced mass p„of
charge +k moving in a modified harmonic-oscillator well as
parametrized in Ref. (11).

from initial quantum conditions to study the energy-
transfer effects. The semiclassical approaches we use are
briefly summarized.

The spectral analysis method [10] is used to obtain
power spectra I(co)—with I the intensity and co the
frequency —of the dynamical variables, denoted general-
ly by x(t). The spectral analysis method can be applied
to any autocorrelation function, e.g., of coordinates x (t)
or y(t), momenta p (t) or p (t), or any dynamical vari-
able, e.g., the dipole moment p(t) We us.e x(t) to denote
any of these; our main interests are in the dipole moment
autocorrelation function. In this approach, Hamilton's
equations

p= (10)

together with the proper initial conditions, are used to
generate classical trajectories. The trajectories are com-
puted using an ordinary differential equation solving
computer code, described later in Sec. IV. The trajec-
tories x(t) are then used to calculate the autocorrelation
function C(t)=(x(0)x(t)) from which the power spec-
trum I(co) is subsequently obtained by using the Fourier
relationship

+~
I(co)= f C(t)exp( i cot )dt . —

2 j7 oo

According to the Bohr correspondence principle, the
mechanical frequencies co „are related to the energy ei-
genvalue differences by (E E„)A, where m an—d n desig-
nate any two positive integer values. The autocorrelation
function I(co) is particularly useful in identifying the ab-
sorption spectrum of the coupled spectrum and, conse-
quently, the frequencies at which energy transfer is
enhanced. The spectral analysis method provides a use-
ful tool in studying complicated quantum systems where

one is interested in learning about the qualitative behav-
ior of the system, along with approximate numerical re-
sults, and not in finding precise solutions which in most
cases would, even in principle, often lie beyond the limit-
ed sophistication of the model being employed.

Initial conditions for the trajectories of those coupled
systems which do not permit the separation of variables
are obtained by quantizing the action variables J;,

J;=fp dq =2m(n; .+5 )A', (12)

where the different J s are obtained by integrating over
topologically i independent paths; the quantities
q(—=q„q2, . . . , q&) and p(—:p„pz, . . . ,pz) denote the
N canonically conjugate coordinates and momenta. For
the electron case, the principal quantum number n in Eq.
(12) is replaced by n„+E as described previously, yield-
ing the energy expression Eq. (5). For the nuclear Ham-
iltonian, the WKB method is used to numerically obtain
the quantum levels and their outer turning points. The
fractional term 5 in Eq. (12), as described by Keller [15],
is usually 0 or —,'; here it is zero.

Typically a system interacting with a sinusoidal time-
dependent energy source such as a laser will pick up ener-

gy from the source until a maximum is attained and then
oscillate about a mean value. During the time that the
system interacts with the laser, the system's frequency
can continuously change, complicating the problem.
Generally, numerous trajectories are calculated with
different initial starting conditions ("phases" of the sys-
tem). From the analysis of these trajectories, the aver-
aged maximum and minimum energy values can be ob-
tained, and hence a measure of the ensembled averaged
energy spread [13].

IV. CALCULATIONAL DETAILS

The model thus described in the preceding section is
useful in examining electron-nucleus energy transfers in
the presence of intense electromagnetic laser fields —the
work here examines the application of x-ray lasers in
achieving nuclear excitation, via electronic interactions.

A number of heavy nuclei are reasonably described
[11]by the variable moment of inertia model that we used
to obtain the energy expression in Eq. (3). Here we use
the energies of the levels of the ground-state rotational
band of U to determine the parameters a, P, and X for
the potential energy terms in expression Eq. (2). An in-
vestigation of a number of rotational heavy nuclei reveals
some common simple features for the ground-state rota-
tional band of this nucleus and neighboring ones; hence,
the particular choice of U is not critical, as many such
nuclei have similar characteristics.

In this model, from analysis of the fitted parameters,
we use

V(r„)=(330 MeVfm )/r„+ 0.028 r„(13)MeV
fm

for the nuclear potential well as a function of the nuclear
collective radial coordinate r„. The reduced mass is
p„=26.2 in units of the proton rest mass. Interestingly,
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these parameters provide a simple model which crudely
characterizes the U nucleus as a doubly magic spheri-
cal Pb core (closed neutron%=126 and proton Z =82
shells) with an additional 20 "valence" neutrons and 10
"valence" protons outside of the closed shells, yet pro-
vide a good fit to the energy spectrum of the ground-state
rotational band. This picture can be further developed
by using the empirical relation for the radius of spherical
nuclear matter having A nucleons:

7 =]2g ~ fm

The core radius with 2 =208 is then calculated to be 5.9
fm and the radius of the p„mass with A =30 is obtained
as 3.1 fm. This analysis therefore yields 9.0 fm as the dis-
tance of the p„mass from the potential well center. This
latter value is su%ciently close to the independent value
for the potential well minimum of r„=10.4 fm that is ob-
tained by minimizing the expression in Eq. (13), suggest-
ing the deformed, but not extended as in a dumbbell,
shape.

From the WKB solution (with 6=0 and the nuclear or-
bital term involving I taken as 1 ), 39 nuclear bound
states are obtained with spins ranging up to a spin of
1=16. The nuclear ground state with oscillator quantum
numbers (n, l) =(0,0) is used as the initial nuclear state.
In the %'KB approach, quantum-mechanical levels are
identified through use of the prescription given by Eq.
(12).

A number of electron orbit outer turning points are in-
dividually studied to simulate the behavior of typical sin-
gle electrons which lie progressively in electronic shells
from n =1 (K) to n =6 (P). For each orbit, this outer
turning point is obtained by using Eq. (5) to find the en-
ergy of the electronic level and then using Eq. (6) to find

the initial radial distance from the nucleus. For each or-
bit, the effects of electron screening by electrons in lower
shells can in principle be taken into account by reducing
the sum nuclear charge Z by integral amounts corre-
sponding to the total number of inner shell electrons; this
is not considered at the current level of sophistication.

A summary of model parameters appears in Table I.
Given the broad extent of our problem, encompassing
laser fields as well as electronic and nuclear motion we
find it simplest to use units of MeV and fm. The units
that we employ are summarized as follows. The frequen-
cy co is in units of inverse "time units, " where one "time
unit" (denoted t.u. ) is the time (3.33 X 10 sec) for light
to travel 1 Fermi. The frequency is converted to energy
units of MeV by multiplying by 197 (since the quantity iiic

is equal to 197 MeV/fm). In these convenient units,
e =1.44 MeVfm; e /Ac is 1/137. The electric field
strength (e) of the laser has units of MeV'~ /fm . In
atomic units it is often useful to introduce the quantity
e /a 0, which describes the electric field strength in terms
of the Bohr radius an; here e /a o =4.29 X 10
MeV' /fm . %'e also introduce the electric field force
E (MeV/fm) =em as a parameter, so that the laser power
in W/cm is numerically equal to 2.64X10 E . (A typi-
cal value for E here, for example, is 10 ' MeV/fm; the
magnitude of laser power is generally in the range
10' —10 W/cm ).

Our calculations were carried out utilizing the follow-
ing approach. Classical trajectories in momentum and
coordinate space are generated from the complete Hamil-
tonian using Hamilton s equations [Eq. (10)]. The initial
conditions for the trajectories are taken to be those of
states of the separable Hamiltonian, that is, with the cou-
pling term H, in Eq. (1) neglected and using the WKB
approximation to find the outer turning points of the re-

TABLE I. Model parameters. (See text for the definitions of these parameters. )

Nuclear parameters
Potential well: a=660 MeVfm, P=0.056 MeV/fm, %=2

p„=26.2m~ ( m~ =938 MeV)
Starting nuclear state: I„=O, r„=12.22 fm

Electron parameters
Potential we11: Z=92, k =10
Electron shells (n) and outer turning points:

n Label E (MeV)

—0.132
—0.034 2
—0.014 7
—0.008 04
—0.005 05
—0.003 46
—0.002 52

R (fm)

456
3 580
8 790

16433
26 600
39 400
53 100

Laser parameters
co=5X10 t.u. ', 1 t.u. =

—,
' X10 sec

E=1.4X10 ' MeV/frn or 5.28X10' W/cm .
CRAY parameters

64 parallel trajectories
ensemble length is 20X10 t.u. {16 laser cycles)
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duced nuclear mass p& in the nuclear well. The outer
turning points for the electron are obtained analyticall

y solving the single-particle relativistic Coulomb prob-
ica y

lem, using expression Eq. (4) for H, .
Our semiclassical approach to solving the coupled

problem of Eq. (1) follows Ref. (2) and is described in
greater detail in Ref. (10). The trajectories that are thus
obtained for the electronic and nuclear motion are then
used to calculate the autocorrelation functions of the
system's total dipole moment. The absorption band
shape or power spectrum is then given by a Fourier
trans orm of these autocorrelation functions E

). ith the laser field initially "off," the power s ec-
trum I(co) that is thus obtained is used to understand the
basic dynamical frequencies of the electron-nucleus sys-
tem.

Subsequently, to investigate energy-transfer rates with
the laser field "on," Hamilton's equations are integrated
for an ensemble of 64 trajectories, each with a di6'erent
initial phase for the laser field, with the initial phases
evenly distributed over a range of 2m radians. This pro-
cedure is followed in order to average out any unusual
trajectories that may result from any specific single
choice for the initial phasing of the system. These calcu-
lations are all carried out on a CRAY computer at the
Oak Ridge National Laboratory. The chosen phase en-
semble conveniently exploits the vector capability of this
computer; the 64 trajectories are thus all computed "in
parallel. " A summary of the equations of motion is in-

cluded in Appendix A.
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For illustrative purposes, a set of electron and nuclear
trajectories is shown in Fig. 3 for one of the 64 trajec-
tories of an ensemble (over shorter time scales than those
actually used in the computations). The figure depicts
the x and y planar coordinates for both an electron and
nuclear trajectory for equal periods of time. The electron
trajectories generally describe precessing ellipses, as is
well known; they do, of course, have widely varying fre-
quencies of the motion, depending upon which orbit is
used at the starting point. The nuclear trajectories de-

ey are similarseri e a rotating and vibrating motion' th '1

for each run since the starting state is chosen to be the
same for all runs. The rotational motion of the nuclear
rotor is much slower than that of the electron's motion
for the case in Fig. 3, whereas its vibrational frequency is
much larger. These single trajectories are one of many,
and included for illustrative purposes. An associated to-
tal system dipole moment p is shown in Fig. 4 as a func-
tion of time for the same L-shell electron case as in Fig.
3, except for a difT'ering time period.

In Fi . 5g. , we show the ensemble averaged energy
transfer for the electronic energy change and the nuclear
energy change with a laser in the x-ray regime at an in-
tensity E= 1.4 X 10 ' MeV/fm and a frequenc of

inverse time units (t.u. ') or 1 keV in energy.
The energy-transfer results corresponding to various
starting points are depicted. The maximum and
minimum of the ensemble average energy are used to fix

x coordinate (fm)

FI~G. 3. Illustrative electron (a) and nuclear (b) trajectories
for the L-electron (n =2) case in the x-ray laser field. The first
1X 10 t.u. are shown; a complete run on the CRAY computer
is actually carried out for 20X 10 t.u. and 64 trajectories com-
puted in parallel.

5000~I

4000—

E
3000

E
2000

0
E

1000

0
2'5 5 0 7'5 100 125 150

time (1QQQ t.U. )

FIG. 4. Illustrative time dependence of the dipole moment
for the total electron-nucleus system. This is for the L-shell
case depicted in Fig. 3 and for 150000 t.u. The dipole moment
includes a large variation due to the electron motion coupled to
a smaller variation due to the nuclear motion.
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TABLE II. Summary of energy-transfer results.

Shell

K
L
M
X
0

Total
electron
energy

change (MeV)

1.2X 10-'
6.7X10-'
5.0X10-'
3.5 X 10
2.6X 10

Total
nuclear
energy

change {MeV)

8.2X10-'
3.6X10-'
1.7X10-'
1.3 X 10-'
9.7X10-'

Nuclear
electron

energy ratio

0.068
0.54
0.34
0.37
0.37

Nuclear
excitation

probability
scaled per

laser period'

0.000 18
0.007 8
0.003 7
0.002 8
0.002 1

The probability, as discussed in the text (Sec. IV), is based on a semiclassical argument; it is assumed
that the energy of the transition is that corresponding to the semiclassical I =0 state to the I =2 state
of the nuclear rotor.

the energy-transfer values, that is, as the averaged energy
spread. The electron trajectory starting points corre-
spond to the outer turning points of orbits associated
with the principal quantum numbers in the relativistic
single-electron Coulomb well for Z =92.

The energy transfer could have been expected to in-
crease as we go to lower and lower electron shells, reach-
ing a maximum at the K shell in a simple model where
one treats the electronic motion as totally free and hence
just following the laser field. In the present work,
though, as is indicated in Fig. 5, we find that the compet-
ing effects of the Coulomb field counter the strong laser

10 I I I I I I I I

electron -- o

nucleus —— z

1I
V)

C$

I
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electric field. This is discussed further in Sec. VI. Hence,
the shells with the maximum energy transfer per electron
are not the closest ones but lie further from the nuclear
center. In Fig. 5, for example, the maximum energy
transfer occurs for an L-shell electron. Using the
energy-transfer values and assuming the excitation is en-
tirely to the next higher nuclear quantum level, one can
estimate the time-dependent excitation rate (Table II).
The estimate is made by assuming that the average ener-
gy transferred leads to a state of the nucleus which is a
superposition of the nucleus in its unperturbed ground
and excited states. The excited state coefficient in this su-
perposition is used to estimate the overall excitation
probability which is then scaled by dividing by the num-
ber of laser cycles to obtain the excitation probability
scaled per laser cycle. The above approximation is
reasonably good for the relatively low probabilities of ex-
citation per cycle which we see here in this energy and in-
tensity regime, but it is emphasized that the energy-
transfer values apply to the first 20X10 t.u. , which is a
fixed period for all runs discussed here, and no further
search was yet done for nonlinear behavior of the energy
at longer periods of time. (The nuclear excited state at 29
keV, I =2 by the WKB method was used in the estimates
of the last column of Table II, and the l=2 degeneracy
was excluded. To include the degeneracy, multiply by 5.)
These results are further described in Sec. VI.

/

O
0 '5 10 15 20 25

electron radial distance (1000 frn)

FIG. 5. Averaged electron and nuclear energy transfer as a
function of the initial single-particle orbital electron outer turn-
ing point radial distance in the presence of an x-ray laser field.
The circles correspond to the electron energy change and the
boxes correspond to the nuclear energy change. One key
feature is the drop in energy transfer at the K shell due to the
competing effects of the laser-field strength and the Coulomb
potential. Indeed, the maximum energy transfer occurs for an L
electron, with the electron energy change larger than the nu-
clear energy change, as expected. This figure presents in graphi-
cal form the results that are summarized in Table II.

VI. DISCUSSION

The model studied here treats the electron-nucleus sys-
tem as a three-body problem, as depicted in Fig. 2. The
three bodies essentially comprise two "oscillator" systems
consisting of the two-body (core-body and valence-body)
nuclear "oscillator" and the e1ectronic '*oscillator. "
These two oscillators are independent and not notably
coupled during normal circumstances, i.e., when the laser
intensity is zero. With increasing laser intensity, the elec-
tronic oscillator is driven by competing effects of the usu-
al central Coulombic field and the additional electric field
of the laser [Eqs. (7) and (8), respectively]. The electron-
nuclear Coulombic interaction serves as the energy
transfer coupling. This basic picture of the energy-
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transfer process is one which is expected to be important
in laser-driven excitation of the nucleus by electronic
motion. The model approach is similar to that of Refs.
[10] and [13].

The results obtained with the semiclassical approach
that we have employed demonstrate that the laser Geld
has varying effects on the energy transfer, effects which
depend upon both the laser intensity and the laser fre-
quency. In this regard, the choice of a heavy nucleus to
illustrate our model proves especially convenient since it
permits the study of a wide range of electron orbits and
their associated binding energies (see Tables I and II).
From use of such a model, we find that the laser's field in-
tensity plays a very important and surprising role —since
the laser is treated as a classical electric field, even at the
lowest of laser frequencies a high laser intensity results in
an alteration of the electron's motion sufficient to achieve
notable coupling of the electron motion to the nuclear
motion.

The main focus of the applications of our model that
were presented in the present paper were in the x-ray
laser wavelength regime. A sequence of computer runs
was performed using all the parameters of a 1-keV
photon-energy laser: a frequency of 5 X 10 t.u. ' and
electric field strength of 1.4X 10 ' MeV/fm. For these
laser parameters, we carried out separate studies with an
electron in each of the shells from the K through 0 shells
( n = 1 through n = 5, the latter being immediately sub-
valence). The energy-transfer results are summarized in
Table II and depicted in Fig. 5.

For energy transfer in the ultrashort-wavelength re-
girne that we studied, we would have naively guessed that
the dominant contributions to nuclear excitation would
be from the electrons which pass closest to the nucleus
[2]. These inner-shell electrons are clearly much more
bound than their outer-shell counterparts (see Table I),
and therefore they would be expected to be less suscepti-
ble to being affected by the laser field. However, from
our results in Table II and Fig. 5, we see that, in actuali-
ty, a balance is attained between these competing effects.
The energy transfer increases as the electron moves in or-
bits which are located closer and closer to the effect of
the nucleus from 0 to L until the competing effect of the
Coulomb field enters significantly, thus countering the
electron's radial motion. The drop in the E-shell energy
transfer is clearly evident in Fig. 5.

We scale the energy transfer to the nucleus, relating it
to the total energy (29 keV) needed to excite the nucleus
from its ground state to a level of 29 keV (next excited ro-
tational level in our model) and to the number of laser cy-
cles (noted previously in Sec. V). This is a very crude
measure of an excitation probability which is of use when
a semiclassical model is employed. We see from Table II
that measurable excitation probabilities are achieved.
Our use of a collective nuclear model instead of the
single-particle model which was employed in Ref. (2) re-
sults in favorable enhancements of the excitation proba-
bilities. On the other hand, while we do take into ac-
count the nuclear Coulomb field, we still exclude the
effects of electron screening. Such screening would have
unfavorable effects on the excitation probabilities and

would diminish the contributions of the inner electrons to
nuclear excitation.

The main focus of this study is to treat the intermedi-
ate x-ray wavelength regime. Additionally, however, we
explored some features at the very short and longer ex-
tremes of laser wavelengths around 1000 eV: a 5-eV very
intense laser, and also a hypothetical y-ray regime laser,
for comparison with the x-ray regime results. Not unlike
laser energy absorption by simple molecular oscillator
studies [13], the possibility does exist even at very short
wavelengths for resonances to occur at specific laser fre-
quencies. Very high laser intensities and frequencies were
therefore used to map one such resonance at a frequency
of 4.4X10 t.u. ' (corresponding to 80 keV) and at an
intensity of 1.4 X 10 MeV/fm. The resonance was
identified by running calculations from 4.0 to 4.6X 10
t.u. ' at laser intensities of 1.4X10, 1.4X10, and
1.4X10 MeV/fm, respectively. Even at such extreme
conditions the enhancement factor of only 1.5 in energy
transfer is not large and led us to observe that the
electron-nuclear coupling was much weaker after includ-
ing relativistic corrections to the K-shell trajectory. For
the moment, there are no such lasers in the low-energy
y-ray regime [4], and this wavelength regime was not fur-
ther pursued.

At the other extreme of laser parameters, we examined
the more practical case of the low-energy, high-powered
laser having a photon energy of 5 eV and a power level of
14X10'6 W/cm . This corresponds to a frequency of
2. 53 X 10 t.u. ' and an electric Geld intensity of
6.07 X 10 ' MeV/fm. Calculations at this extreme
wavelength are computationally intensive due to the
great disparity in the nuclear, electronic, and laser fre-
quencies. From selected computer runs, we found that
an electron in the M shell and all higher shells (n ~ 3)
photoionize before we reach the minimum time of 10+
time units that we use to enable us to at least sample a
half laser cycle. The successive ionization times are
4. 5X10 t.u. for the P-shell electron, 1.1X10 t.u. for the
0-shell electron, and 4.0X10 t.u. for the M-shell elec-
tron. These outer-shell electrons, then, can be treated as
free in the laser field —supporting this assumption as
used in the free-electron perturbative approach [3]. For
the case of the L electron, which is much more tightly
bound than the other outer-shell electrons in this model
atom (see Table I), the electron was not observed to have
ionized by the completion of the computer run which
corresponds to 10 t.u. The energy transfer to the nu-
cleus in this longer-wavelength optical regime in the se-
quence of the electron shells for P to L steadily increased.
The fraction of energy transmitted to the nuclear motion
scaled over a common fixed time period of 10 t.u. , as-
suming once again the same model transition energy of
29 keV from the ground to first excited states, varied
from 0.00011 for the P electron to 0.00043 for the 0
electron to 0.0015 for the M electron and finally to 0.50
for the L electron —a trend that is once again both con-
sistent with the relative trends predicted by the free-
electron approach and with our results in the x-ray re-
gime. These approximate results for the transition proba-
bility are high and probably overestimate the transition
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probability. This is because the semiclassical estimates
that were made in this case do not distinguish the super-
position of the final state amongst rotational and vibra-
tional nuclear eigenstates, and also because of the gross
simplification of one-electron models in ignoring electron
screening as also emphasized in Ref. [3]. Indeed, the rel-
atively large L-shell contribution to the Coulombic ener-
gy transfer at these lower frequencies is perhaps exacer-
bated due to such simplifications, although the jump in-
crease over the P-through M-shell contributions can in
part be attributed to the propensity of the latter to rapid-
ly ionize and have less time to interact with the nucleus.
(A complete treatment and discussion of this uv regime,
in particular, is beyond the scope of the paper —the
longer wavelength requires more computational time
than does the x-ray regime for which the model is unique-
ly applied and more computationally tractable. Contin-
ued work in the uv region hinges on practical aspects of
computations and work here is in progress. )

We can compare the magnitudes of the energy transfer
in the ultrashort-wavelength laser regime with the energy
transfer in the uv-optical wavelength regime. Even
though electric field intensity in the x-ray case was
chosen to be comparable to that for the uv-optical laser,
the energy transfer in the x-ray regime actually was less
than that for the L-shell optical case. This decrease can
be attributed to the inverse relationship of the amplitude
of the electron's motion to the laser frequency (combined
with the absence of any dynamical resonance eff'ects) and
the direct importance of the intense electric field.

The intensity and energy regimes discussed in the
study here highlight cases of interest in the application of
our model. Some general comments about the choices
and actual availability of the two laser frequencies (corre-
sponding to 5 eV and 1 keV, respectively) and intensity
ranges that are used in our calculations are thus in order.
Lasers in the uv-regime (where we use a photon energy of
5 eV and a laser intensity of 14X10' W/cm ) do exist
and our chosen values for the parameters characterize
the parameter range for which it is feasible to explore the
possibility of very-low-energy nuclear excitation experi-
ments [3,9]. The associated electric field strength which
we use to typify this energy regime is roughly one unit of
e /a o,

' a choice which lies midway in the range of
(0.01—100 )e /a o. Such intensities, in which there is
much continuing interest currently [17], raise questions
about atomic motions themselves (let alone the nuclear
excitation question). For a comparable intensity and for
laser frequencies extending into the x-ray regime, pertur-
bative approaches which neglect the Coulomb interaction
on the electron's motion begin to fail [3]. This aspect has
prompted us to utilize the semiclassical approach de-
scribed in this paper. In this regard, it should be noted
that x-ray lasers extending beyond 10 eV in energy and
with powers of 5X10' W/cm and higher have been
constructed [18], that lasers in the 1-keV range have been
reportedly discussed, and that research beyond is con-
ceivable [19]. Our second choice [16] of 1-keV photon
energy, we admit, is based not on a specific laser frequen-
cy but rather on a frequency intended to characterize
lasers having frequencies higher than that of the 5-eV re-

gime but less than those envisioned in the hypothetical
y-ray laser (5 —200 keV) [4,5] Our final choice of 80 keV
for the photon energy happens to lie near a resonance
feature in our model and is thus of mathematical interest.
Coherence effects in nuclear decay have been experimen-
tally measured for the 14-keV transition in Fe in
single-photon measurements [7] and proposed extensions
to actually observe stimulated emission from Nb (at 30
keV) involve subtle and sensitive experiments [20]. Thus
it can be observed that y-ray lasers still pose unsolved
challenges.

Although different behavior is expected between 5 and
200 keV, the 5 —1000-eV regime is potentially where the
nuclear excitation studies begin to be experimentally
feasible. Our report here does not seek to treat a specific
laser (or intense photon source) and nuclear system; how-
ever, such nuclei with the characteristics depicted in Fig.
1 do exist and it is possible to begin to study them initial-
ly with a synchrotron source [21]. The U nucleus has a
75-eV electromagnetic transition from its ground state to
an excited 26-min isomer and its excitation using an in-
tense laser is considered to be experimentally achievable
[9]. Even more striking, a transition of less than 4 eV is
reported [22] in Th and studies of this potentially ex-
citable isomeric state are under consideration. Ironically
the potential "ease" of excitation of these very low-lying
nuclear states goes hand in hand with the corresponding
di%culty in detecting their decay. Of particular interest
then is the study of energy transfer from long-lived excit-
ed nuclear isomers to energetically near-lying shorter-
lived states where the achievement of the energy transfer
is signaled by the subsequent emission of a much more
energetic y ray, as we emphasized in the introduction.
The two initial cases that we would suggest considering
are " Ag (900-eV transition from the isomer to the
short-lived state) and Am (4.3 keV transition from
the isomer ); these transitions match well with the uv and
x-ray photon spectra that are available from the National
Synchrotron Light Source (NSLS) at Brookhaven Nation-
al Laboratory. Further study of these aforementioned
nuclei in laser fields having energies from 5 to 1000 eV is
thus of further specific interest.

The experimental detection of excitations of the magni-
tude which we predict here in this model using an x-ray
laser could perhaps be feasible; the energy-transfer values
which we obtain in our calculations in this paper are
significant (though, at the low-keV, not MeV, level) and
excitation probabilities smaller by a few orders of magni-
tude for the excitation of U using a 5-eV laser are re-
ported as reasonably achievable in that experiment [3,23].
In any case, as emphasized from the start, our intent in
this paper is to describe, examine, and discuss the basic
features of our rather simple dynamical model for use in
study of nuclear excitations in strong laser fields, an area
for which no good quantitative theories yet exist.

Finally, let us provide here an illustration of the order
of magnitude of the parameters that are involved. We
can assume the same target size as in Ref. [3], that is, a
gas at low pressure and a spot size characteristic of a
laser beam, and thus estimate that about 3X10 nuclei
can interact. Using one simulated laser pulse of 16 cycles
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and with a probability per cycle of 0.0164 and assuming
all shells except the K shell interact yields about 8X10
excited nuclei. This number is possibly grossly overes-
timated, both by our semiclassical assumptions and as a
consequence of the exclusion of electron screening in our
calculations. Still, with a 1% counting efficiency, it
should be possible to detect 80000 excited nuclei decay-
ing over the course of the nuclear lifetime (assumed to be
well less than a day).

Our biggest difficulty in proceeding to utilize our semi-
classical model to obtain better estimates for specific nu-
clei of interest lies in our treatment of the nucleus itself.
Whereas the electron does behave to a good approxima-
tion as an independent particle, the nuclear states can
vary in character quite significantly from one nucleus to
another, or even within the same nucleus. Our choice of
a rotational nucleus does alleviate some of these concerns
since nuclei do exhibit nearly identical rotational behav-
iors over wide regions of the Periodic Table. Further-
more, the motions of diatomic molecules (or any rotor for
that matter) are cases for which the semiclassical
methods have proven successful in studies of the dynam-
ics of this type.

We anticipate that in future extensions of the present
paper the treatment of a specific nucleus would require us
to compute a transition matrix element for that particu-
lar nucleus. This could be accomplished by computing
the time-dependent matrix element of the Coulombic
nuclear-electron interaction between the two nuclear
states of interest, where the coordinate of the electron in
the interaction term would still be generated semiclassi-
cally in the presence of the intense laser field. We would
speculate that a future extension of our work following
an approach of the type outlined just above could
perhaps yield the following two significant differences
from our current semiclassical approach. First, the
quantum-mechanical nuclear transition might be driven
most strongly at a laser frequency which would generate
a (complicated) electronic motion whose resulting fre-
quency spectrum would contain at least one frequency
component that either would match the frequency corre-
sponding to the energy difference of the nuclear transi-
tion or else would be a multiple thereof (the semiclassical
approach deals with characteristic frequencies of the
motion). Second, the excitation probability will be, in the
quantum-mechanical case, a true transition probability
and not an average of the energy transferred. In these
quantum-mechanical calculations, by still utilizing the
electron's semiclassical trajectory, we would still include
the non separable effects of both the central Coulombic
well and the intense field of the laser, our goal as noted at
the outset of our paper. In summary, the use of the semi-
classical electron trajectories from our present model, in
conjuction with a quantum treatment of the nucleus,
would provide a more refined approach to treating
specific nuclei. This extension of our model is being pur-
sued by us.

The model approach used here has many realistic
features and uses well-chosen parameters. It still suffers
somewhat, however, from several aforementioned
simplistic approximations, including use of the semiclas-

sical approach and lack of electron screening. Just as it
does in the case of classical trajectory studies in molecu-
lar mechanics [10], on the other hand, the semiclassical
approach considered still provides insight into the major
features associated with nuclear excitation by a laser-
driven electron. A time-dependent Hartree-Fock ap-
proach [1] is one route to further addressing the electron-
ic motions. As far as the absence of electron screening is
concerned, all our results remain as overestimates, espe-
cially for the transition probabilities of the inner-shell
electrons. Finally, extending our model to collective
(rather than single-particle) electron motions will tend to
increase the transition probabilities.
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APPENDIX: THE EQUATIONS OF MOTION

The approach used in this model includes the computa-
tion of the trajectories based on Hamilton's equations.
The Hamiltonian, for this purpose, is a sum of four terms
as described in the text:

H =H„(p„,r„)+H,(p„r, )

+H, (r„r„)+H„„,(r„r„,t) . (A1)

VII. CONCLUSION

We have been exploring the application of a semiclassi-
cal dynamical approach to energy transfer in a coupled
laser-electron-nuclear system for a simple model where
the collective features of a rotational nucleus are includ-
ed. We report here on some of our results on the behav-
ior of the model in the x-ray region of laser wavelengths.
The behavior of the model can also be similarly explored
in the uv energy regime and the y-ray regime. Our mod-
el, having some advantages in its simplicity, is useful in
understanding qualitatively the nature and some of the
important features of energy transfer in nonradiatively
coupled systems. Our model should also be readily
adaptable to further extensions involving refinements in
modeling more complicated (e.g. , collective) electron
motions and an improved quantum treatment of the nu-
cleus. Such extensions, of course, are of utmost interest
in this field. Preliminary results of these investigations
are presented in Refs. [2] and [16].
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H Px~
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ke (x„—x, ) kee—coscot
2

(A3)

For the case of two objects in two dimensions, the elec-
tron e and the nuclear rotor n reduced mass p„, there are
eight variables of interest: the position and momentum
components for the electron, r, =(x„y,), p, =(p„,p )Xe' &e

and likewise for the reduced mass treating the nuclear
motion, r„=(x„,y„), p„=(p,p ). Each such eight-~n' &n

component vector, corresponding to the positions and
momenta of the two objects, itself comprises one com-
ponent of an array of 64 vectors; the 64 trajectories are
computed in parallel, exploiting the machine features of a
CRAY XMP computer at the Oak Ridge National Labo-
ratory. The starting point for each of the 64 trajectories
is obtained from 64 points chosen uniformly in time from
a trajectory propagated from one initial state of the
electron-nucleus system. That state is chosen to comply
with the semiclassical quantization constraint explained
in the text, but with the laser-field term absent. In this
way a good set of 64 starting points is obtained so that
the associated 64 systems have differing phase relation-
ships with the laser field when the trajectories are begun.

As presented in the main text, the resulting nuclear
equations of motion used in the computer calculation are
(all momenta p here refer to the nucleus, so the subscript
n is suppressed for clarity):

The electron equations of motion are (all momenta p here
refer to the electron, so the subscript e is suppressed for
clarity):

ax, aII Px&

p ( 2+ 2+ 2 2)1/2 (A4)

tip„gII (Z —k)e x,
tlt t)x, lr l3

ke (x, —x„)

ee+ —coscot
2

(A5)

The equations apply to one trajectory and one coordi-
nate, x. The equations of motion for the y coordinate are
obtained by replacing x with y; the laser field is then fixed
at an angle of m/4, and it has equal components on the x
and y axes. The time coordinate is treated explicitly and
no derivatives are taken with respect to it. The trajec-
tories are checked by back integration of a final point of a
given trajectory in the inverse direction. The ordinary
differential equation (ODE) solver is that which has been
commonly used in similar semiclassical calculations [13],
it is worthwhile to point out that even though a time
duration is broken down into time steps, with even
coarser steps used in figures, the differential equation
solver chooses much smaller steps as it deems necessary
by its built-in algorithms.
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