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Calculation of harmonic vadiation anu nuclear coupling
arising from atoms in strong laser fields

G. A. Rinker, J. C. Solem, and L. C. Biedenharn

Theoretical Division, Los Alamos National Laboratory
Los Alamos, NM 87544

ABSTRACT

A numer.ical, time-dependsnt quantum mechanical model s used to describe the
interaction of an 1isolated ion with an intense applied laser field, including both
electron and nuclear degrees of freedom. Calculated results are presentad, - We find
that the model lon radiates in low odd harmonics of the laser frequency, in qualitative
agreement with experimantal observations. I[n additlon, it radiates strongly 1in the
x-ray region, at frequencies comparable with the electron Rydberg frequency. Such
radfation should be possible to observe in future experiments. If it exists, it could
provide a basls for a reasonably coherent x-ray source. We find that the probability
of Induced nuclear excitation 1is small for higher electric multipoles, although
observable probabilities are obtained under appropriate circumstances for L=l,

1. INTRODUCTION

Triggering a gamma-ray laser wil! evidently require a mechanism for prompt nuclear
excitation between neighboring states.! One possible such mechanism involves the
dynamic electron-nucleus coupling, which would allow electron excitation to be
transferred to the nucleus. This subject has been studied thoroughly for muonic atoms,
where it (s known as the dynamic hyperfine effect. The electronic case involves
somewhat different considerations, however. An important complication 1is a great
increase in the number of degrees of freedom. The result is that the problem cannot bs»
solved completely Significant approximations and simplifications must be made, and
experimental tests are required in ordar to determine whether current theory is capable
of a quantitative description,.

The purposo oL this paper is to present.a theorhti{cal laser-electron-nucleus model
to describa this dynamic coupling, and to investigate related experimental
consequences, The model {s ba.ed upon solution of the single-particle time-dependent
Dirac equation, The electron states are treated (relativistically) by numerical
teciniques {n a finfte realistic, salf-consistent basis., The principal limitation |is
that  only bound-stave processos are [ucluded; fonization processes could be included
ouly i{ the continuum is reproseated approxlwately by a ilscrete spectrwa,

do LPUYSICAL PPROBLEM

Thu probiern to Ye addiessced concerns an lsolated lon In the flald of a very (ntense
¢ Lz 10'%/cm? ) ultraviolet ( fwa = HaV ) laser. We wish to describe two phenomena:
1) The photon spactrum vo-tadlated by the lon; and (&)  The probability of indiraect
nuclear excitation luduced by 1he wmavivg clectrons, 'n ovder to c¢mrry out the
caleulaclon, we wmiko (wo marn physical  assuptions: L) Iunitial jonlzation has
necurrved, w0 that g velativeiv stable loulzatlcen state has alveady been reached; and
(2) Explicit e’ corvelationg can be neplecrod, xo that the systewm can be  describied
through uninhibited alogle-partlcle trangitfons among spoclitfod statoes,

*Work suppovtued in part by SDIOJILGT



OrJ L1t

3. ELECTRON-PHOTON MODEL

Our model (s based upon a Dirac llamiltonian with the time-dependent dipole
approximation for the electron-photon fateraction (laser assumed plane-pularized along
the z-axle)

H(q,t) = 3+Pc + Angc? + Vo(r) + Ei Eo+T sin(wot)
ay

2
- Ho(q) + 33 Bof sin(wot) (1)
ag

where q stands for all variables but the time t. This time-dependent wave equation ls
solved numerically in a finite static basis of dimension m

(UJ(q)) J=1l...m . (2)

vhere ] stands for nku, and the basis states are generated by Ho(q)

Ho(q)u,(q) = Ejuy(q) ,  E; <0, (3

and llo(q) [Ve(r)] 1is obtained from a static self-consistent Dirac-Frck-Slater
calculation,

4. CGENERAL CALCULATIONAL METLIOD

Time-dependent wave equations are usually nontriviul Lou solve numerically because
they are st[ff, {.e., wmany independent frequencies are present in the solut 'on vector,
We avuid thls problem by an intermediate expausion in 4 baszls of adiabatic eigenstataes,
This has the advantape of factoring out certain frequencies explicitly, so that the
basis ltsall provides the solution {n the llmlt of au {nfinicel slowly-varying
ltamiltonian. We wish to avlve

N, 1)¥(q,t) = [h¥(y, L) . (4)

IThe adfabat {c bagis s def Ined hy

“(‘lul)akk'lll) - ,k(l)'bk('l'i) . (‘J)
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~here (k(t) and ¢k(q.t) are the adiabatic eigenvalues and eigenfunccions. The solution
is expandeu

'] -
4.0 =2 epre Pkl Bg g0 (6)

which is exact in principle as m+=. [ we define the phase

RO (t) = ¢ (t) (7)

then the exponential factor in Eq. (6) is the time-evolution operator for the adiabatic
solution ¢k(q.t). Inserting Eq. (6) into Eq. (4) and using this definition, we obtain
the differential equations obeyed by the coefficlents cp(t]:

kzl e LB (& (£)9) (4. 8) + cp(E)d (q.t)] =0 . (8)

Equations (7) and (8) may be expanded to first order as

0 (cEde) = 0,(c) £ J5 [ep(dde) + e (6)] 9

and

cp(Ltde) = REI el 10V -0 (D) c (£)<g (L) (g (LFdE)> . (10)

The algorithm defined in Eq. (10) has some interesting properties. In partlcular, it
ls exactly unitary, time-reversal Invariant, and gauge invariant, independent of the
basis slze m, the size ol dt, or the form adopted to solve Eq. (7). This useful
property is not shared by other first-order algorithms, unr by higher-order algorithms
we have Investigated. The proof involves some simple algebra; it may be motivated by
the ifnterpretation of Eo. (10) as dofinfag a sequence of sudden approximations i time-
dopendent perturbation theory.

. RELATION TO STATIC DASIS

The adiabatle solutlonn  are feund Ly dlapgonallzing the Harlltonlan (q,t) at cach
ttmoe t In th statice Divac basla.  They ave rvepresented by the matrix expansions

ﬁk(q,l.) - ng"k_](()uj (q) (1)
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where the hermiticity of H{q,t) allows us to choose real coefficlents api(t). In terms
cf these coefficients, the scalar products appearing in Eq. (l0) are represenced

n
<@y(t) [ (L¥dE)> = J_gla}zj(t)akj(t:?dt:) . (125

and an arbitrary matrix slement between two states a and 8 at times t and t' {is

T X B (el gy o lOF ()0 (0)
Wg(e QY ()2 = T ey (t)c§® () ellfi 2 ;

L=1
n
x LZ% agg(t')ag(c) <ugQluyp> (13)
J-

6. RADIATED POWER

The power radiated by an atom described by the wave function ¥(t) js given in first-
order time-czpendent perturbation theory in terms of the wmultipole moments

NTQ
2 fwt Lo 2
(@) = g g de e @t <U(e)| ™ Y (r) [¥(e)> (14)
where the time integration is carried out for N fundamental pexlods g The total

power radlated for each multipole LM and f{requency w is

2ne2c L

Pm(“’) - 2
[(2L+1)11]

+1 : 2
— () fnpy(w) | . (15)

Because the futegration s carrled cut {or a finlte time Nro, Lhe Fourier comporents in
Y(t) will appear as peaks in the power spectrum with characteristlc width 1/Nry.

/. NUCLLAR EXCITATION

We mey s'milavly treat nuclear exeftatlon In first-order time-dependent perturbarion
theory, as we expect these rates to be small o peneral.  The Coulouwb luteractlon at
auclear coordinate R penerated by son olectron at coovdlinatae vols



L
VH,E) - e Ly dme? Te (R) Yy, (£) (16)
! .3 2L+1 141 WM IM '
[R-x| LM ry

The time-dependent expectation value of this operator produces a time-dependent
interaction potential at R

2 L n n
-4me e *
V(R £) = <u(o) | >t .rm Y M(R) Ypu(x) [¥(E)> . (17)
>

In terms of this potential, the first-order probeblility for an induced nuclear
transition from state Im to state 1'm’ is given by

Co 2
W(ImeI'm' w) = 'li | [ dt eM <rm v (o) Im> |© (18)
h 0

where to 1s the time over which the perturbation acts, ncrmally the length of the laser
pulse. It should be pointed oui that the Fourler components of V,y(t) produce peaks in
the encitation spectrum with height « t§ and width o 1/to. If the nuclear level width
is large compared with 1/te, then the relevant physical quantity is the peak area,
« tp. This situatior forms the physical basls of Fermi’s Golden Rule No. 2, resulting
in a constant transition rate. For other cases of lnterest, thes nuclear level width
can be small, and the relevant physical quantity is the helght at frequency w.

8. MODEL PARAMETERS

The figures display results for some sample calculations. These were carried out
for Uranium (2Z=92) wusing a basls consisting of the n=4 ghell (32 states). Initial
conditions consisted of a uniform wave packet spread over the odd parity (p, f)
spherical basis states. The laser frequency was fiwo = 5eV, with a total pulse length
of lps (1200 cycle... Calculations were carried out for electric field strengths of
Eo=l, 10, and 100 atomic units, corresponding to Intensities of 3. 5x10!'¢, x10'%, and
x10?%W/cm?. The dipole radiation trom the atom was calculated, as were nuclear
excitation multipoles L = 1, 2, and 3. Nuclear trunsition strengih was assumed to he 1l
Walsgskopf unit, with the transfition charge located at the nuclear surfa:ze. The
calculatfon was carrifed out for 20 laser c¢ycles, with 512 lime steps per cycie. In
arder to e)trapolate to a Ips pulse, the nuclear excitation probablilicles were
multiplied by o factor 60. ‘This pives an approximate measure of Lhe total transition
probubllity in the geuse that rthe peak areas are correct, but the peak heights are too
small by a factor 60 and too wide by tho same factor, Alternativaly, the calculation
corregponds to a laser pulse which Is 60 tlmes less monczhromacvice than the square-pulse
theoretlcal Jimit.



9. RESULTS

Figure 1 shows as dashed lines radiative dipole moments [Eq. (14)] calculated for
(L,M)=(1,0) (parallel to the driving field E,); and as solid lines, moments for
fL,M)=(1l,1) (perpendirular to the driving field Eo). Electric field strength is Eo=10
atomic units. Responsc to the fundamental laser frequency 1s parallel to Eo, and
fluorescence is mainly perpendicular, in qualitative agreement with available
experimental evidence.? Figure 2 shows results of the same calculatlion with a factor 10
increase in driving field strength. Increased fluorescence and parallel odd harmonics
up to the 7th (close examination reveals the 9th and llth as well) appear, Figure 3
shows the dipole power spectrum corresponding to Flg. 1, at Eo=10. Three principal
reglons of fluorescence appear both parallel and perpendicular to Eo, at the
approximate energles 200eV, 650eV, and 850eV. Flgure 4 shows the dipole power spectrum
corresponding to Fig. 2, at Eo=100. At this strong driving field, the main
fluorescence has shifted to over lkeV, comparable with the electron binding energy.
This i{s a evidently a quantum-mechanical analogue of electron synchrotron radiation.
Because ionlzation channels are closed in our model, It is not certain whether this
radiation will be produced by real atoms, or whether the electrons responsible will
instead be jonized, Calculations involving higher n-shells suggest tha’ fonization may
not be important for these states. Experimental tests ares indicated.

Figure 5 shows nuclear excitatlon probabilities for (L,M)=(1 O0) (no change in
nuclear angular momentum component parallel to Eo), and Eo=10. Significant excitation
occurs only at the fundamental laser frequency. Figure 6 shows the same for
(L,M)=(1,1) (change in nuclear angular momentum component parallel to Eo). Low odd
harmonics appear, as well as fluorescence effects between 200 and 300 eV, Flgure 7
shows excitation probabilities for (L,M)=(1,0) and E=100, Dominant are low odd
harmonics of the driving field, reaching a maximuwn of 2%, Flgure 8 shows the sama for
(L,M)=(1,1). Excitation shows both low odd harmonics of the driving field and combined
narmonics/fluorescence at 200-300eV. Maximum excitation i{s smaller by a factor 10.

Figures 9-12 show similar results for L=3, The maln qualitative differences are
large decreases in absolute excitation probabilitles, and a shift in relative
excitation strength to higher energles.

Ic is clear from these results tnat observable Induced nuclear excitation |is
possible for 1~1, with the appropriate combination of atomic and nuclear levels and
modest Iincreases in laser power over what (s currently avallable. For applied flelds
less than Ee=10, we find an approximately llnear dependence of excltation probability
on laser power (the fundamental peak in Fig. 5 is reduced to 1074 with Eg=l). It is
also clear that excitation probability decreases dramat’cally for higher multipoles,
Thus it may not be possible to observe, for example, the 77eV L=3 state in Uranium.! An
encouraging note s that excitation {is not a monotonically decreasing functioa of
energy, so that somewhat higher nuclear states may be considered in future experiments.
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