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Laser-induced resonance states as dynamic suppressors of ionization
in high-frequency short pulses

Danny Barash and Ann E. Orel
Department of Applied Science, University of California at Davis and Lawrence National Laboratories, Livermore, California 94550

Roi Baef*
Department of Physical Chemistry and The Lise Meitner Minerva-Center for Computational Quantum Chemistry,
The Hebrew University of Jerusalem, Jerusalem 91904, Israel
(Received 14 June 1999; published 8 December 1999

An adiabatic-Floquet formalism is used to study the suppression of ionization in short laser pulses. In the
high-frequency limit the adiabatic equations involve only the pulse envelope where transitions are purely ramp
effects. For a short-ranged potential having a single-bound state we show that ionization suppression is caused
by the appearance of a laser-induced resonance state, which is coupled by the pulse ramp to the ground state
and acts to trap ionizing flux.

PACS numbd(s): 32.80.Rm

[. INTRODUCTION pulses have a short rise tinhi&7,18. Adiabatic stabilization
is predicted by theory and dynamic stabilization by numeri-

The interaction of atomic electrons with intense lasercal simulations. Due to experimental difficulties, only a lim-
fields is an active field of research for over 30 years and haéed number of experiments and subsequent theoretical treat-
been recently reviewed by several authidrs3]. Perhaps the ments [19-22 provide evidence for existence of
most exciting aspect is that every scale of laser frequenc§tabilization.
and intensity leads to phenomena caused by “different phys- The relation between the dynamic and adiabatic stabiliza-
ics.” At weak fields, the perturbation theory of bound-free fion is an important issue. The practical possibility of mea-
transitions is sufficient to explain most phenoménaa At Suring the light-induced atomic states, for example, depends
stronger fields, it is necessary to correct for Stark shifts an n this issu¢23]. Adiabatic stabilization can be considered a

level broadening. At even stronger fields, the Coulomb po_|miting case of dynamic stabilizatiof24]. This fact can be

tential is severely distorted to a metastable well form; theeXpIOIted to calculate Floquet-type quantities from finite

electron either tunnels through or crosses over a potemié\me—dependent wave—pfacket computatig@s]. The shape
barrier towards ionizatiofs,]. of the pulse envelope is known to have an effect on the

A different theory is needed for understanding the inter_dynam|c stabilization. For example, it is established that a

action of a bound electron with high-frequency continuous-i)unt?g:t?oau[r;é]o nH(())thé’lvee:nil:]rés%tfelf|?aWIge?®2§;a:c?eCﬂrgﬁgefe
wave (CW) laser fields. Gavrila and co-workers developed a j ’ play d y

high-frequency Floguet theory within the Kramers- induced ionization and envelope-induced ionization is still
Henneberger gaud&,8] where now the atomic potential dis- notl futltl1y understood.t dv d ic stabilization. Th i
tortion does not lead to a metastable well. Instead, at higt[1 n Ilst ;?[aptlar wegu %’ é’“"?‘m'.c st.a ||zba |o_n.t € gﬁ‘.”‘ hIS
frequencies a stable dichotomous potential emefges— 0 quaitatively -understand lohizaflon by Intense nig

S . . . frequency short pulses. Using thet’ formalism of Refs.
12], which is sometimes also reflected in a dichotomy of th . . . ; .
electron density12,13. As the electric field amplitudg of e[27_3q an adiabatic-Floquet theory is obtained forming a

: . . single framework for both short and long pulses. We use this
the laser increases, the distanggbetween the dichotomous h . he high-f limit of ionizati
wells grows and the potential well-depth decreases. In it pproach to studying the high-frequency limit of ionization

simplest(zero-order form, the theory predicts stabilization or an electron in a short-ranged potential. The high-

. frequency limit is where the theory assumes its simplest
merely because the dichotomous well supports bound stat?grm analogous to the CW case in R4BJ. A high-
and light-induced ionization-resistant states. A first-orderfre ljenc Iir?ﬁt is found to exist also for short. ulsesq how-
correction for lower frequencies accounts for some ioniza- q y P '

tion from the dressed states, which now acquire a compleever’ here the ionization is not completely suppressed: it is a

guasienergy 14]. Based on this picture electron lifetime is fun_ctlo_nof”the _shape .Of 'ghe _pulse ram‘bhl_s IS .a “pure ramp
. . . . . .~ ionization” limit, and ionization suppression is caused by the
predicted[15] to increase with laser intensity, contradicting . . I
formation of a laser-induced resonance state that traps ioniz-

common spectroscopic intuition. This type of stabilizationin flux
was coined “adiabatic stabilization” and corresponds to a 9 '
CW high-frequency limit.
Intense-field short pulses also exhibit a suppression of Il THEORY
ionization termed “dynamic stabilization’[16]. Here the '
The electron dynamics in an intense laser field with vector
potential A(t) is described by the Schilinger equation in

* Author to whom correspondence should be addressed. the Kramer-Hennebergé®] (KH) gauge:
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1= parameters are kept constant. As the frequency is raised the
[ ionization profile converges to a limit—the high-frequency
0.8 1 VN S limit. Unlike the CW case where the limit is zero, here there
R is a structure. The ionization initially rises monotonically
g ‘.‘,/"\, ; with « until it reaches a local maximum of 0.7 probability

at ag=12a.u. Asay is further increased beyond this value,
the ionization probability rapidly decreases, reaching a local
minimum at ag=16 a.u.. Beyond this the ionization in-
creases once more ag is increased.

T

Ionization probability
S g
(=)

IIl. NONADIABATIC PICTURE OF HIGH-FREQUENCY
STABILIZATION

In order to understand these results let us follow [R&f]

0 10 20 30 40 and generalize the {-t") formalism, treating the fast time

o (au.) as a dynamic variable and defining a slow-time parameter
FIG. 1. Total ionization probability ve, for an Eq.(3) pulse and ther-dependent Hamiltonian:
with T,,=94.25, Ty,=251.3 a.u. andv=0.25a.u.(dashed ling p2 P
0.5 (dotted, 1.0(solid), and 2.0(thick line). H(7)= o +V(X+ apf (7)sin(wt))—i% a5 (4)
e
d p2 ; ; I Hoa /
; _ With this Hamiltonian, just like in the usuat{t’) formal-
i —y(X,t)=| =—+VX+ a(t X,t 1 . o .
ot Yoo 2me (x+ (V) |01 @ ism, the Schrdinger equation
whereP= —i#V and the instantaneous displaceme(it) is ihdyl or=H(7)p(X,t;7) (5)

determined byw=c A(t). _ _ o B

Consider a short electromagnetic pulse with displacemerie Solved with the initial condition)(x,t;0)= ¢o(x). The
of the form a(t) = aof(t)sinwt. Here, a is the maximal full solution of Eqg. (1) is then obtained asy(7)
displacement and the functidi(t) depicts the pulse enve- =¥ (t=7,7). o . o _
lope of finite duration starting froi=0 ending att=T;. The extended HamiltoniaH (7) is periodic int, allowing
For an electron initially in the ground sta#(x), the high-  the following Fourier expansion:
frequency limit is studied by numerically integrating E)

with a one-dimensional short-range potenfil]: V(x+ apf(7)sin(wt))= >, "V, (X,7), (6)
n

V(x)=—B exp —x%/20?). (2)
where the expansion coefficients are
The potential is constructed to support a single bound state 1
(the values ofB=0.187 a.u. andr=1.8a.u. are chosen to _ T in .
yield a bound state energy of approximatel.1 a.u). The Vn(x,7)= 27 fo e "V +aof (sin(¢))de.  (7)
total ionization probability, as a function ef, and » was
calculated for a sine-square enveld@é], characterized by a An adiabatic approach is now used to treat the slow time

ramp timeT,, and flat timeTyy: Consider the instantaneous eigenfunctions and eigenvalues:
SiP(7t/2T,y), t< Ton H(7) (Xt 7) = &;(7) (X, 15 7). (8)
f(h)y=41, Tou<t<T,, (3)

Because of periodicity imh the eigenfunctions are written as
coS[m(t—T,) /2Ty, T,<t<T;,

where T,=T,,+Tsa. The wave-packet calculations were zpj(x,t;r)=2 e Mote(x; 7), 9)
done within the KH gauge, using the Chebyshev expansion :

method of Kosloff and Tal-Ez€f32] with complex scalin ~ :

of the Hamiltonian derived froe[m I]—|oang KoEri and Hcg)]ff— where the componentsﬂ)(r) are the instantaneous Floquet

mann[33], using the Neuhauser-Baer negative imaginary po_states, satisfying

tential [34] at the grid asymptotes. A grid spacing aix p2 _

=2 a.u. and time step akt=27w /4 gave a solid four- Z {(2 —nho 5nm+Vn_m(X;T)](p£T]1)(T)

digit convergence. The shifts of the potential in the KH m Me

frame are performed using fast-Fourier transform based on :sj(r)cpff)(r), (10)

the identityV(X+ ) =e~'P@iy(x)e"Pa/t,
The calculation results are shown in Fig. 1 where the endvhereej(7) are the instantaneous quasienergies. The time-

of pulse ionization is plotted as a function of the maximaldependent wave packet is expanded in the instantaneous Flo-
displacementy, for several frequencies. All other envelope quet basis:
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r . . 1 (2=
zp(x,t;r)=2 cj(r)exr{—i/hj sj(T')dT')l,Dj(X,t;T), VO(X,T)Zf(T)a’OV{—j V(x+a0f(r)sin¢)sin¢d¢+.
] 0 27 Jo

11 17
Plugging this form into Eq(5) leads to the equation Equation(16) is an adiabatic equation for the slow Schro
dinger equation:
9 r
o = — i —e)d7 d p?
6=2 <¢/'c?7'l’bk> eXF’('/hL(S" e)dr )Ck”)' h—W(r)=|=—+Vox, 1) |W(r). (18
X, JaT 2me
12
_ This equation is independent of the frequency and yields the
Using the Hellmann-Feynman theorem and B, one ob-  “high-frequency limit” shown as the bold line in Fig. 1.
tains for the nonadiabatic transition coefficienis4(j): Because the potentialy(x,7) is of the same parity as the

atomic potentialV(x), only even-even and odd-odd transi-
Ity Die tions are possible in the high-frequency limit.

(8k_£i)< 'J’JF> = (@ IVa-mlen’), 13 Equati(?n (16) may be s?)lved qdirect?gl for the adiabatic

Xt population amplitudes. Here we ignored the odd adiabatic
decoupled states. During the pulse rise and pulse decay we
calculated theM lowest even eigenstatgshe “adiabatic
states’) of the instantaneous Hamiltonian of E@.8). This
need not be done by diagonalizati@ithough for the present
system size it was the most efficient wagince the lowest
adiabatic states can also be calculated using filter-
Note that nonadiabatic transitions are of course possible ~ diagonalization[35] methods or a Chebyshev expansion of
when the envelope itself is changjras clearly seen in Eq. Projection operatof36]. When the pulse flat time is very
(14). The strength of transitions also depends on the gradied®ng, the adiabatic approach is more efficient than solving
of the Fourier components. It is seen clearly that for a conEd. (18). If only the M lowest adiabatic states are important
tinuous wave pulse, where the pulse envelope is constant, th&hereM is much smaller than the number of grid points
transition rate is zero, as is the case for the theory of Gavrildhe transition matrix in Eq(16) is a smallM XM anti-
Note, however, that this observation does not mean there idermitian matrix and the evolution of the coefficients for the
no ionization, because in general the eigenvakjesiay be  time step can be efficiently performed by diagonalizing it.
complex with negative imaginary parts. In the adiabatic pic-"We found that 12 states were important for quantitative
ture it is meaningful to differentiate between “adiabatic ion- agreement with the full wave packet results. However, as we
ization,” which is caused by a complex energy and nonadiaWill shortly show, only two states are needed for understand-
batic ionization caused by nonadiabatic transitions. ing the general features of the stabilization.

The theory above makes no specific assumptions and can The numerical stability of the evolution within the adia-
be considered for our purposes exact. When the laser frdatic scheme is sensitive to the way one chooses the phases
quencyw is very high we can make simplifying approxima- of the adiabatic states. The exact adiabatic equations can
tions. Following Gavrila8] we neglect the rapidly oscillat- €mploy any phase choice but any numerical implementation

where

. aof(T)
Vix,m) = =5 (Wi =VY ). (1)

ing parts of the eigenfunctions; . We therefore set should make sure that the phases change continuously. One
way to do this is to choose phase of théh eigenstates
l/,j:@gj), eD=0 (m#0). (15) on(7+ A7) so that{,(7)|¢,(7+A7))=p is a real positive

number. There is a possibility of accumulating geometric
Berry phase$37] at each state. If this happens the eigenstate
at the end of the pulse has a Berry ph&kge= 7 relative to
the state at time=0, in other words:{®,(0)|en(T+in))
= —1. In the present context, since we have no degeneracies
CjZE TikCx and we are only interested in adiabatic stad@ulation the
k geometric phase is inconsequential. Also, we did not encoun-
D 10 ter su_ch_ a phenqmen_on here. In a more general case of work-
_ 2 (¢3’[Volen”) ing within an adiabatic representation, a removal of such the
= gj— &y discontinuity between the initial and final adiabatic states is
possible by judicious choice of the phase assignment. For
example, when a Berry phase does accumulate in stite
can be eliminated by including a counter-rotating phase in
o @(7+ A7), choosing{¢n(7)|@n(7+ A7))=pe!(TA7Ttin),
—(ed|ed))ci(7), (16) The population of the five lowest eigenstates for various
times during the rise and decay ofag=16a.u. pulse is
where shown in Fig. 2. The prominent feature, becoming apparent

In this case the eigenvalues(7) corresponding to bound
states are all real. The equation for the coefficients is

><exp( _i/hJOr(Sk_Sj)dT) ck(7)
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1.0 FIG. 3. The shape of the dressed potentiakhgt=0 a.u. and
0.8 ag=12.5a.u.. Superimposed, the amplitude of the first three even
60,6 - adiabatic states. It is seen that while the 0 state is bound and
5047 n=2 is a continuum state in both cases, the 1 state changes

character from a continuum state to a localized resonance.
0.2

0.0

IV. CONCLUSION
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The adiabatic framework has allowed a straightforward
explanation of dynamic stabilization in short-ranged poten-

FIG. 2. Population of the lowest five adiabatic states as a funclials caused by the appearance of a laser-induced resonance
tion of pulse rise and decay time for four pulses with the shownstate that traps ionized population. A fundamental difference
maximal displacement,. Pulse ramp forms are shown as a dotted PEtween adiabatic and dynamic stabilization is that the
line in theay=6 a.u. figure. Th@=0 andn=1 lines are captioned former is caused by the suppression of nonadiabatic transi-
while the n=2 is a dashed linen=3 is dotted, anch=3 dot-  tions while the latter exhibits strong transitions and the sup-
dashed. In all cases the=0 state starts withCy|2=1 at t pression of ionization is caused by trapping into a laser-
=0 a.u. and loses population to excited states, which are all positivinduced resonance state. Pulses must also be turned off for a
energy states. complete understanding of dynamical stabilization. The

pulse can also have a “flat” part where no nonadiabatic

at ag~12a.u. is the strong population transfer between thdransitions occur. Still, the length of the flat part has an in-
n=0 and then=1 states. This effect becomes dominant forfluence on the total ionization, because it determines the
yet largerag’s. Thus, under the influence of a strong laserduantum phases at which components remix as the pulse is
field, then=1 state acts as a trap against ionization, explainfurned off. Dynamic stabilization in our case is a manifesta-
ing the high-frequency stabilization starting @ag~12a.u.  tion of light-induced atomic-resonance states. Two related
and reaching a maximum suppressionagt~16a.u.(see Juestions deserve detailed treatment in future work. First,
Fig. 1). Beyonda,~ 16 a.u. ionization suppression degradeshat is the role of laser induced resonance states when
as then=1 states population is high and some transfer td®Nger ranged potentials are present. Second, what is the ana-
continuum states occur. log of Fig. 1 when, instead of fixing the frequency and vary-

The reason for the trapping effect is the creation of aNd @o (€., laserintensity), itis | that is kept fixed andr
laser-induced resonance state as shown in Fig. 3. It is poddat is controlled by varying*.
sible to estimate the magnitude of displacemegiat which
the resonance appears. Define #aéndependent quantity ACKNOWLEDGMENTS

A= [ZVo(r,a)dr and assume the dressed potential may be We thank Ronnie Kosloff, Charlie Cerjan, Ken Kulander,
approximated as a square well of lendtk-2«. The reso-  Nimrod Moiseyev, and Avinoam Ben Shaul for illuminating
nance appears when the well depth_ is equal to the en- comments. R.B. gratefully acknowledges support from the
ergy of the second state in a square wel, Fritz Haber Research Center at the Hebrew University of
=2h2m%ImL?, thus ae~h2m?/mA. In the potential Jerusalem. A.E.O. and D.B. were supported by NSF Grant
function used in this paper, the equation correctly estimateslo. PHY-97-22136 and the Livermore National Laboratory

the appearance of the resonancergt 12 a.u. under DOE Contract No. W-7405-Eng-48.
[1] Atoms in Intense Laser Fieldedited by M. Gavrila(Aca- Fields (Ref.[1]), p. 373.
demic, New York, 1992 [5] L. V. Keldysh, Zh. Eksp. Teor. Fiz47, 1945 (1964 [Sov.
[2] K. Burnett, V. C. Reed, and P. L. Knight, J. Phys2B, 561 Phys. JETP20, 1307(1965].
(1993. [6] M. V. Ammosov, N. B. Delone, and V. P. Krainov, Zh. Eksp.
[3] M. Protopapas, C. H. Keitel, and P. L. Knight, Rep. Prog. Teor. Fiz91, 2008(1986 [Sov. Phys. JETB4, 1191(1986].
Phys.60, 389 (1997. [7]1 M. Gavrila and J. Z. Kaminski, Phys. Rev. Le2, 613
[4] R. M. Potvliege and R. Shakeshaft, Atoms in Intense Laser (1984).

013402-4



LASER-INDUCED RESONANCE STATES AS DYNAME . . . PHYSICAL REVIEW A 61 013402

[8] M. Gauvrila, in[1], Atoms in Intense Laser Field®ef. [1]), [22] B. Piraux and R. M. Potvielge, Phys. Rev.5%, 5009(1998.
p. 435. [23] J. C. Wells, I. Simbotin, and M. Gavrila, Phys. Rev. L&,

[9] W. C. Henneberger, Phys. Rev. Le2il, 838 (1968. 3479(1998.

[10] J. I. Gersten and M. H. Mittleman, J. Phys.982561(1976. [24] Q. Su, B. Irving, and J. H. Eberly, Laser Phys.568(1997).

[11] M. Janjusevic and M. H. Mittleman, J. Phys. B, 2279 [25] N. Ben-Tal, N. Moiseyev and R. Kosloff, Phys. Rev. 48,

(1988. 2437(1993.

[12] J. H. Eberly and K. C. Kulander, Scien2é2, 1229(1993. [26] V. C. Reed, P. L. Knight, and K. Burnett, Phys. Rev. Léf,
[13] M. Pont, N. R. Walet, M. Gauvrila, and C. W. McCurdy, Phys. 1415(199).

Rev. Lett.61, 939(1988. [27] P. Pfeifer and R. D. Levine, J. Chem. Phy$§, 5512(1983.
[14] M. Marinescu and M. Gavrila, Phys. Rev. 38, 2513(1996. [28] N. B. Delone, N. L. Manakov, and A. G. Fainshtein, Zh. Eksp.
[15] M. Pont and M. Gavrila, Phys. Rev. Le@b5, 2362(1990. Teor. Fiz.86, 906 (1984 [Sov. Phys. JETB9, 529(1984].
[16] Q. Su, J. H. Eberly, and J. Javanainen, Phys. Rev. 64t862 [29] U. Peskin and N. Moiseyev, J. Chem. Ph98, 4590(1993.

(1990. [30] G. Yao and R. E. Wyatt, J. Chem. Phyi€1, 1904(1994).
[17] Q. Su, B. P. Irving, C. W. Johnson, and J. H. Eberly, J. Phys[31] J. N. Bardsley, A. Szoke, and M. J. Comella, J. Phy21B3

B 29, 5755(1996. 3899(1988.

[18] K. C. Kulander, K. J. Schafer, and J. L. Krause, Phys. Rev[32] H. Tal Ezer and R. Kosloff, J. Chem. Phy&l, 3967 (1984).

Lett. 66, 2601(1991). [33] Y. Hoang, D. J. Kouri, and D. J. Hoffman, J. Chem. PHy&1,
[19] M. P. de Boer, J. H. Hoogenraad, R. B. Vrijen, L. D. Noordam, 10 493(1994.

and H. G. Muller, Phys. Rev. Let?1, 3263(1993. [34] D. Neuhauser and M. Baer, J. Chem. P8@.4351(1989.
[20] M. P. de Boer, J. H. Hoogenraad, R. B. Vrijen, R. C. Constan-[35] M. R. Wall and D. Neuhauser, J. Chem. Phy€2 8011

tinescu, L. D. Noordam, and H. G. Muller, Phys. Rev58, (1995.

4085(1994. [36] R. Baer and M. Head-Gordon, J. Chem. Phy67, 10003
[21] N. J. van Druten, R. C. Constantinescu, J. M. Schins, H. Nieu- (1997.

wenhuize, and H. Muller, Phys. Rev. 35, 622 (1997. [37] M. V. Berry, Proc. R. Soc. London, Ser. 202, 45 (1984.

013402-5



