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Phase control of resonantly enhanced photoionization in an optically dense medium
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We present a self-consistent theory, as well as analytical and numerical results, for the three-photon—one-
photon phase control of resonantly enhanced photoionization in an optically dense medium of xenon gas. We
show that for an optically thick medium, the standard phase-control technique has a rather limited application
since, independently of the initial relative phase between the two fields, over a very short scaled distance of
propagation the medium tends to settle such a relative phase that exactly cancels the atomic excitation. Rather
unusual results for an optically thin layer of atoms are also found.
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[. INTRODUCTION Before embarking on the technical aspects of this paper, it
may be useful to remind the reader that the issue of coherent
The feasibility of the control of photoabsorption and its control through the relative phase of two fields is intimately
products through the external control of the relative phase ofelated to previous work dating back 20 or more years ago
two electromagnetic fields of properly chosen frequencieshat was stimulated by, unexpected at that time, cancellation
has by now been demonstrated theoreticglly as well as effects in the process of third harmonic generafibh—13.
experimentallyf2—4] in atoms and molecules. Typically, the Specifically, it was noticed that in experiments involving
system is exposed to the combination of a fundamental fielthird harmonic generation via three-photon resonance with a
and its third harmonic, so that control can be achieved vidound state, the inevitably present ionization from that state
interference between the single- and three-photon absorptiomas practically canceled beyond a certain gas pressure, while
amplitudes, whose relative phase is employed as an externgile simultaneously generated third harmonic was not. The
control mechanism to manipulate the interference. Many inexplanation turned out to be that the generated harmonic
teresting issuef3—6] have been explored and clarified, es- caused a single-photon transition to the resonant intermediate
tablishing thus the idea as a useful tool, at least in the contexitate, which interfered destructively with the three-photon
of understanding intricate aspects of atomic and moleculatransition due to the pump radiatign3—16. The effect of
photointeractions. In the vast majority of papers, howeverthe pressure was to produce the relative phase difference
theory and experiment have dealt only with single-atom situbetween the two fields that was necessary for destructive
ations. But, if the ideas are to be contemplated for applicainterference. The initial theoretical literature on what is now
tions, such as, e.g., separation of coherent and incohererdferred to as phase control does not reflect awareness of
excitations of the species entering chemical react[@h®r  those earlier issues. But the papers reporting the initial ex-
laser-induced cataly$8], the issue of propagation of radia- perimental results by Elliott and collaborators definitely in-
tion through the medium is crucial. Depending on the densitydicate detailed awareness of the prehistory of the underlying
of the medium, propagation is known to affect the phase okffects. It can be said that in a real sense, part of the process
the field, which in the present context is apt to have profoundvas turned around. Instead of relying on the internally gen-
effects on the very process to be controlled. erated third harmonic, Chesat al.[2] submitted the atom to
To the best of our knowledge, this issue has been raised combination of pump radiation and its third harmonic gen-
and investigated up to a point by Chen and Elli@ who  erated prior to entering the cell with the system whose ion-
have presented experimental data along such lines as well &ation was to be controlled by externally adjusting the rela-
an interpretation in terms of rate equations. Their studytive phase of the two fields.
showed evidence of nonlinear coupling of the type discussed Propagation effects, essential in phase matching, were of
in the sections to follow and called for “more rigorous tech- relevance in the early experiments. They were also shown to
niques” in the approach to this basic problem. We have inbe of relevance in later generalizatiqd§ —19 of those can-
fact undertaken such an approddi®] and it is the purpose cellation effects. Related theoretical approaches had been de-
of this paper to present a complete account of the formaleloped, but had essentially stopped at the level of either
theory, as well as analytiovhenever possibjeand numeri-  weak-field treatment of the Maxwell-Bloch equations, or rate
cal calculations, demonstrating that propagation does indeegtjuations, as they had appeared to be sufficient at the time.
have a profound influence on the whole process. Thus the chief motivation in the present work was to provide
a more general approach, beyond rate equations; an approach
which, as shown in Sec. lll, recaptures the rate equations as
*Present address: Chemical Physics Department, Weizmann Insg special case.
tute of Science, Rehovot 76100, Israel. We have chosen to address here the basic system involv-
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ing a resonance with a bound state, which has served as an lc>
experimental and theoretical benchmark for the study of co-
herent control in the single-atom context. It is then natural to 0
first examine the issue of propagation in the same context,
which as we shall see involves a few surprises. Further issues
involving continua and autoionizing states need to also be 12> 0
addressed from the perspective of propagation on which we A
expect to report in forthcoming papers. Rl it St
We have structured the paper as follows: In Sec. Il we N
formulate a self-consistent theory that governs the time and
space evolution of the fields propagating in the atomic me-

dium as well as the atomic response to those fields. The W, oy
fields are described in the semiclassical formalism through Y

the Maxwell equations and the medium in terms of the den-

sity matrix. On the basis of the developed mathematical for- 11> 07

malism there, we present in Sec. Ill analytical results ob-

tained in the rate approximation. The conditions of validity  £iG. 1. Energy levels of Xe atom interacting with two electro-

of this approximation are discussed emphasizing the experinagnetic fields(Note that one fundamental photon cannot go into
mental situations that can not be handled by this approackontinuum)

Section IV is devoted to the exact numerical calculations
performed for various initial conditions without making use
of either the weak-field or rate approximations. Our conclu
sions are summarized in Sec. V.

monic field lead to the ionization continuu(atates|c)) of
“the atom. As we intend to explore the intensities of the fields
for which one- and three-photon transition amplitudes be-
tween the statefl) and |2) are of comparable magnitude
Il. FORMULATION (ideally equal so as to maximize the modulation depth, the
transition|2)—|c) would be dominated by the two-photon
process and the one-photon ionization can be neglected. As
for the polarizatiorP}, at the frequency of the harmonic field,
this simplification is further justified if one takes into account
that the dipole matrix element between two bound states
(i.e.,]1) and|2)) is, as a rule, much larger than that between
a bound state and a smooth continuu@) (and|c)).
The situation we consider would correspond to an experi-
1 _ . mental setup where prior to entering the Xe-vapor cell, the
E(z,t)= E[Efe'(kfz“"ft)vL Ene'kz=end4cc], (1)  strong pulsed fundamental fielet from a laser is tripled in a
nonlinear medium and then both the fundamental and its
b . third harmonic pass through a dispersive medium through
whereE;=¢;e %I, j=f,h, with & and; the slowly vary- which the relative phase difference between the two fields
ing in time and space real amlphtude and phase of the Corres, - be controlled2,3].
sponding field, and;=w;n;c™" with n;=n(«;) the refrac- Beginning with the second-order wave equation for the
tive index of the host medium at frequenay. The electric field E(z.t)
field (1) induces the polarization n

We examine the propagation of a bichromatic electromag
netic fieldE through an optically dense medium consisting of
Xe gas. This electric field is a function of tinteand space
coordinatez and is composed of the fundamental and its
third harmonic fields that have the saittieear polarization
and angular frequencies; and w,=3w;, respectively. It is
expressed as

1 ' _ 2 2 2 2
P(z,t)= E[|::ufel(kf2—wft)_+. Phe'(khz_“’ht)-i-c.c.], 2) g_n_zg:zi g’ ®)
dz= c° Jt° cCc%€y dt

where Pj=7>je‘i¢i is the slowly varying in time and space . _ _ _
field-induced medium polarization at frequeney, . Al-  in the slowly varying during an optical cycle amplitude ap-
though in our present treatment, the host medium is th@roximation, one neglects all second derivativesEpf j
vacuum with a constant refractive indew)=1, and thus =f,h, and after projecting onto the corresponding mode
k,= 3k, for the sake of generality, e.g., presence of a buffefunction expi(wjt—kj2)], one arrives at

gas, we shall explicitly keep in the formalism the depen-

dence on the refractive index. As shown in Fig. 1, the fre- JE. n. JE. 1
guencieswy, ¢ are chosen so that one harmonic and three N SR i PN
fundamental photons are at near resonance with the transi-
tion from the ground statgsp® 1S,)=|1) to the |6s[3/2],)

=|2) state of Xe. Further two-photon transition due to the The most general approach to the calculation of the re-
strong fundamental fielfwvith an intermediate near-resonant sponse of the medium is through the atomic-density matrix
|4f[3/2],) state, or one-photon transition due to the har- p, which obeys the master equation

i—Lp.

dz c dt  Cegn; '
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J i
Epz_g[Hatom_FD-p]- 5)

where H zon= = fiwp|n)(N| is the free atomic Hamiltonian
(the sum here and below is generalized to include summatio
over discrete and integration over continuum statgs:
—2,t+[.dw.) andD=—uE is the atom-field interaction
in the dipole approximation witl being the electric-dipole
operator. Introducing the rotating-wave approximation an

adiabatically eliminating the continuum and all virtyabn-

resonantbound states connecting by the lowest-order paths_3¢f) (kn—
the stategl) and|2), the slowly varying density-matrix el-

ements of these states1=pq11, 020=py, and oy

=po1 eXi3(wst+ P —ks2)], are found to obey the following

set of equations:

(3)
d Mi2 M12
5011:7022_|m{(_h £+ |975h)0211 (6a)
d ,U«(lz) g M12
EU —(¥+ Yion) 022t 1M A 5 te Tgh 021/,
(6b)
d . a(ﬁf . Sz 2
&t0'21—— I'+i A_37)+|2—g 021

(3)
21 _igM21
2% 5 te v 2% 5h> (O-ll 0-22) (60)

In these equations all the yet undefined symbols yathe
radiative decay rate of levé¢R),

(2)| 7T|lu’20 |wC wy+ 2w 4
€

|
- 54 Im
Yo~ g M2 T T e
the two-photon ionization rate froh2),

Yt Yion
i +YNR

the total relaxation rate of the atomic coherence, which con

tains also nonradiative dephasingr due to atomic colli-
sions and laser-field fluctuations,

@_ 1L H2mMme

Kac =5 < Om2— ¢

1 MainMnmMim2
(2%)2 im (@n1— o) (01— ©oy)

3)_
M(lz)

the effective two- and three-photon matrix elements for the

fundamental field on the transition®)—|c) and|1)—|2),
respectively,

2
s = 1 @na| an
1~ % 2 2
h Wpy ™ Wy
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1 0} 2
Szzg 2 2;n|_:U’m22|
m wi— Wy
the lowest-order ac Stark-shift coefficier(fpolarizabilities
00 levels|1) and|2), unm={(n|u|m) the (ordinary matrix
element of the electric-dipole operat@r, and v, =,
—wpny is the energy difference between levéfs and |m).

G{(:inally A=wy—3wi=wy— wy, is the detuning of both

ields from the|1)—|2) transition resonance and= (¢
3k¢)z is their relative phase.

Consider now the polarization of the medium of atomic
densityN

P(z,t)=N Trmp]:NnEm KamPmn- @)

In expanding the trace of this equation, we again follow the
same procedure as in obtaining E@6), i.e., we use the
adiabatic approximation to express all density-matrix ele-
ments that do not refer to the statés and|2) through the
three main elements;, o,,, ando,,. Equating the result
with Eq. (2), after identifying and grouping together terms
oscillating with the same frequencies, we obtain

Pi=2N[Ei(S1011+ Sp020) +3u P20y,
+imh Y uP)|?E3 0], (8a)

,PhZZNMlza'Zleig. (Sb)

These equations, together with the Maxwell equati®rand
the atomic-density matrix equatio§), provide a complete
self-consistent description of our system.

IIl. RATE APPROXIMATION

When dealing with pulse propagation problems, it is usu-
ally convenient to make the rate approximation that consists
basically in setting the time derivative in the differential
equation foro,; equal to zero. This implies the assumption
that the dephasing rafé of atomic coherence is grater than
the rates of change of th@ormalized field amplitude and
population differencesr;;—05,. Thus, for example, in an
experiment with a relatively low power and large amplitude
and/or phase fluctuations laser, when the tbtalominates
over the Rabi frequencies of the fields, the rate approxima-
tion is justified. As we show in the present section, this ap-
proximation allows for a simple analytical description of the
system. If, however, a high-intensity narra%ourier lim-
ited) band laser output is required, the pulse duration is short
so that in such experiments the conditions of validity of the
rate approximation are typically not satisfied. Then the rig-
orous solution of the problem must be performed numeri-
cally which is the purpose of the next section.

For the analysis in this section, it is convenient to rewrite
the density-matrix equation®) transformed to the rotating

frame of (wpt—Knz), i.€., T11=p11, To=pay, and o
= po1 exfi(opt—ky2)]:
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(3)
J~ ~ M12 m12 ~
5011: YO 22— Im A E* +e okz__— A Ef 3) 021]» (ga)
(3)
J~ ~ M12 12 ~
1722~ —(¥+ Yion) 022+ 1M % Eh Ej + e 7 E*s)Uzl},
(9b)
(3)
0~ S~ Mo1
— — —|5kz
atO’zl (F+|A)O’21+| Zh Eh+ Zﬁ E )
X (011= 022), (99

where sk=k,—3k; and A=A +(s;—s,)|E¢|%/2%. Making
the rate approximation, we obtain

E3

~ d(z (3)
(2) (M_zlE “iokz 21 , (10

cald=37r 25 2h

with d(z) =o4,— o5, the slowly varying population differ-
ence. Substitution of this equation into Eq49a) and (9b)
leads to the simple rate equations

910 11= Y02~ bd, (11a
910 22= — (Y+ Yion) T2+ b, (11b
where
2N [par_  igaMst ol
E?

T Xeere|2n M 2n

is the rate of stimulated transition froft) to |2). Defining
the real one- and three-photon Rabi frequencies,
= uEp/2h and Q)= u{PE32h, respectively, it can be
written in a form

(Q 2 +03%+20,,083) cosh)

b(9)= (12
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propagate, one can neglect the change of the amplitude and

phase of the fundamental and concentrate only on the
harmonic-field evolution. For the system we consider, this is
indeed a very good approximation, as will be shown also
guantitatively in Sec. IV. Consistently with the rate approxi-
mation, we assume further that the field varies significantly
slowly for the time derivatives in Ed4) to be ignored. Thus,
for the stationary propagation of the harmonic field, we have
the equation

JEj _onNpaa

9z | ceqnp 02 (14
Substituting here Eq10) and defining

_ Nopuid(z) A+iT
~ 2fhicenn A24T2’

we obtain the differential equation for the harmonic field

dEn=ia(uyEn+e ¥ uED). (15)

Assumingd(z) does not change significantly alomgwhich
is quite reasonable in the weak-field limit when,<1 and

d(2)=011~1, Eq.(15) can be solved analytically with the
result

En(2)
[(5k+aM21)Eh(0)+aM<3>E3]e‘alez—aMg?E?e—i&kZ
Sk+aun '
(16)
For distances of propagation
A 2 2
1 _ 2hcegny(A°+T )zg, an

z> =
Im[a] w21 Nep|pil?Td(2)

the term in front of the first exponent in the numerator of Eq.
(16), which contains the initial field(0), istotally damped

that indicates most explicitly the interference arising fromaway and we are left with the simple expression

the variation of the relative phase[1,2]. Obviously, this
effect is maximal ifQ2;,= Q{3 = Q. Then Eq.(12) simplifies
to

T

b(0)= (1+ cosf), (13

which reveals that, with increasing relative ph@seom 0 to

psy
(Z)~— E3 —IszZ (18)
M21
or, equivalently,
pabn(2)=uET, o= (19)

This is a “z-steady” solution of Eq(15) as one could have

m, the stimulated transition rate decreases from its maximaéasily guessed even without solving it. Sincd &1>0, it is

value b(0)=(8Q2T)/(A%+T?), when the two Rabi fre-
guencies interfere constructively, bid=) =0 when the inter-
ference is completely destructive.

also a stable solution, i.e., small fluctuations Bf decay
away asz increases. The point for solving E{L5) is to
establish conditiorf17), which tells us that, independently of

Consider next the evolution of the field. To have compa-the initial amplitude and phase, over a distance of sevgral

rable Rabi frequencies,

the fundamental-field amplitudehe harmonic field acquires such an amplitude and phase that

should be taken much larger than that of the harmonic fieldits Rabi frequency equates with the Rabi frequency of the

since the three-photon transition-matrix element is muchHundamental,

the relative phase becomes and conse-

smaller than the single-photon one. Then, as the two fieldguently, the stimulated transition rakevanishes. With the
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TABLE I. Atomic parameters used in the calculations. 0= 7 when the Rabi frequencies of the two fields enter Egs.
: : (6) with opposite signs, it is obvious thd?,, and Q(f;)
Parameter Valugin S.I. units should overlap completely throughout the interaction time.
y 5.0x 108 Let the fundamental and harmonic fields have Gaussian tem-
w1 1.28261 10 poral profiles
12 4.324x10°%° (t—t..)?
1) 2.544x 107 () =EMexg ———>—|, j=t,h,
ns? 9.322<10°*® 7|
5@ 1.40x 1040

where£™=E&;(t=t,,) and 7; are the peak amplitude and
%, is set to zero since it is small by comparison and the continuumemporal width of the corresponding field. Then, for the
is smooth in the vicinity ofw,+ 2wy . complete overlapping of the Rabi frequencies throughout the
interaction, these parameters should satisfy the relations

parameters for Xésee Table)land in the weakand mono-
chromatio field limit I'~y>0,,,Q(3,|A|, an estimate for u)

. — . . — max
{ gives{~6x10N"1 cm, whereN is measured in cit. Ep=
Increasing the detuning, intensity or bandwidth of the fields
will result in larger values of.

It is important to mention that the step leading from Eg.
(16) to Eq. (18) assumes the conditiobk<Rd a]u,q, i.€.,
the polarization for the harmonic field is conditioned by the
resonant atomic response. Since in the present treatment,
well as in all works dealing with phase control, the two fields
propagate collinearly, the buffer gas is absent and the three
fundamental and one harmonic photons are near the atomf
transition resonance, this condition is certainly satisfied. If t
there were an additional nonresonant contribution due to the  Q(t)=[1—011(t) = oox)]= | Yion(t')o2o(t’)dt’,
presence of a buffer gas, or noncollinear propagation of the 0
fundamental and harmonic fields, one should then look at the
total phase mismatchk+au,q in Eq. (16) that includes the
resonant and nonresonant parts, and the ratio of these wou
gﬁéirerg'?frmihbgggﬁ?; t?lfetgzpz)rlstfsgllk;—lhl[slgﬁhg?ee; dlsgone, which is what in reality happens, this equation simply

; reads as
was clearly established that only the resonant part results in
cancellation that requires the smallnessskf14]. Q=1—0yy(t—), (22)

We also stress that the analysis above corresponds to a
plane wave rather than to a focused Gaussian beam geomwhich is the total probability of ionization produced by the
etry. However, since for not-extremely-low atomic densitiesfields.

(N=10%) the transient regime is very shog<£0.06 cm),
the harmonic fit_ald settles to the steady—stat(_a value in a thin A. Single-atom behavior
layer of interaction volume where the Gaussian beam can be

well approximated by a plane wave and the result would be We consider first the behavior of a single atom interacting
the samd19]. with the two fields without taking into account the influence

of the atomic response on the phases and amplitudes of these
fields. This situation corresponds to the interaction of the
fields with an optically thin layer of medium at=0.

Here we present and discuss the results of numerical so- In Fig. 2 we plot the ion yieldQ, as a function of the
lution of the equations derived in Sec. Il. No rate approxi-relative phase for different intensitiesleCeOEfIZ of the
mation is made. This approach is fairly general and in thundamental. In all cases, the harmonic-pulse duratipn
range of optical frequencies it is valid for pulse durations=1 ns and the condition@0) are satisfied. The detuniny
down to a fraction of a picosecond, i.e., as long as the pulsis taken such that it compensates the relative Stark shift of
contains several tens of optical cycles. For the numericalevels|1) and|2) at the maximunt,,,, of the pulse:
simulations for Xe, we use the parameters calculated previ-
ously[5] via multichannel quantum defect theory. Those pa- A= — S1—S
rameters, appropriately converted to conform to the present 2h
definitions, are collected in Table I.

For illustration purposes, it is desirable to have a maxi-In this figure, for all intensities and the relative phakse ,
mally pronounced interference of the fundamental and harthe ionization vanishes completely since the two Rabi fre-
monic fields. To obtain, for example complete cancellation afjuencies interfere destructively and the second term in the

i E—. (20

V3

The first of these conditions gives the equality of peak values
of both Rabi frequencies, while the second one is responsible
for the equality of their widths. The numerical factgB is

%lge to the cubic dependence of the three-photon Rabi fre-
quency on the field amplitude.

As a parameter corresponding to an observable in a real
periment, we define the ionization yield

Mi12

(21)

ere the last equality is obtained using E@. If the ion-
tion is measured at a long time after the two pulses are

IV. NUMERICAL CALCULATIONS

(g;nax 2.
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FIG. 2. lon yield(22) vs relative phasé for ten different peak 0
intensities of the fundamental field: for the lowest curMg™ h é é 4

=1x10 Wicn?, then for every subsequent higher cunveis )
increased by ¥ 10 Wi/cn?. Time (ns)

. . . . FIG. 3. Upper-level populatior,, as a function of time fofa)
right-hand side of Eq(6a), responsible for the stimulated M= 3% 1010 Wien?, and (b) 17¥=8x10° Wicn?. In both

transition from|1) to [2) is equal to zero throughout the graphs, 6—0 (solid curvé, 6-0.57 (dot-dashed cure
duration of the_pulses. C_onseque_ntly, the medium practiZ 5 75 (dashed curve and 6= (dotted curve:

cally does not interact with the fields and the atoms are

“trapped” in their ground state|1l). For intensities

_ 3 73 - . - . B
I, =3% 10% W/ci?, with increasing the relative phase =10%cm 3. This, however, does not imply any limitation

S ! . on the generality of the discussion since, as one can easily
from 0 to 27 the ionization profile follows approximately verify, the parametezNS,, wheres is the beam cross sec-

the cosd law, which is consistent with the results of Sec. lll. tion, is a propagation constant, and thus it is always possible

qu higher Intensities OT the fL_mdamentaI,. howgvgr, we O.b’[o rescale the problem to any desired density and propagation
tain a surprising result; that is, the maximal ionization is

T . length z. Meanwhile, for a density of atoms as low as the
observed at+# 0,27. This is because for intense and/or Shortabove, the nonradiative dephasings of the atomic coherence,

pulses the pulsed nature of the fields begins to play an Imi'.e., the collisional relaxation, can safely be neglected. In all
Vour simulations, condition&20) are assumed at the entrance
to the medium. As discussed above, in the case of initial
phase differenc@(z=0.) =, the atoms stay in the ground
state and the medium appears to be “transparent” to both
%’elds; neither the fundamental, nor the harmonic experience
ny remarkable distortion of their shapes or total energy

Si(2)=fdt|&(z,t)|% j=T,h, over distances of propagatian

the terms responsible for the stimulated transition in Egjs.
and consequently, the populatiary, of the upper atomic
level reach maxima not &=0,2m, ..., as isillustrated in
Fig. 3. It is also important that the ionization is caused by th
same pulsed fundamental field that has the maximum
tmax=2 Ns. Consequently, with variation of the relative

phas_e, the S.h'ft of the momerjt of time at Wh'@E}Z reaches as large as-50 cm. The change of the relative phase accu-
maximum with respect 0y is al§o essential for .Opt.'ma.l mulated over this distance is ory10~ 7 rad, which is due
'0.”'2?‘“0”- Note that'due tp the increase of the |on|zat|0nt0 the field-independent phase shift of the fundamental, given
With increase OT the intensity of the func_jamental, the peali)y the two termgpolarizabilitieg in parentheses of E¢8a).
Yalugxoigfg '\?V;:'?r{zs;’hfor :EetiaT@_sé f 1*8%{?3{”'””?65&% Note, however, that since the excitation of the upper level
U - Wie an that for ¢= X renr. ©ne. 2) is canceled ¢,,~0), only the term proportional to the
can see in F!g. 2, '_[ha_t Increasing the Intensity re_sults n olarizability s; of the ground state contributes.
narrower dip in the ionization profile and a shift of its peaks Consider n(l-:‘xt the cas&(01)=0, i.e., at the entrance to
ts?ﬂﬁlrgtighnes \;?slléesshg\?vizgtt ?/\r/?mc'i?er ng t-r:higr?(;nitzgi%al the cell the two Rabi frequencies interfere constructively.
- i Y € ping the cor ; The results corresponding to the parameters of Fig. 2 with
satisfied, with decreasing the pulse duratign the ion yield IM%_ g5 1010 W/en? are collected in Figs. 4 and 5. One
reduces and its peaks @t-0,27, ... gradually disappear, | A . ' . .
which is equivalent to the decreasing of intensity since theﬁsg ;ﬁgégnggéki;h:tt tlgethdi/rfgﬂiiep?;srgonqggfrs Snr; tthe rela-
max
total energy of the puise lessens. +z/c) grows rapidly and over a distance of the order of 1
B. Pul ) cm reaches the valug at which the initial constructive in-
- Pulse propagation terference turns to a destructive one. At the same time, the
Let us turn now to the effects of propagation. The resultgotal energy of the harmonic pulse, after a small reduction
presented below are obtained for a density of atdss over a short interval of, begins to increase as a result of the
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Propagation length z (cm)
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315 . . . plitude and the phase of the fundamental field practically do
E not change. This is because the number of photons contained
3 101 1 in that pulse exceeds by many6) orders of magnitude the

s 05 | | number of atoms the pulse interacts with over the distance of
.f;' ' @ z=20 cm. Comparing the three graphs of Fig. 4, one can see
< 0.0 . . ) that with rising# andS;,, the ionization probability first also

"i ; . . grows, which is consistent with the previous discussion re-
g 3.0 lated to that intensity of the fundamental field. Buté@ap-

- 20 proachess, the ion yield drops almost exponentially until
32 Q=10%. This residual ionization that is present evergat

% 1.0 =1 (and tends to O rather slowlys caused by the fact that,

Z 0.0 because of the significant increase of the total energy of the

0.8 : : , harmonic field, the condition€0) are not completely satis-

06 & ] fied and the upper atomic levi) acquires population due
3 © to that fraction of the generated field which exceeds the ini-
z 04r ] tial. Since the temporal widths of the pulses are less than the
= 02| . (radiative relaxation timey~! of the polarizationP,= oy,

0.0 , : a significant fraction of the harmonic-pulse amplitude is gen-

0 5 10 15 20 erated behind the fundamental, as is seen in Fig. 5. In that

figure, the frequency of rapid oscillations in the tail of the
harmonic field corresponds to tlienperturbegldetuningA,

FIG. 4. Relative phasé(z,t=tq.t+2/C) (a), normalized energy
S,(2)/S,(0) of the harmonic fieldb), and ion yieldQ(z) (c) vs
propagation lengttz for the casd "®=8x 10 Wicn?.

since the fundamental pulse, that is responsible for the ac
Stark shift of the atomic levels, is already gone. That part of
the amplitude is then attenuated due to the atomic relaxation,
energy transfer from the strong fundamental field, in thetherefore the total energy of the harmonic, after passing
parametric conversion process. This small reduction of théhrough a maximum az~5-7 cm, decays slowly back.
harmonic takes place only at the beginning of the propagalnder these conditions, the leading part of the harmonic
tion when the relative phase is still close to zero and theulse that falls under the temporal shape of the fundamental
interference is constructive, in the process of excitation ofs by §= out of phase with the latter and therefore the
atoms from the ground stafé) to the statg2), while the  jonization vanishes, while the generated tail is continuously
generated part of the harmonic field is out of phase with thecattered by the atoms in the process of radiative decay. The
fundamental approximately by and continues to build up oscillations of the relative phase aroumdare also slowly
with Sllghtly OSCiIIating around the value phase. It is im- damped and the propaga‘[ion reaches a “dynamic equi”b_

portant to mention that throughout the propagation, the amgjym.»

3
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A similar behavior of the system is obtained for a range of
intensities we have explored. As can be seen in Fig. 6, the
main difference is that for weaker fields the ion yield drops
to zero much faster asz increases and forl{"™®
<3x10'° W/cn? it does not exhibit a maximum other than
atz=0, which is consistent with the discussion in Sec. IV A.

We have also tested the case in which the harmonic field
amplitude is zero at the entrance to the medium. As one can
easily deduce from the results of this paper and has also been
discussed in earlier work19], the harmonic field is then
generated in the medium in such a way as to cancel the
excitation of level|2) and, consequently, the ionization that
was due to the fundamental field alone at the beginning of
propagation. We should note here thaf18] the analysis of
the system was carried out only for the case in which the rate
approximation is valid, and the question of what would hap-
pen to cancellation if rate approximation broke down was
posed. Our present work establishes that the basic results of
Ref.[19] remain valid under more general circumstances of
short-pulse radiation, when the rate approximation is inad-
equate and one has to perform both time and space integra-

tion of the equations for the fields as well as for the atomic
variables.

FIG. 5. Temporal profile of amplitud&, of the harmonic field
at differentz. All parameters are as in Fig. 4.
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0.003 . Over a rather short scaled propagation distance, and indepen-
(a) dently of its initial value, the relative phase between the two
0.002 i components of the field settles to a value that makes the
medium transparent to the radiation, thus precluding further

0.001 1 o :
I excitation and consequently control. The scaled distance
0 ‘ ; zN3 does of course involve the density of the species and
0.3 ‘ , . the cross-section of the laser beam, which suggests some
- (b) flexibility on the choice of these parameters. In any case,
T 02 1 however, the actual length of the interaction region over
: which control can be active will be defined and limited by
S 0.1 1 the combination of the above parameters, as well as by the

geometry of the focused or unfocused laser beam.
The reader familiar with the effect of electromagnetically
induced transparend¥IT) [20] might notice some similari-
© ties between the effects of propagation discussed in the
present paper and those in the case of EIT. Although both
. effects are established in a coherent way and result in the
transparency of the medium to two electromagnetic fields,
0 L : the underlying physics is fundamentally different. The es-
0 1 2 3 ) .
Propagation length = (cm) sence of EIT is a phenomenon_of coherent popu'latlon trap-
ping resulting from the application of two laser fields to a
FIG. 6. lon yieldQ(z) vs propagation length for three differ- three-level atomic system that creates a specific coherent su-
ent intensities of the fundamental) 1"=1x10"° W/cn?, (b) ~ perposition of the atomic states—the so-called “dark
IP@=3Xx 10" Wicn?, and(c) I®=6x 10" Wicn?. state”’—that is stable against absorption of both fields. In
that case, the two fields are not significantly altered by the
medium and their relative phase is not important, while in
the present work there is no specific stable superposition of
We have shown theoretically that in an optically densethe states since only two atomic levels are involved and it is
medium the propagation of a bichromatic electromagneti¢he atomic response that modifies the relative phase of the
field consisting of a fundamental and its third harmonic, withfields in a way that the excitations from the ground level due
a preselected initial relative phase, has a profound effecto each field separately exactly cancel each other.
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