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Modification of the photoelectron angular distribution through laser-induced
continuum structure
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We theoretically investigate how the photoelectron angular distribution is altered by the introduction of a
dressing laser. The physical mechanism underlying this alteration is the so-called laser-induced continuum
structure; namely, a strong dressing laser induces quantum mechanical interference, the degree of which is
different for different ionization channels. Therefore the branching ratio into different ionization channels
changes as a function of laser detuning, and accordingly the photoelectron angular distribution is altered. After
a general argument, we present specific theoretical results for the K atom, which indeed exhibit significant
modification of the photoelectron angular distribution.
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[. INTRODUCTION into thes andd continua have different angular distributions,
we expect that the modification of the branching ratio

Since the .f|rst experlm_er!tal demonstraﬂons on the N?hrough LICS may result in the modification of the photo-
atom some time agfl,2], it is now well established that electron angular distributiofPAD)

strong rad|qt|ve coupling between a b‘?“’?d state and d In this paper, we theoretically investigate the effects of
smooth continuum through a coherent radiation field lnduce1'3_ICS on PAD with specific numerical examples for the K

modification in the smooth continuum. This is the SO'Ca”edatom. Resolvent and amplitude equations are employed to

mental s well a5 heoretical work hat been reporied nof oneSCI1be (e time-dependent dynamics of the process. Rel-
b dvant dipole matrix elements are computed using quantum

Fflf{%mﬁtsgjtimnﬁgtl g]f tt;]uet V?(I)‘Q;E fggur;:;e;#ﬁres\’/gtig?osn defect theory. Since the spin angular momentum and its pro-
' 9 jection along the quantization axis affect the PAD, spin-orbit

of the pho_t0|on|zat_|on yield and the photod|ssQC|at|o_n IorOdTinteractions are taken into account for all bound and con-
ucts, nonlinear optical effects have also been investigated in

. ; inuum states involved in the process. As we will show in the
terms of the enhancement of third-harmonic genergfiei following sections, the influence of the dressing laser on

A !'ttle bit different scenario emerges if one considers th.ePAD is significant. The branching ratio of ionization into the
spin degree of freedom of the photoelectrons, namely, SPwvo continuas andd waves, turns out to vary as a function

polarized photoelectrons. In Refl0], we theoretically in- of laser detuning, and, as we expect, the variation of PAD is

vestigated the spin pola.nzatlon of photoelectrons USINGnost significant at the laser detunings where the branching
LICS, and specific numerical examples were presented forratio becomes a maximum of minimum

Rb and Cs.
It should be noted that the ionization line shape of LICS
typically exhibits an autoionizationlike profile. As the auto- Il. THEORY
ionization profile is characterized by an asymmetric param-
eter, the ionization profile of LICS is also characterized in A. Model

terms of the asymmetric parameter because of the similarity ¢ system we consider is described in Fig. 1. We assume
between them. If there is more than a single ionization ORpat K atoms are excited by the linearly polarized nanosec-
dissociation channel to be coupled_ through LIC_S, it seems tgq auxiliary laser to thepistate of the K atom prior to the

be a reasonable thought that it might be possible to contrgheraction with the probe and dressing lasers with frequen-

the branching ratio into different ionization and dissociationcieSwp and wy, respectively. Depending on the frequency of
channeld7,9]. To be more specific, let us consider the casgpe auxiliary laser, we can selectively excitp;4 or 4ps,

in which an initially occupied bound state and an initially \yiih magnetic sublevelsn=+1/2, which will serve as an
unoccupied state, sayp4aind @ of the K atom, respectively, - injtia| state|0) with energyE, in this work. Now, the initially
are coupled by two lasers whose f_requ_enmes nearly Sat'SfMopuIated statd0) and initially empty statél) with energy
two-photon resonance. In_ order to simplify the argument, W& " which are @, or 6ps,, are coupled by the linearly
neglect spin-orbit interactions for a moment. Obviously there,qarized probe and dressing lasers whose frequencies nearly
are two continua involved in the procegs,anded, wheree  gatisfy two-photon resonance. Since we assume that the po-
denotes the continuum energy. Since photoelectrons eject@gtization axes of both lasers are parallel, the dynamics of the
4Dy/2-6p1/2 (4P3/2-6p3) System withm;=1/2 and -1/2 are
completely symmetric. Therefore, we consider the system
*Email address: t-nakajima@iae.kyoto-u.ac.jp behavior withm;=1/2 only. The radiative lifetimes of @,
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4B —— 10> Flf"‘)’s are the ionization widths of statp) (j=0 or 1) by the
4B probe (a=p) or dressing lasefa=d) into all the possible
continua. In particulad“(lp) is an incoherent ionization width
48, , from state|1) by the probe laser, as described by the dashed

line in Fig. 1.Q is an effective two-photon Rabi frequency

FIG. 1. Level scheme.pland 6 states of K atom are coupled .
by the linearly polarized probe and dressing lasers. With the Iasel’r)eat)ween|0> and|1), andq is an asymmetry parameter. The

intensities and the detuning range we have chosen for the presest S are the ac Stark shifts of staie by laserp or d. Note

study, it is possible to consider each set of the fine-structurethat all the continuum stat¢s) have already been eliminated
resolved system, the Kml2_6pl/2 system and the K [43/2_6‘)3/2 in EqS (2) and (3) In the above equations the tWO-phOtOﬂ
system. Incoherent ionization from stdfe by the probe laser is Rabi frequency) is a sum of the two-photon Rabi frequen-

also shown by the dashed line. cies through thess and ed continua, i.e.,
i i
and 4og,, and Gy, and g, are about 26 and 345 ns, Q(l——) = > Qﬁ<1——>. (4)
respectively, and will be phenomenologically included in the B=c1,¢; s
following analysis. As for the equation for the continuum associated with coher-

For simplicity, we further assume that the systemsgn jonization, it reads
4p;>-6p1;» and 4s-6ps» are isolated from each other.
Whether we may treat each system separately or not depends -DPG,-DYG, +(z- E)GP"=0, (5)
on the pulse durations and intensities of the lasers: If the (@) /i _ .
laser intensities are sufficiently strong to induce a broad Rapyhere Dci (1=0,1 3“"“-"’0') are the boun(_j-free matrix
frequency to cover the fine structure gb and @, or if the ~ €/€ments from C-Z}ﬁ“@ by the probe or dressing laser. The
ac Stark shifts are so large as to cause shifts as large as tRPerscript o™ implies that it is a resolvent matrix asso-
fine structure splitting, we have to treat afh, 4psj, 6P1/2 ciated with the coherent_ contl_nuum. To_ avoid com_pllgan(_)n,
and @, states on equal footing. Furthermore, if the pulsewe r::)l\{e phenomenologically included incoherent ionization
duration is short enough to overlap the fine structureppet @Sy I Eq.(3). . -
6p, we have to treat all four states on an equal footing as For the t|me-vary|ng laser intensities, we have to_ convert
well. However, as long as we use nanosecond lasers witie resolvent equations, Ed&), (3), and(5), into amplitude
appropriate intensities and detunings, it is perfectly valid to€quations. They read
treat each pg,-6pi;», and 4og-6ps;» System separately, 1 i
which will greatly simplify the analysis. As we will justify in Ug=— E(yo + Ff)p))uo - iQ(l - —)ul, (6)
the beginning of Sec. Il it is indeed this intensity and detun- q
ing regime we focus on in this paper.

. . 1
U = ['(5static+ 5Stark) - 5(71 + ng) + ng))] Uy
B. Time-dependent amplitude equations

) i
In order to describe all the dynamics involved in Fig. 1 in - '9(1 ‘a)Uo, (7)
a time-dependent manner, we employ a resolvent operator
formalism. Now, we start with the resolvent equation : . . .
[15,16), U= ~ i 8,uP"~iD Puo D Fuy, 8

where theu;'s (j=0,1,c) are the probability amplitudes of
states|j). The superscript ofi. implies that it is a coherent
continuum. 844 IS the static two-photon detuning defined
by Ostatic=(Eo+hwp) —(E; +hiwg), and Ssiay is the total dy-
whereHj is a field-free atomic Hamiltonian, and®® and  hamic ac Stark shift defined a§5tark:(%p>+%d))_(5<lp)
D@ are the dipole operators for the probe and dressingLSfld)). Dﬂ‘f)’s are the bound-free matrix elements by laser
fields, respectively. Following the standard procedurga=p or d) from the bound statdj) to the continuumc),
[15,16), a set of resolvent equations is obtained as follows: which are connected to the partial ionization widths by the

(z-Ho-DP -DNG=1, (1)
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relation 1“(")-27T|D(“)|2 %; (j=0,2) are the phenomenologi-

cally mtroduced spontaneous decay rates of statetn the
following, we introduce the total detuning(=dsatict dstark)s
and the total decay rates of staf@sand|1) are rewritten to

beTo andTy, i.e., To=yo+ TP andTy =y, +TP+T7.

For the calculation of ionization yield into each con-
tinuum, it turns out that the following density matrix equa-
tions associated with the coherent continuum are useful:

pS"=2D® Im pi"+ 2D Im p52", (9)

=12~ 2Fo )i+ 1D g+ D w10
. 1~ . *
= {'(5‘ ) = Erl]ngM D" Usup + D" |uy .
(11

By setting the time derivatives of Eq&l0) and (11) to be

zero and adiabatically eliminating"andpS2"in Eq. (9), we
find
- coh _ F |D(p|2|Uo|2+D "Degligly
« &F+(Tyf2)?
~ DY DYWusu, + D9 uy)?
7. DB O+ DB

(8- 02+ (T4/2)?

Furthermore, because we may safely assume [ﬂ{ﬁtand

D(Ccf are approximately constant over af}, they may be
pulled out of the integral when we perform integration over
S Therefore, defining the ionization yield through the co-

PHYSICAL REVIEW A 71, 013413(2005

Reoh= 2’7TJ dt >, |DPu,+

C=Cy,Cp

Dul>. (15
Including incoherent ionization, we finally obtain the total
ionization yieldR as

R= Rcoh+ Rinc

- 2n f dt[ S DPue+ D92+ S p®uy?].
c=¢y,Cy c=Cg,C4
(16)

Given the laser intensity we have chosen for the numerical
results, however, the contribution of incoherent ionization by
the probe laser turns out to be negligibly small.

C. Photoelectron angular distribution

To derive all equations in the previous subsection, we
have implicitly assumed that the angle integration has al-
ready been performed for the bound-free dipole moments.
For the purpose of calculating photoelectron angular distri-
bution, however, we need equations before angle integration.
Accordingly, it is necessary to examine E¢8)—(11) more
carefully. Using a partial wave expansion, the continuum of
alkali-metal atoms can be represented by

K;my) = lE Ay K; Imy)|1/2my)
= 3 ap (- 1) o) + 1
Lmj
x( 12 J )|E'(Is)'m-> (17)
m om —(m+my)

where k is the wave vector of the photoelectroa,m

herent channel aI§§°“ we obtain the expression for its time _ 4l '($'Y|m(® ®), and & is the phase shift, which |s a

derivative to be

d oh
i f o

|D(P |2|U0|2+ D d)*D(p)Uoul) f d5 - - _
R (ro/2)2

+ f1(|D<d)|2|U1|2 + D D(d>UoU1)

1
f ds, = 27|DPug + DYuy 2.
(8- 6%+ (T/2)?
(13

Hence
ROON= 27 f dtjDPuy + DQu,|?, (14)

which is equivalent to Eqg9) and(10) in Ref.[10]. If there

sum of the Coulomb phase shift and the scattering phase
shift. For our specific casesee Fig. 1, the partial wavess

and ed are of importance since they contribute to the bound-
free matrix elements from staté® and|1). After the angle
integration, those two continua can be treated separately
since they are orthogonal to each other, as we have already
implied in Eq.(15). However, before angle integration, they
interfere differently at different angles, and cannot be treated
separately. Therefore, the correct expression of the photo-

electron yield before angle integration is
S [DE(O,0)uy+DY(O,0)uy]|”

L
— =2
dq) [ c=es,ed

> DR(O,d)y

c=es,ed

+

2}, (18)

where the second term in E(.8) represents the contribution
due to the incoherent ionization channel. Clearly, when the
angle integration is performed foiR/d(}, some of the cross
terms in Eq.(18) vanish due to the orthogonality of the

are two coherent continua, extension of the above procedumspherical harmonics, and EL8) is reduced to Eq(16).
to the case of two continua is rather straightforward, and thédaving understood the above argument, it is easy to write

result is written as

down the following formula for the PAD:
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drR . . TABLE I|. Atomic parameters for the KR, ,-6p;, system{} in
0 277] dt%§1/2[|<k;mS|D(p)|O>u0+ (k; DD 1yuy|? rad/s,I" in s%, Sin rad/s, and, andl4 in W/cn?.
K; 171 -8.121 14 q ~0.91
+ [(K;myDP[1)uy ] (19 Q .
Finally we obtain the general expression of the PAD, appli- Qes 3-47\““';& Ces 171
cable for both $,,,-6p;,, and 45/,-6pg/, Systems, as Qg —11.58lpl4 Qed -1.69
e 11.59 sgp) 14.1
dR ST a d @ on (] o
qraq - 0-5897 > [NTP™(@,d)u, I 28.044 S8 947.8,
mg=£1/2 P 3.66, sP 21.04,

FATE™(O,0)u[* + NTP™(O,d)uy 7], 9 86.9,
(20

with 0.5897 being a conversion factor for the appropriate
normalization; we have introduced the differential ionization
widths defined as

as the Rabi frequenc§), the asymmetry parametey; the
ionization widthsl’, and the ac Stark shiftS. All the neces-
sary single- and effective two-photon dipole matrix elements
are obtained using quantum defect theory and the Green
(@ +112 s function technique. Calculated atomic parameters are listed
Y (0,9)= |- 3Riese Yoo ®, D) in Tables | and Il for the K §;,5-6p1,» and 413,>-6p3/» SYs-
tems, respectively. By substituting those parameters into Egs.
(6) and(7), we can easily solve those equations for the given
peak intensities, detunings, and the temporal profile of the
lasers. In this work we have assumed that the temporal pro-
2 file of the probe and dressing lasers is Gaussian and delayed
l,. (220  from the auxiliary laser by 30 ns so that the influence of the
auxiliary laser, other than the pumping of stéig does not
have to be taken into account. In all the numerical results

(@) (i = -
:;;;gzg(ﬁif?enedg:g(ifgfeg;sf f’g;)]’ siti&)r'?hpgisoir:itr?uir;a presented in this section, the zero point of the total detuning,
4 ) : 6=0, has been chosen at the peak intensity so fhat.
es by lasera (a=p or d) and evaluated in atomic units, and Smax — max

. " . + =0; namely,6=0 means thab,.=—3 Once the
the laser intensitiek, andl4 are in W/cn?. For the coherent Stark y state - Stark

contum, e v frase s 1537 ancs,- SO0 5 SbAnce o) anult, e pri s vl e
—-6.574, which are the sums of the Coulomb phase shift y

from Egs (14) and (16). In the following subsections, we
55=-4.924 ands$=-7.551 and the scattering phase shifts gs- y 9 :
qu,s=6.861 andrr,&d=0.977 withyz, (1=, d) beingg Ft)he quan- present results for the Kp4,,-6p1/> and 4og/o-6p3/» Systems.

. . i Now, as promised in Sec. Il, it is time to justify why the
tum defects estimated from the linear extrapolation of th b justify why

: \ Gwo systems K f,,o-6p;» and 4o5,,-6p3,, may be treated
bound Rydbergs andq SEres of the.K atom to the continuum separately. As one sees from Tables | and Il, the largest con-
energy of interest. Similar evaluation of phase shifts has als

. . ! fibution of the ac Stark shift comes from the dressing laser
been carried out for the incoherent continuum. Equatiih for state|0). Furthermore, both staté®) and|1) shift to the

fgetréer with tEqS'(Z.tlr: and (22.) tgives th?. P'tA.‘D for ;hteh tsame direction, and what matters is the relative shift between
p1/2-6p1/> System with appropriate normalization suc aty o k 4p1-6pys and 40a,-6p3, Systems, which is about

the angle-integrated quantity becomes identical to the tot 804 (rad/3. Given the maximum intensity of the dressing

ionization yield calculated with Eq(16). Equation(20) is | . S B .
. . aser considered in this worky=500 MW/cnf, the relative
T I S of both ystems i 286+ 10" 1203, whih
ployed, less than 1 crt. Knowing the fact that the fine structure

energy splittings of g and 6 are 58 and 8 cit, respec-

2
l,, (21

2 .
+ ERJ(?@G' %0Y,o(©, D)

2 .
Y 1—5R}§&e' %Y (0, D)

I‘J(a,—l/Z)(® , CI)) —

JE .
[{“2(0,0) = | ~~RZE™od©,®)

3 TABLE Il. Atomic parameters for the K Bz,,-6p3/» system.()
10 2 in rad/s,I" in s7%, Sin rad/s, and, andl4 in W/cn?.
~ 5 R Yo0.0) 1 (23
Q —5.8&@ q -0.5
1 , 2 Qs 6.941 g q 1.71
(a,-1/2) _|_ = pa)gs pa e
[%77%(0,0) = ‘ VyTSRjede Y (0,D)| 1,. (24) Iy ~12.740114 Ues -1.69
ng) 14.48, %P) 12.3,
re 38.574 S8 1231.84
I1l. NUMERICAL RESULTS AND DISCUSSION (1p) )
I 4.32, s 204,

In order to solve the set of time-dependent amplitude S 97.04
equations Eqg6) and(7), we need atomic parameters such
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0.02 @ 14=100 MW/cn?, we do not see so much structure, as
Y R shown in Fig. 2. To circumvent this problem, we have
s [T USSR - L changed the pulse durations to fg=1 ns(FWHM) and 74
g ooy ] =10 ns(FWHM) with the same peak intensities. The result is
oo05 s ] shown in Fig. 8a). As expected, the LICS profile becomes
0 Tttt | T more eminent. For the purpose of plotting PAD, the branch-
6 , , , . . . , ing ratio, which is defined as a ratio of the yield intb
o ®) continuum divided by that into thecontinuum, is also plot-
8 S5¢ ] ted in Fig. 3b). Since PAD is very different for the andd
E 5 electrons, the variation of the branching ratio is a good indi-
§ 45 Wd‘ cator for the variation of PAD. The three-dimensional PAD is
< ’ shown in Figs. &a)—4(c) for the three specific cases, corre-
R sponding to the branching ratios at far off resonanée

detuning 5 (GHz) -4 GH2, at the minimum(6=0.2 GH2, and at the maxi-

FIG. 2. (a) Total and partial ionization yields into eaesanded ~ MUM (5.:0-64 GHj-. It is clear that the PADs are signifi-
continuum, and(b) the branching ratio between them for the K cantly different at different detunings.
4p,,-6py1), System as a function of two-photon detunifigPulse Frequently PAD is represented as a superposition of
durations and peak laser intensities are chosen ta,bd ns and cos" ¢ functions, namely,
I,=1 MW/cn?, and ;=4 ns andl4=100 MW/cn¥, for the probe 4R

and dressing lasers, respectively. __ 2 Bon co2" g, (25)
dQ 012,

tively, the ac Stark.shlfts are still much smaller than thewhereﬁ2n is called the asymmetry parameter and gives the
energy splittings. Since the LICS structure we see in g iation of PAD from the spherically symmetric distribu-
fqllowmg subs_ect!ons appears in th_e_detunlng range of a fewt . \vhich corresponds tQ8,,=0. For the case of the
gigahertz, which is less than 1 chit is clear that we may 4p,,,6py/, System, the asymmetry parameters are nonzero
treat each system separately. only up ton=1. It would be instructive to plot the asymme-
try parameters as a function of detuning. For that purpose,
we rewrite the spherical harmonics in Eg0) in terms of the

) ) ~ co$" g functions. After some straightforward algebra, we ob-
One of the major obstacles to observing clear LICS is thqgjn
2}

A. K 4pq/,-6py/» System

ac Stark shift, since it causes time-dependent dynamic detun-

ing qu|ng the pulse. Fro_m Table | it can.b(.a seen ﬁ;’;{ns By=0.589] dt
significantly large. Forl4=100 MW/cn?, it is as large as

0.5 GHz and much larger than the Rabi frequency and ion-

2 4

1, 35,
2 4

ization widths. If the pulse durations of the probe and dress- (26)
ing lasers are comparable, the subtle structure of LICS as a 38 15
function of total detuning may be easily smeared out. Indeed, _ f ¢ SVo REAB* ) + —|B[2
for the case of probe pulse duratiag=4 ns[full width at p.=0.589] d 4 o ) 16| |
half maximum(FWHM)] and the dressing laser pulse dura- =
tion 7y=4 ns(FWHM) with the peak intensities df,=1 and + % Re(CD* ) + 1—2|D|2] 27)
0.008 @) ' ' ' where
0.006 | . 1
2 0004 A=— 59'5S(R51‘§,)65\f'| oo + RED. VT quy) (28)
0.002 |
1] 2 B — —
8 B= ——=€ (R 4Vl g + Rl ), (29)
e 7 3\"5
=B
2 5 1 5o
g . C=- gel SRGpESVIpul’ (30)
& 3
R R N S 2
detuning & (GHz) D= ;E 'adRé%)Ed\e’I pU1. (32

FIG. 3. Same as Fig. 2 only with the different pulse durations of ) o
7,=1ns and 74=10ns for the probe and dressing lasers, Figure 5 shows the variation @, and 3,/ 5, as a func-
respectively. tion of detuningé at three different dressing laser intensities
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;o — 1,-100 MWiom®
./ === | =200 MW/om®
—-— 1,=500 MW/em®

b R Y 4 B3 2 a0 1 2 3
— // \\ \ detuning & (GHz)
7/ 7 T ] RN FIG. 5. Variations of the asymmetry parametgsand 3, for
LA the K 4py,>-6p1/2 System as a function of two-photon detunifiépr
Rl
| i the three different dressing laser intensitigs=100, 200, and
77 500 MW/cnt. All other parameters are kept the same as those for
NV 7 ] 77 Fig. 3, i.e,,7,=1 ns,74=10 ns, and,=1 MW/cn?.
1\ /

RN

= = explained in Sec. lll A, itis clear, as we have already seen in
Fig. 2, that the pulse duration for the dressing laser must be
( ) substantially longer than that for the probe laser to observe a
C nice LICS profile. Therefore, all the results we show in this
subsection is for,=1 ns andry=10 ns.

Figure 6 shows the variation of the total as well as partial
ionization yield as a function of detuning. The structure in
Fig. 6(a) is similar to that in Fig. 8), but not quite. This is
due to the fact that, although.s and g4 are the same for
both systems as one obviously sees from Tables | and I, the
g itself is different because of the differefi's in both sys-
tems. This can be easily checked using Ef). More inter-
estingly, the variation of the branching ratio shown in Fig.
6(b) is substantially smaller than that shown in Figh)3
FIG. 4. Three-dimensional photoelectron angular distributionTherefore’ we intuitively expect that the modification of PAD

for the K 4py,>-6py /2 System at three different two-photon detunings might be_ smaller for this SyStem' In .order to e?(amlne our
5=-4,0.2, and 0.64 GHz. Pulse durations and peak intensities argP€culation, we plot the three-dimensional PAD in Fig. 7 for
m=1nsand =1 MW/cn? for the probe laser, angy;=10 ns and

I,=100 MW/cn? for the dressing laser. 0.006

T Iy o 0 I ey
L I~

I4=100, 200, and 500 MW/cfwith the probe laser inten- 0.004 1

sity and the pulse duration fixed to bg=1 MW/cn? and
7,=1 ns andry=10 ns. As we have already seen in Figs. 3
and 4, the asymmetry parameters vary significantly near
resonance. In addition, the higher the dressing laser intensity
is, the broader the structure becomes. This is simply due to
the broader ionization width fof'; which is similar to the
case of broad autoionization width. It is interesting to note
that not only the ionization spectra but also the variation of
Bon also exhibit an asymmetric profile.

yield

0.002

branching ratio

4 3 2 14 0 1 2 3 4
detuning & (GHz)
FIG. 6. (a) Total and partial ionization yields into eaelanded
We now turn to the case of thep4,-6ps, sysdtem. From  continuum, and(b) the branching ratio between them for the K

Table II, it is seen that the ac Stark Shﬁ)) for the  4p,,-6ps, system as a function of two-photon detunifigPulse
4p3/-6p3j2 system is even larger than that for th@,;4  durations and peak laser intensites amg=1ns and I,
-6p,/, system. This is basically due to the different angular=1 Mw/cn?, and 74=10 ns andl4=100 MW/cn?, for the probe
coefficients between the two systems. For a similar reason asd dressing lasers, respectively.

B. K 4p3/>-6p3/, System
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FIG. 7. Three-dimensional photoelectron angular distribution
for the K 4p3/>-6ps/» System at three different two-photon detunings
6=-4, 0.12, and 0.6 GHz. Pulse durations and peak intensities are

m=1nsand,=1 MW/cn? for the probe laser, angy=10 ns and
1,=100 MW/cn? for the dressing laser.

the three specific detunings, corresponding to the branchin

ratios at far off resonance&y=—4 GHz, at the minimumg
=0.12 GHz, and at the maximumd=0.6 GHz. The modifi-
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FIG. 8. Variations of the asymmetry paramet@s £, and 34
for the K 4p3/,-6ps/» System as a function of two-photon detunifig
for the three different dressing laser intensitigs 100, 200, and
500 MW/cn?. All other parameters are kept the same as those for
Fig. 6, i.e., 7,=1 ns,74=10 ns, and ,=1 MW/cn?.

2\;’10 ) — _
B=- 15 €4(RP. V1 o + Refpea V), (36)
E . —
€= \?el SREes i, 37
2V10 | _
T &RVl (39)

‘(Ilhe variation ofBy, B,/ By, and B4/ By is plotted in Fig. 8.
The highest-order coefficier, is found to vary rather sig-

cation of the 3D PAD is more than we expect: Variation of Nificantly, and we attribute this variation as the main reason

the sidelobe, which is absent for the,4-6p;,, system be-
causepB,=0, is striking.

The asymmetry parametef, are now nonzero up to
=2. After some algebra, we obtain

1 V5 |2 |1 5 |2
Bo=0.589( dt| |=A-—B =c-—D]| |,
20 4 2 4
(32
3\5 75
=0.589( dt| — ReAB*) - —|B|?
=058 {4 «nB*) - L Jg
3V5 75
+— Re(CD*) - —|D|?|, 33
. RelCD*)- | |} (33
135
B,=0.589 f At B2+ DP) (34)
where
_\“‘E o pP 1 CENT
A= @R\l pto + Repeslaty), (35

for the striking variation of the 3D PAD we saw in Fig. 7.

IV. SUMMARY

In summary, we have studied the modification of the pho-
toelectron angular distribution by the introduction of a dress-
ing laser. The role of the dressing laser is to induce so-called
laser-induced continuum structure, thereby altering the
branching ratio into different ionization channels. Since the
partial photoelectron angular distribution is different for dif-
ferent continua, we expect alteration of the photoelectron
angular distribution by the introduction of the dressing laser.

Specific numerical results are presented for the K
4p,,>-6p1/> and 45,-6pg)» Systems. Although it turned out
that the photoelectron angular distributions are quite differ-
ent for both systems, the alteration of the photoelectron an-
gular distribution is striking, as we expect. Special care has
to be taken, however, to avoid the undesired dynamic detun-
ing originating from the ac Stark shift, since the dynamic
detuning during the pulse can smear out the effects. For that
reason, it is very desirable, as we have demonstrated in this
paper, that the pulse duration of the probe laser is shorter
than that of the dressing laser so that atoms experience prac-
tically static ac Stark shifts due to the dressing laser during
the probe pulse.

013413-7



T. NAKAJIMA AND G. BUICA PHYSICAL REVIEW A 71, 013413(2005

ACKNOWLEDGMENTS main part of this work was carried out. This work was sup-
d- ported by a grant-in-aid for scientific research from the Min-

G.B. acknowledges hospitality from the Institute of Ad- ! i !
dstry of Education and Science of Japan.

vanced Energy, Kyoto University, during her stay, where th

[1] Y. L. Shao, D. Charalambidis, C. Fotakis, Jian Zhang, and P. (2002.

Lambropoulos, Phys. Rev. Let67, 3669(1991). [10] Takashi Nakajima and L. A. A. Nikolopoulos, Phys. Rev. A
[2] S. Cavallieri, F. S. Pavone, and M. Matera, Phys. Rev. I6tt. 68, 013413(2003.

3673(1991). [11] Z. Chen, M. Shapiro, and P. Brumer, Chem. Phys. L2#8,
[3] P. L. Knight, M. A. Lauder, and B. J. Dalton, Phys. Re®0, 289(1994.

1(1992). [12] A. Shnitman, I. Sofer, I. Golub, A. Yogev, M. Shapiro, Z.
[4] Bo-nian Dai and P. Lambropoulos, Phys. Rev.38, 5205 Chen, and P. Brumer, Phys. Rev. Let, 2886(1996.

(1987; 39, 3704(1989. [13] O. Faucher, E. Hertz, B. Lavorel, D. Charalambidis, R. Chaux,
[5] S. Cavalieri, M. Matera, F. S. Pavone, J. Zhang, P. Lambropou-  and H. Berger, J. Phys. B2, 4485(1999.

los, and T. Nakajima, Phys. Rev. A7, 4219(1993. [14] O. Faucher, D. Charalambidis, C. Fotakis, J. Zhang, and P.
[6] L. P. Yatsenko, T. Halfmann, B. W. Shore, and K. Bergmann, Lambropoulos, Phys. Rev. Let?0, 3004(1993; O. Faucher,

Phys. Rev. A59, 2926(1999. Y. L. Shao, and D. Charalambidis, J. Phys2B, L309 (1993;
[7] R. Eramo and S. Cavalieri, Opt. Commui¥49, 296 (1998. O. Faucher, Y. L. Shao, D. Charalambidis, and C. Fotakis,
[8] T. Halfmann, L. P. Yatsenko, M. Shapiro, B. W. Shore, and K. Phys. Rev. A50, 641 (1994.

Bergmann, Phys. Rev. A8, R46(1998. [15] P. Lambropoulos and P. Zoller, Phys. Rev.24, 379 (198J).
[9] K. Béhmer, T. Halfmann, L. P. Yatsenko, D. Charalambidis, A. [16] Takashi Nakajima, Jian Zhang, and P. Lambropoulos, J. Phys.

Horsmans, and K. Bergmann, Phys. Rev. 86, 013406 B 30, 1077(1997.

013413-8



