PHYSICAL REVIEW A, VOLUME 63, 023412
Weak-field Rydberg-atom photoionization: Limitations of restricted-state-basis models
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An analytical formula for the angular distribution of photoelectrons emitted from a highly excited hydro-
genic state in the weak-field limit &€ 10° W/cn?) is presented. With the use of this formula, results obtained
for models involving different numbers of states are compared. The conclusion is that models with restricted-
state basis overestimate the population redistribution among Rydberg states and its photoionization conse-
quences.
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The photoionization of an atom initially prepared in a principal quantum numben. This approximation, which at
high Rydberg state, which is one-photon-coupled to the confirst sight seems to be justified by the fact that Rydberg-to-
tinuum, can be strongly modified by a migration of popula-Rydberg coupling strength is a rapidly decreasing function of
tion among adjacent Rydberg states, as has been experimahe principal-quantum-number differende, leads to pre-
tally observed[1]. The migration itself has also been diction of very efficient angular momentum mixing by an
experimentally observed and the underlying mechanism wasptical field of surprisingly low intensityl& 10°W/cn?).
identified as two-photon resondr®] or nonresonani3] Ra- In a recent pap€@] we analyzed the photoionization of a
man coupling. In the case of resonant Raman couglitga  highly excited hydrogen atom within the SNM approxima-
low-lying state the migration process was predicf@d to be  tion in the weak-field limit. We presented substantial modi-
effective even in the weak-field limit. Both the total ioniza- fication of the PAD caused by a migration of population
tion rate [5] and the photoelectron angular distribution among degenerate Rydberg states, originating in dizeot
(PAD) [6] are expected to be modified by this weak-field =0, Al = +1) transitions. However, we showed in a highly
migration process. On the contrary, in the absence of angpproximate manner that the photoionization effects pre-
resonance between the Rydberg and a low-lying state, ordicted by the SNM model can be strongly diminished when
can expect essentially no migration and consequently no efAn+0 transitions are included in the model. This conclusion
fect on the Fermi golden rule type of photoionization in theis in agreement with both the numerical analysis of Mecking
weak-field limit. A weak field is understood as one of inten-and Lambropoulos[10] and the analytical model of
sity | much lower than the critical intensity (I<I;). l.is  Rydberg-atom photoexcitation given by Muller and Noor-
defined by the conditiod’Tyx=1, wherel is the standard dam [11]. Moreover, the general analysis of Muller and
Fermi-golden-rule ionization rate of the initial stdigalcu- Noordam proves that the SNM model is unable to give a
lated at the peak intensjtyand T is the initial-state Kepler correct description of population migration among Rydberg
period(TK=27rn8 a.u., withng being the initial-state princi- states.
pal quantum number Taking into account that' scales as In this paper we adopt the diagonalization method of
n~3 (see[7] for the quasiclassical matrix elementnd Ty Muller and Noordam to calculate PAD resulting from the
scales asn® we obtain 1,=(1.36x10 %) wi®?*T/T, ionization of the hydrogen atom, initially prepared in a high
W/cn?. For =620 nm andT=Ty the critical intensity is Rydberg state, by an optical-frequency field in the weak-field
| .=5x 10" W/cn?. limit. Our analytical model will point distinctly to a strong

Corless and StroufB] reported, however, the possibility effect of the number of states taken into account on the PAD
of a different(non-Ramain mechanism for effective popula- generated.
tion migration between degenerate Rydberg states. This The model consists of a family of hydrogen bound states
mechanism consists in one-photon direct coupling betweeweakly coupled to the continuum by a laser field of fre-
states, i.e.An=0, Al=+1. Such a coupling is, of course, quencyw. The binding energyiw,= 1/(2n}) a.u. of the ini-
highly nonresonant with the detuning, which is equal to thetially populated|nglym=0) state is taken to be much less
optical frequencyw, but was shown to become effective if than the photon energyw, so the initial state is one-photon-
the corresponding Rabi frequency exceeds the detuning. Beoupled to the continuum high above the threshold. The laser
cause of the huge dipole moment of Rydberg-to-Rydberdield, linearly polarized in the direction, is given byE(t)
coupling, this condition can be fulfilled even for a weak laser=Ef(t/T)cos(t) with the amplitudeE,, durationT, and
field. For example, for the $950p transition in the hydro- pulse envelopé(t/T). In order to warrant weak Rydberg-to-
gen atom, driven by a =620 nm laser pulse of intensity  continuum coupling we restrict ourselves to pulses of dura-
=10’ W/cn?, the ratio of Rabi to optical frequency is 5. tion T not exceeding the initial-state Kepler peridg and
Corless and Stroud presented an analytical model of photg@eak intensityy much lower than the critical intensity. (I
excitations of Rydberg states based on the so-called single<l.). The hydrogenic bound statgs) and the free-electron
n-manifold (SNM) approximation, which consists in ignor- momentum statel$)(p={p, 8, ¢}) will be used as a basis to
ing the couplings between Rydberg states differing in thespan the wave function of the atom in the fieldV)
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=X, aqnl)+ f53,4P)dp. Both the magnetic quantum number - o
m and the azimuthal coordinate are suppressed in the no- Cok=(27) 1/2; Z Se e enta, (6)
tation, owing to the axial symmetry of the problem
(m=0 initial state and linearly polarized fieldThe PAD in

the Nth photoelectron peaRy(6) will be presented in terms where S is the Clebsch-Gordan coefficiers= Cy n,-«

of the products of spherical harmonit¥g(9,0): [No=(no—1)/2, K=ki/2]. Assuming the Rabi frequency to
be factorized into a part dependent on the principal quantum
pN+Ap - numbers and a part dependent on the orbital quantum num-
PN(G)—f Cap lapg(=)|“p*dp bersQ)" =V, Ay, [which is justified in the limit of low

angular momental &n) ], we make use of the exact formula

=2 AYi0(6.0)Y10(6.0), (1) ,
N > 88,0, =koedy ()
wherepy is the value of the electron momentum in tRéh !

photoelectron peakyy~ y2NAmae (Mis the electron ma$s  [yith the field-intensity dimensionless parametes
and Ap<(py;1—Pn)/2. The following expression for the  —3ea.n.E /(2% w)] to obtain the following equation for

amplitudesAl(lN,) is obtained: the ¢« amplitude:
AN = AIAI(N); (N) . . m
Al FTM AIE’ L Lisvanrsar 2 Cgok:—lkfu(t)f_ CorkFle.e" t)de, ®
where where
AlAI (N) * AI(N) x| 1(D)-2
7”, ( ) ( n ’ ) | I"|00| F((P (P t) (2,”_) 12 e~ i(ne—wpt)

with 55N =(EMN|z|nI+ Al) being the standard bound-free

matrix element, andB™=i'[Tg(1+1+i/y™)/Tg(1+] xe e men IV, (€)
—ily™)]¥2 whereT: is the Euler gamma functiory™)
=2EM, and E{Y is the photoelectron energy in a.u. In order to solve Eq(5) analytically, we have to make
LMV is defined as further simplifications. On the basis of quasiclassical ap-
I proximations, the matrix elemeit,, is taken to be a func-
o 1 N tion of the principal-number difference only/,, =V(n’
LI(I’):TJ di)(t)[df, (1) ]*dt, (3  —n) [7], and moreover the energy levels are assumed to be
_°° equidistant,w,= wg+27(N—ng)/ Ty . With these assump-
tions,
where
SN Fle.@" )=d(¢" —@)é(¢—2mt/Ty), (10)
N)(t) = J o™ yt)bt)dt,  (4) _ _ _
Am Ji-amlw where 5(x) is the Dirac delta function and
with u(t)=wf(t/T)coset), bj==,Znan(t), Z,=EnllEn) S
(the | dependence of this ratio can be safely igngreuhd g(x):m;_w eV (AN)/V(0). (12)

o™M=Nw— wy. With the intensityl <I the ionization can
be regarded as a small perturbation Ieadlng to the followingyow the interaction is diagonalized and E¢5) has
equations for the bound-state amplitudes: an analytical soluton of the form c(t)
=C g — o) ketlem 27T where d (1) = [ u(t’ )dt’
(thegfunctlon can be regarded as constant during the optical
an = —lwpan — 'f(t/T)COiwt)nE_l |§0 Q" Ay, cycle). This solution must be transformed to the original ba-
(5)  sis with the use of,=(2m) Y25, § /7 "¢~ de
in order to get a solution to E@5), which then allows us to
where #iw, is the energy of thelnl) state, andQ”, expressh, as
=—efh Eq(nl|z/n’l") is the Rabi frequency of the appro-
priate transition. by=e @t S SOG,(t), (12
Equation(5) for bound states can be analytically solved | k SSCx
with the use of the diagonalization procedure of Muller and .
Noordam[11]. We start by introducing the new amplitude where G (t)= [T e ketl¢=2m/TPM (o — 27t/ Ty ) d g
Cok (—m<e@<mke{—n+1—n+3,.n—1}) defined as and

Nmax n—1
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X()=(2m) 713 elhmrerZ,,. (13
G,(t) can be expanded into a series
Gk(t)zéo gl —iked()]/j!, (19
where
0= | He-2mTox(p-2mUTde. (19

Simple expressions fog; can be obtained in the SNM
approximation and also in a model containing manyani-
folds provided that the so-called Bixon-Joertn@&J) ap-
proximation[12] is assumed, in which the weak depen-
dence of the bound-free matrix elemenis, € 1) is ignored.
The basic assumption of the SNM mod&(An+#0)=0,
leads toé(x)=1 andg;=go=§(0)=1. On the other hand,
x(x) in the BJ model is equal to the Diragfunction and
g;=4¢'(0). In both cases we obtain

Gk(t) — e—ik.f(O)ed)(t)’ (16)
where the value o(0) is the only difference between the
SNM and BJ models. With the exponential form of Ag(t)
function, an analytical expression fdllfl’\,') can be obtained
[valid in the limit of long smooth laser pulsesT>1)]

(N)
kk’

(N)
I‘||’

> 95088 KN (&(0)e), (17

kk’
where

AN? (=
with Jy(x) being the Bessel function of ordé\. For the
square pulse envelope, Eql7 simplifies to Ll(lN,)
=LMLYY, whereLM==,,, 55 I\ (KX).

To evaluate£(0) in the BJ model one can use the quasi-
classical expressioV(An#0)/V(0)=—2J},(An)/(3An)
[7] (Jx(x) is the derivative of a Bessel function of order
which leads to&(0)=0. Consequently, using the limit

limy_ o JIn(X)/X=61\/2 we obtain the intensity-independent
expressions

INKXF(U/T)) I (K XF(H/T))dt,
(18

KO0 =

) o0
K (x)= %ﬁwfz(t/T)dt (19
and (due to the formuIaEkSLSLO: Sii,)
OINGI O, (=
= f_mfz(t/T)dt. (20)
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FIG. 1. Some of the normalized amplituda§"/I"'T obtained
within the SNM model for the first two photoionization peaks. The
hydrogen atom is initially prepared in the $@tate, laser pulse
wavelength isA=620nm, durationT=150fs, intensity|=5
X 10 Wicn?.

The PAD obtained with the use of these expressions, in the
case of ars initial state, is given by

[

-

which means that the initial state decays as a perfectly iso-
lated one.

In order to compare the predictions of BJ and SNM mod-
els let us now consider, as an example, an experimentally
accessible laser pulse of wavelength-620 nm, duration
T=150fs, and peak intensity=5x 10° W/cn?, interacting
with a hydrogen atom initially prepared in the $8tate.
These parameters ensure the validity of our model approxi-
mations: TI'T,~10 * w T~455, and the ratio of the Rabi
frequency to the detuning for the closest-to-resonance tran-
sition from the Rydberg to a lower staten£50-3)

O3 30/ (0w, — w3.30 <10"*. Figure 1 presents a few diagonal
amplitudesA{N) (normalized toI'T), as predicted by the
SNM model[Eq. (17) with £(0)=1]. It is seen that the SNM
approximation results in efficient population migration and
thus a strong modification of PAD, in contrast to the BJ
model, which predicts only one nonvanishing amplitude
AB=1,

The manyp-manifolds mode(MNM) can be further im-
proved by calculating more realistic values of theparam-
eters. According to Eq15), g;=2,Z,V(n—ny)/V(0). To
obtain a realisti@g; value we use the exact hydrogenic ma-
trix elements

Pi(0)=T (21)

fz(t/T)dt) Y44(6,0),

o

9122

n=2

(EP'2|z|n1) (n1|z|ny0)
(E?2|z|ny1) (npl|z|ng0)°

(22

By the use of the completeness relation, the last equation
converts into
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™ g The parameterg; obtained in this way, in the case of,
=50 and A=620nm, are the following:go=1, g;
0.1 1 =-0.0025, ,=6.77x107°% g;=—1.69x108 g,

e ® =—1.82x<10 *. Having calculated); , one can use the ex-
0.01 1 g, pansion(14) for Gy(t) to obtain a formula fon_,(,hf) in the
- perturbative form:
0.001 -
1 Nyax 100

(N)_ (N RN I (N)
Liv'= 2 BB Ry 1Ry, oHj) . (2D

FIG. 2. The effect of the summation limits ., on the param- o

eterg, (solid line). The arrows indicate two limitg{* andg{®® .
Calculation ofg{”) involves infinite summation over all bound ith
states, while that 0§{®® involves the continuum states as well.

2j

—1)IN
(2) 2 (N) _ ( .,
g = e 22100 23 B = N N2 L (NI,

Y (EP2|zing1)(no1]Z|ng0) e
Applying the Laplace transform methdd3], one obtains R|_Ejgj S 9 loi
exact analytical formulas 120 4 SSK,

—A4(0)
(rea) ___““1177 and
gl 3A1(1) 1 (24)
1 (= o
where N)_ — 2(N+j+j")
_n°§7Xp n,\'1[ notxp | [no+n,
Ap(x)= <o “_o J_I j+14+2xp ] 2ny, )’ H].(jN,) is the pulse-shape parameter, equal to 1 in the case of a
. square pulse. ThE,‘lN,) given by Eq.(27) needs to be substi-
oo di*t (x—1)he P2 tuted into Eq.(2) to calculate the PAD amplitudes.
o (X)= dxitl  x"WtptZz Finally, we propose an experimentally accessible test of

the SNM versus MNM controversy consisting in measuring
andnw=i(2w—n52)‘1’2. Now it is possible to compare the the ratior of the total ionization in the second and first
realistic g{"® with g'"™ obtained within the restricted- Photoionization peaks,
basis model including1,(nax n-manifolds. Figure 2 presents .

n : D real

thennzoagdependence af,; :“:;)togetherWIth two .I|m|tg‘;(1 ) r:(zo AE%}H)@H)) 2‘0 AE%,?)(zj), (28)
andg;”’. In the case ofy; " all states, including the con- J ]
tinuum, are taken into accoufiq. (24)], while in the case _ o o
of g{*) only all bound states are included. To calculate the2S & function of the initial-state principal numbgy. In the
limit g{*) we used exact hydrogenic matrix elements fior SNM modezl,r(no? should be an increasing function o,
<300, and quasiclassical matrix elemefif§ for n>300.  due to thenj scaling of the(),7"° Rabi frequency saturating
This allows us to express the infinite sum with the use of theat the level of 645+ y2, )=~0.1 for Q9> w (due to a
Rieman zeta function. Obviously, when calculatgﬁa') we  uniform distribution of population among even- and odd-
included states that hardly satisfy the assumptions of ouparity states in this cad®]). In the MNM model, however,
model. It is not our aim, however, to present exact two-we expect quite a different behavior of th@) function. In
photon ionization rates but only to show that, even in the
case of a model including all bound states, the migration -1 7 log (1)

effect can be overestimated if the continuum states are ig- W
nored. -3

The exact analytical formula for

-5
j+1); j+1
g(reaD: <E£:J )J +1|Zl+ |n00> 7 MNM
i i 1): . . . - T T T 1
. (EY V) +1]znoj )(noj|zIngj — 1)- - *(no1| 2| ng0)
10 20 30 40 50
(25 initial-state principal number ng
can be found for any with the result FIG. 3. The logarithm of the ratio of the total ionization in the
i second and first photoionization peaks versus the initial-state prin-
g(reab: _ E Ai(o) (26) cipal number, calculated within the SNM and MNM models. Light
I 3] A(1)° intensity | = 10° W/cn?.
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the weak-field limit, when it is enough to take only the first of Muller and Noordanj11] that the suppression of the an-

term in Eq.(27), r=(A%+A2)/AY . From Egs.(2) and  gular momentum mixing should grow stronger and stronger

(27) we obtain asng increases.
20,2 In conclusion, the ionization of a highly excited hydrogen
_ 91 00 atom by a laser pulse of optical frequency and moderate
— 1- 1
= (o0t V22 (2 S‘S‘k> 29 intensity has been considered. The models with restricted-

5 _ state basis have been found to overestimate the role of the
Hgo=1 for a square and {2 for a Gaussian pulse envelope. population migration among Rydberg states. The efficient
Itis easy to check thay, scales as; °, they parameters are  angular momentum mixing predicted by a SNM model has
ny independent,s, Stk = \/(noz—l)/3, and e is propor-  been shown to be an an artifact of the approximation used.

tional tong, so ther(ng) function should be constant. Figure ) .
3 presents logy(r) versusn, for the SNM and MNM mod- The author wishes to thank R. Parsknand M. Sobczak

els. It is clearly seen that the evident discrepancy betweefpr stimulating discussions. This research was made possible
the results of these two models increases with the initial-staté1anks to support from the Polish Committee for Scientific

principal number. This observation confirms the predictionResearch under Grant No. 2 PO3B 026 19.

[1] J. H. Hoogenraad, R. B. Vrijen, and L. D. Noordam, Phys. [8] J. D. Corless and C. R. Stroud, Jr., Phys. Rev. L #t.637

Rev. A50, 4133(19949. (1997.
[2] R. R. Jonest al, Phys. Rev. Lett71, 2575(1993. [9] R. Parzyski, M. Sobczak, and A. Woik, Phys. Rev. A61,
[3] L. D. Noordamet al, Phys. Rev. Lett68, 1496(1992. 023413(2000.
[4] R. Grobe, G. Leuchs, and K. Rzawski, Phys. Rev. A34, [10] B. S. Mecking and P. Lambropoulos, Phys. Rev. L&%.1743
1188(1986. (1999.
[5] R. Parzysski and S. Wieczorek, Phys. Rev.58, 3051(1998. [11] H. G. Muller and L. D. Noordam, Phys. Rev. Le&2, 5024
[6] R. Parzyski and A. Grudka, J. Opt. Soc. Am. B6, 1039 (1999.
(1999. [12] A. Wojcik and R. Parzyski, Phys. Rev. A59, 597 (1999.
[7] N. B. Delone, S. P. Goreslawsky, and V. P. Krainov, J. Phys[13] G. Feldman, T. Fulton, and B. R. Judd, Phys. Re\x1A2762
B 27, 4403(1994. (1995.

023412-5



