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Effect of tunneling on ionization of Rydberg states in intense fields: Hydrogenic atoms
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The ionization probabilities of hydrogenic Rydberg states in intense fields are calculated using a trajectory
method, which was previously shown to be accurate for ionization of the ground-state hydroged.aBm
Cohen, Phys. Rev. 84, 043412(2001)]. It is found that the ionization probability approaches the classical
over-the-barrier probability for sufficiently large quantum numbers, but that tunneling still significantly
decreases the onset field strengths at surprisingly migdalculations are done fars npy, andnp.. targets,
subjected to sudden and adiabatically ramped pulses in the long-wavelength limit. The dependence on the
angular-momentum projectiom along the field axis is also examined for circular orbits.
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I. INTRODUCTION present work is to investigate intermediat@nd the transi-
tion in behavior from mainly tunneling at low to mainly
Field ionization has proved to be a useful tool for detect-Over-the-barrier ionization at high
ing the state of Rydberg atoni4,2]. The accuracy of this ~ In the absence of a finite core, the energiewre pre-
technique depends on reliable theoretical characterization &iSely, actionsin coordinates’ (=r+z) and# (=r—2z) do
the behavior at field strengths where the ionization becomeR0t couple. The potential in one of the coordinates, &éyr

measurable. For the ground state, intense-field ionization i@ 9iven sign of the field, goes to as¢—< and the motion
is bound, whereas the motion in the other coordinatées

dominated by tunneling, and ionization is essentially com- bound or f barrier. d di h itude of
plete before the classical threshold is reached if the pulse {gound or faces a barrier, depending on the magnitude o

adiabatically ramped. Actually, almost any experimentalt € _ﬂeld. _If the energy in they _dlrect|or_1 IS Ie_ss than the
pulse presently achievabl@] will be near adiabatic for the barrier height, tur_mellng is required for ionization tq occur.
ground-state hydrogen atom. On the contrary, for very high I.f th.e energy Is suff|c.|ent to surmount _the baff'e“. okl
n, most pulses will be suddefcompared with the orbital Ionization occurs in the time scale of classical oscillation of

period, and, by the correspondence principle, the sharp clast—he angular momentu_m<0l<n. Th_e variatior_l inl corre-
sical threshold is expected to apply. sp.on.ds to the changing eccentricity and orientation of the
However, for purely hydrogenic states, there is an addi_elhpncal orbit [;2]. Such oscillation occurs even for the
tional symmetry, which prevents some fraction of states fronPUrely hydrogenic state@t frequency &F in a.u.[13]), but
ionizing at that threshold: some states may ionize only aptch that the partitioning between tijeand 7 degrees of

much higher field strengthgh,5]. The states can be charac- reeédom is unaffected. That isn/l) varies, but in such a
terized by parabolic quantum numbé6d n,,n,,m (separa- fashion that the projections of the actiomsI(m), whlch are
tion parameters classicallybut it is most useful to present 900d quantum numbers in the absence of a field, on the
results for states in polar coordinates,m since this is the ~Parabolic action variablet,, 1., andl,, are conservedi(,

way the atom is normally preparéd]. As the field is turned =M in @ linearly polarized field11]). For the hydrogenic
on, the states of r(l,m) are projected on states of Rydberg state, the orbital axifRunge-Lenz vectdrdoes not

(ny,n,,m). The results of this projection depend on how theP'€CESS- This stabilizing effect, manifested by the parabolic

field is turned on. Hydrogenic states of giverbut different separability, is essentially the same classically and quantum

| (or ny,n,) andm are degenerate in the absence of an eX_mechanically. For classically stable orbits, tunneling deter-

ternal field but split and mixed by a fielh a field linearly ~Mines the time SC"’"Z for ;‘9”‘26‘“0”- - ined eff
polarized along the quantization axis,is conservell Thus We are concerned in this paper with the combined effects

the ionization cannot be characterized by a simple rate. W&f tunneling and classical stability, in particular fiog npy,
will circumvent this problem by presenting ionization prob- @ndnp- states, which are reachable from the ground state by
abilities at short and long times. allowed optical excitation and most used experimentally. We

We recently showed that accurate rates for ionization ofll€rmine the values afandm for which a purely classical

the ground-state hydrogen atom are obtained using thiteatment suffices. The calculations are done with a dc field.
classical-trajectory Monte CarléCTMC) method with al- In the long-wavelength region, the ac rates can be evaluated

lowance for tunneling at the classical turning poif8g In by convoluting the dc rates with the ac time dependence of

this method, over-the-barrier and tunneling ionizafighare  the Pulse. The ac results are expected to approach the cycle-
treated self-consistently. The CTMC method is valid in the@veraged dc results as the frequency decreases or the field
high-n limit [10] and has previously been used for intense-Stréngth increasels.4].
field ionization of such state§ll]. The purpose of the Il. METHOD
The method is essentially the same as previously used for
*Electronic address: cohen@lanl.gov ionization of the ground-state hydrogen atom in an intense
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field [8], except that a dc field is used. As is well known andtential surface, seems reasonable. Still this choice may not be
demonstrated in that work, atomic ionization by strong low-optimal and deserves further investigation. The tunneling is
frequency @<n3 in a.u) radiation closely resembles assumed to occur instantaneously. Since the field is taken to
static-field ionization and the critical field strengths are thebe dc there is no possibility for tunneling back and ionization

same[14]. Accordingly we use the field is irreversible.
We are most concerned in the present work with the
0 for t<0, change in behavior as the principal quantum nunmipén-
R creases. Using reduced variables helps put things in perspec-
F(t)=4 Fosi(mt/2r)z for 0<t<r, (1) tive. The effective potentidlfor the hydrogenic atom in a
Foz for t=r. field is
Numerically exact classical dynamics is performed with me  Ze?
Monte Carlo initial conditions. These initial conditions are V= 5~ —+Fz, 3
randomly sampled from the uniform phase space satisfying 2up r
E=—1/2n?, with fixed angular momenturhand projection ) o )
m on thez axis. wherep is the cylindrical coordinate and= (p?+2z%)Y2 The

In the case of =0, it is actually necessary to use a small classical equations of motion are invariant under the trans-

nonzero value to avoid the nuclear singularity. It was foundormations[10,15

that this value could be chosen small enough that the results

were quite insensitive to it. On the other hand, it was found distancer —rn?/Z, (43
that avoiding the nuclear singularity by introducing a small

core was completely unacceptable because it destroys the

special Coulomb symmetry and causes truly stable orbitals to momentum p—pZ/n, (4b)
ionize. Any core large enough to avoid numerical problems,
associated with the singularity, was found to lead to this
physicalinstability?

Tunneling in the field direction is allowed at classical
turning points using the JWKB approximation. Unlike the field strength F—FZ3/n?, (4d)
case of a central potential, neither the classical turning points
nor the path of integration are uniquely prescribed by the
usual JWKB theory. We make the intuitive assumption that potential energyV—VZ?/n?, (4e)
tunneling occurs in the direction of the external field, starting
from a classical turning point in that direction. Thus the tun-

time t—tn3/Z2, (40)

neling integral is done fromr,, a point in the trajectory angular momenturr —In, (4)
wheredz/dt=0 and—F-r>0, in the directiorz to a point  gng

re+ {0z WhereV(r.+ ¢o2) =V(r.). Every time these condi-

tions are satisfied the tunneling probability is calculated by angular momentum projectiom— mn. (4g)

Equipotential contours are shown in Figajlfor m=0,
in terms of the reduced variables of Hd). The potential is
2 drawn in they-z plane but is really a symmetric surface of
revolution about the axis. The solid polarized circle shows
whereu is the reduced mass of the electron. If this probabil-the outer limits of the classical ground-state motion where
ity is greater than a random number in (0,1), tunneling isv=—0.5 a.u. and the kinetic energy is zero. The distortion is
deemed to have occurred and the trajectory is continued clagiue to the Stark interaction with a field of 0.05 a.u., linearly
sically at the point.+ £,z Otherwise the trajectory contin- polarized in thez direction. The classical turning point will
ues unaltered. be inside the distorted circlesphere in three dimensions
In the case of ah=0 orbit near thez axis, this tunneling The solid curve to the right shows where the potential is
path is through the saddle point and the obvious choice. l@gain—0.5 a.u. To get from one to the other requires tunnel-
other situations the choice is not so clear-cut, but, on théng through regions of higher potential indicated by the
average for turning points at various places on the equipodashed contours. The highest tunneling probability would be
achieved along the axis through the saddle point, which is
located at
We take the quantization axis and field polarization direction to
be z instead ofk as used in Ref[8]. Atomic units i=e=m,) or

Pun= eXP‘ —2(2,u)1’2f£0[V(fc+ {2)-V(ro)]"d¢ |,
0

reduced unit§see Eq.(4)] are used. 3This is the radial potential with centrifugal term. The actual nu-
2This problem is treated in a future work, dealing with nonhydro- merical calculations are done in three dimensions in the laboratory
genic Rydberg atoms. frame.
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(d)

FIG. 1. Equipotential contours of E¢B) with Z= x=1 andF=0.05h* a.u., shown in thg-z plane. The contours are actually surfaces
of revolution about the axes. The units of thg andz axis aren®a, and energy units areri a.u. In all cases the solid curves correspond
to V=-0.5. The cases shown ate) m=0, with contours at—0.500, —0.474, —0.458, —0.4472 (saddle point —0.445, —0.442,
—0.437, —0.432, —0.422, —0.412, and—0.402; (b) m==0.5n, with contours at 0.500;-0.450, —0.400, —0.3916 (saddle point
—0.380, —0.300, —0.200, and 0.0(c) m= *n, with contours at-0.500, —0.450, —0.400, —0.380, — 0.3282(saddle point —0.300,
—0.200, and 0.0;(d) m=0.01n, with contours at—0.500, —0.474, —0.458, —0.4462 (saddle point —0.445, —0.442, —0.437,
—0.432,-0.422,-0.412, and—0.402.

Zeadaie= VNF=4.47, (5)  ==n limit, which requiresl=n, is not permitted quantum
mechanically but can be closely approached by near-circular
with orbitals withI=n—1 at largen. Note that in the opposite
limit, m==*=1 and largen, shown in Fig. 1d), the equipo-
tential surfaces look similar to those in Figaal except for
—Fzg g —0.447 (6) an excluded region near thzeaxis.
Zsaddle For a completely classical treatment, it is sufficient to do
the dynamical calculation only far=1. However, the scal-
for F=0.05. The same plot would apply to the scaled vari-ing Jaws do not apply quantum mechanically because of the
ables, in this casE=0.052%/n* andV=—0.82*/n” with the  gimensions oft. Within the JWKB approximation, tunnel-
y and z axes multiplied byn?/Z. The angular momentum ing does have #nonlineay scaling, but it is quite different
projected in the field direction isn=0, so it is still zero  from Eq. (4). Using the scaling relations in E¢4) we see
when scaled. that
Note that the potential in Eq3) depends only om and
not on the total angular momentumirhis corresponds to the N
fact thatl oscillates betweetm| andn (n—1 quantum me- Pun(M =[Pun(1)]" )
chanically. However, this picture does not tell the whole == i ) ) i
story for the hydrogenic Rydberg atom; it does not exhibitWhich is certainly not invariant. Obviously the effect of tun-

the dynamical effect of the spherical symmetry manifested€!ing goes to zero as— o sincePy,(1)<1. However, the
by the Coulomb potential. value of Py,,(1) is generally different for each trajectory, so

Figure 1b) shows the equipotential contours fon= there is no simple scaling for the total ionization probability

+n/2, which includes the . state of hydrogen. The elec- at Intermediate values af. o ,

tron is repelled from the axis by the centrifugal potential, ~ 1he relative importance of tunneling is most easily seen
and the equipotential surfaces are skewed fromztfaeis. by plottlng the ionization probability as a function of the
The saddle point lies az=3.61 andp=2.06, with V= reduced field strength,

—0.392. Obviously, tunneling is now much more difficult

than in them=0 case. Figure (t) shows the equipotential F,=n*F. (8
contours for the classical=m orientation. In this case, the

classical orbit is a circle in the-y plane and thus collapses This is completely clear fdr=0 (nsstate$ since the reduced
to points at §,z)=(+1,0) in the figure. Az>0 the field of  plots would be identical in the absence of tunneling. For the
F=0.05 only slightly expands the orbit. The saddle point isnp states, the comparison is not quite so clear-cut since we
skewed toz=2.57 andp=2.67 with V=-0.328. Thism  do not want to scalé andm as required for strict classical

Vsaddie= —
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invariance. As shown previous[y], the best results are ob-
tained using initial =0 for the s state, rather than<Ql<n

as often used in CTMC calculations. The initial energies are
the exact energies of the Rydberg levels.

Another important consideration is the rise timef the
pulse in Eqg.(1). As shown in Ref[8], the ionization prob-
ability can depend drastically on the rise time. The pulse is
adiabatic if the rise occurs over many periods of the classical
orbit, and sudden in the opposite lim(This is similar to the
long-wavelength criteriono<n~3.) We usedr=0 for the
sudden case and=50n° for the adiabatic case. Thusis :
also scaled as®. The rise time of 50° a.u. corresponds to I Lo 1
50/m~16 classical orbits, which was found sufficient to 004 008 012 018 020 024 028 032 0.36 040
achieve nearly adiabatic behavior. We will present results at Reduced Field Strength {au)
50n° a.u. after the pulse reaches its full intensity, thus at )
=50n° for the sudden pulse artd=10* for the adiabatic
pulse, as well as results at long time. (8caled time of
~10*n® was generally found long enough to characterize the
long-time classical probabilities. Of course, in principle,
complete ionization would be attained in any case at infinite
time with allowance for tunneling.

The Monte Carlo trajectory method used in this work has
statistical errors associated with the calculated quantities. For
the sake of clarity, these error bars are not shown in the
figures. While a detailed discussion of the statistics is unnec- :
essary, an estimate of the associated uncertainties is easy to Y A

lonization Probability
01 02 0.3 04 05 06 07 08 08 10

lonization Probability
01 02 03 04 05 06 07 08 09 10
T T

obtain. The fractional standard deviation is given by 004 008 012 018 020 024 028 0.32 0.36 040
Reduced Field Strength (au)
A_P_ 1-P\ 12 9) FIG. 2. lonization probabilities fons states of the hydrogen
P | PN ’ atom as a function of reduced field strengiin units of 1h* a.u.)

for a sudden dc field at times ¢4 50n° a.u. and(b) 500(® a.u.
whereP is the fraction ofN total tries in which the event The solid curves from highest to lowest are for 1, 2, 3, 5, 10,
occurred. For the ionization probabilitied,is the number of ~ 20, 50, and 100. The dashed curve is the purely classical resul,
trajectories, generally 1000. For tunnelifg,is the number which is independent af in these reduced units. The data points

of times classical turning points are reached, which is generi_ndicate where calculations were done and are connected by straight
ally many times per trajectory. ' line segments. The vertical dotted line shows the classical threshold.

Parts(a) of the figures give the ionization probability at a
Ill. RESULTS time that is early but sufficiently long for a pulse to achieve
full intensity adiabatically. Partd) give the ionization prob-
abilities at a long time.

The probability of ionization in an intense field can de-  First we will discuss the purely classical calculatigm
pend greatly on how the pulse is turned on. Classically, thisunneling. Note that essentially all the ionization seen at the
effect is brought about by the dependence of the energiate time has already occurred at the early time. Sample cal-
gained from the field on the initial position of the electron culations were continued to much longer times>0a.u.)

[8]. Although the average energy imparted may be similar fomand no more ionization occurred classically. Thus what is
sudden or adiabatic imposition of a given field, the range ofeally seen here is not the result of a time-independent rate,
energies is not. This effect can be discussed in terms of thieut rather the fraction of orbits that are subject to classical
parametere in Kepler's equatior{15], which gives the po- ionization at a given field strength. The ionization then oc-
sition O<a=<2m in the unperturbed orbital proportional to curs in a time on the order of an orbital period.

time. The adiabatic result is independent of the phase As shown in Ref[8], the classical threshold for ionization
while the sudden result has a minimum and maximum ionby a sudden pulse is 0.0628/ and the threshold for ioniza-
ization probability as a function of. The maximum deter- tion by an adiabatic pulse is 0.188/ These thresholds are
mines the threshold, so generally the ionization threshold igxhibited in Figs. 2 and 3. The classical cross section is zero
lower with a sudden pulse, although the sudden ionizatiorat threshold and small just above threshold because most
probability is not necessarily greater than the adiabatic probtrajectories miss the saddle point. The adiabatic ionization
ability at higher field strengths. probability rises much more rapidly just above threshold and

This effect can be seen in Figs. 2 and 3 frthydrogen  the two values are comparable Bt~0.15. Even atF,
atoms subjected to sudden and adiabatic pulses, respectively0.3, well above threshold, ionization is still not complete.

A. lonization of zero-angular-momentum (ns) states
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Now we turn to the effect of tunneling. Comparison of
parts(a) and (b) of Figs. 2 and 3 shows that most classical
ionization occurs after only a few periods of motion, while
the tunneling contribution occurs at longer times. In very
- strong fields,F,=0.3, the effect of tunneling is negligible
even for the % state; i.e., all ionization occurs by the over-
the-barrier mechanism. Calculations far=1000 (not
7 shown gave results differing from the purely classical re-
- sults only very close to threshold. However, tunneling is still
important at surprisingly high, e.g.,n=100 shown in Figs.
2 and 3, more so with the adiabatic pulse than with the sud-
f . den pulse. In these cases tunneling overwhelms the classical
/ - saddle-point behavior. For lower tunneling greatly reduces
w777 BN the difference between the adiabatic and sudden results. The
field strengths at which ionization becomes significant
(strictly speaking, there is no threshpldre only modestly
higher for the adiabatic pulse than for the sudden pulse in the
cases oin<5. This shows that the adiabatic pulse tends to
put electrons below the classical threshold into orbits having
high tunneling probabilities.
- The ionization probabilities display multiple slopes as a
function of field strength. The reason for this behavior is
similar to the reason that a single rate cannot characterize the
. ionization at a given field strength. Some classes of orbitals
- tunnel more easily than others; when they are depleted, tun-
neling proceeds more slowly with the next class. Some or-
bitals face such a large barrier to tunneling that they are
- almost as persistent as the purely classical orbit.
Figures 4 and 5 show the average tunneling probabilities
and the fraction of ionizations that resulted from tunneling.
The average tunneling probability is given by the fraction of
! ! ! ! tunneling attempts that resulted in tunneling, summed over

004 008 012 018 020 024 028 0.32 0.36 040 all trajectories. Since tunneling is generally more difficult in
Reduced Field Strength (au.) the long-lived trajectories, this measure of average probabil-
ity depends somewhat on how long the trajectories are run.

FIG. 3. Same as Fig. 2 except for a near-adiabatic pulse ands already evident from the ionization probabilities in Figs.
with the time in part(@ 50n° a.u. after the rise time of 53 a.u. 2 and 3, the tunneling probabilities decrease with increasing

n as high as 1000. As a function of field strength, the tunnel-

At still higher field strengths the magnitudes of the twoing probabilities increase rapidly at the onset and are then

ionization probabilities are reversed. In the case of the adiafairly flat at moderate field strengths.

lonization Probability
01 02 03 04 05 06 07 08 09 10
T T

004 008 012 06 020 024 028 032 0.36 040
Reduced Field Strength (au)

lonization Probability
01 02 03 04 05 06 07 08 09 10
T

batic pulse, ionization is complete Bt~0.40. However, in Below the classical threshold, ionization can come only
the case of the sudden pulse, the ionization probability apvia tunneling, but even above the classical threshold tunnel-
proaches unity only asymptotically &s— . ing can still be seen to be important. Tunneling may be the

The near-threshold and asymptotic behaviors for ionizaenly ionization mechanism for orbitals that are stable by vir-
tion by a sudden pulse have basically the same explanatiotue of the special hydrogenic symmetry. However, it is also
Both correspond td=0 orbits aligned with the axis with  possible for an orbital that would eventually reach a classical
the pulse turned on when the electron is near the nucleuspening to tunnel before that.

(perigee of the orbjt threshold occurs when the apogee is on  The fractions of ionizations resulting from tunneling de-
the field-favored side of the nucleus and asymptote when thepend on the pulse shape. In the adiabatic d&sg. 5(b)]
apogee is on the unfavored side of the nucleus. These caseslow the classical adiabatic threshold, it is obvious that ion-
correspond to blue- and redshifted states, respectively. Theation can come only by tunneling; here tunneling is very
redshifted levels from state cross the blueshifted levels effective. It is interesting that, above the much lower sudden
from staten+1, but are uncoupled in hydrogenic atoms. threshold, tunneling still accounts for a large fraction of the
Note that this high-field behavior is somewhat of an artifactionizations. This is because many of the suddenly excited
of the dc field; in an ac field the favored and unfavored side®rbitals do not find the classical opening. There are two
alternate with the sign of the field. These situations do notlearly separated contributions to ionization, the first occur-
occur with adiabatic excitation since the electron traverses iteng almost instantly—within a few orbital periods of the
full orbit at every field strength during the adiabatic rise.  excitation—followed by slower, delayed contributions.
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FIG. 4. (a) Average tunneling probability an¢tb) fraction of FIG. 5. (a) Average tunneling probability an¢b) fraction of

ionizations occurring via tunneling corresponding to the sudderionizations occurring via tunneling corresponding to the near-
ionization probabilities shown in Fig.(B). The curves from highest adiabatic ionization probabilities shown in Fig(bg The curves
to lowest are fon=1, 2, 3, 5, 10, 20, 50, 100, 200, and 10@0e from highest to lowest are far=1, 2, 3, 5, 10, 20, 50, 100, 200,
last two not shown in Fig.)2 Some fluctuations in the values as a and 100Q(the last two not shown in Fig.)3The number of tunnel-
function of field strength at the highamay be statistical due to the ing attemptsat each point shown is typically 10°.
relatively few tunneling events in these nearly classical orbitals.
The number of tunnelingttemptsat each point shown is typically conserved and increases the classical threshold for ionization
~10° (somewhat higher below the classical threshold and lowef16—-18. Although the classical values for fixed do not
above the threshold strictly scale withF,, they are not very different and only
the curve fom=2 is shown. States of highem| have higher
ionization thresholds since a portion of their kinetic energy is
The ionization probabilities fonp, states of hydrogen, required for motion perpendicular to the figlt9]. The cen-
with n=2, 10, and 100, are shown in Figs. 6 and 7 fortrifugal barrier also greatly reduces the effectiveness of tun-
sudden and adiabatic pulses, respectively. Their behavior iseling. It can be seen in the figures that the onset for ioniza-
similar to that of thens states (=2)—a little higher at low tion for the 2. state is moderately depressed by tunneling.
field strengths and a little lower at high field strengths. Thiswhile the tunneling path chosen in this calculation may not
relative insensitivity td is a result ofl oscillating between 0 be optimal, it is not expected to affect this conclusion.
andn due to the field. However, due to the Coulomb sym- The greatest source of differences between the results of
metry, this motion is not ergodic and there are still significantsudden and adiabatic excitation has a classical origin. loniza-
differences between thes andnp, results. tion with an adiabatic pulse can be seen in Fig. 9 to occur
Unlike the ns state, the classical resultdashed curves rather sharply at a field strength 6f0.16h* a.u. In the case
do not trivially scale withn and are not the same in terms of of sudden excitation, about half of the atoms are ionized at
the reduced field strength, although scaling invariance ishis field strength, but the onset is considerably lower and
reached for large since in this limitl/n—0. saturation much higher.

B. lonization of np, states

C. lonization of np.. states D. Dependence om in circular orbits

The results fonp.. states are shown in Figs. 8 and 9 for  In this section we will examine the effect of the angular-
the sudden and adiabatic pulses, respectively. The compoaomentum componemh along the field axis in more detail.
nent of angular momenturim|=1 along the field axis is By symmetry the results are independent of the sigmof
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Reduced Field Strength (aw)

FIG. 6. lonization probabilities fonp, states of the hydrogen
atom as a function of reduced field strengi units of 1h* a.u.)
for a sudden dc field at times ¢&) 50n® a.u. and(b) 500® a.u.
The solid curves from highest to lowest are for 2, 10, and 100.
The two dashed curves are the classical resultsfe2 (highep
andn=10 and 10Qlower and almost indistinguishablerhe initial
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FIG. 7. Same as Fig. 6 except for a near-adiabatic pulse and
with the time in part(@) 50n° a.u. after the rise time of 55 a.u.

With allowance for fictional tunneling, the onset of ioniza-
tion (defined by~10% ionized in timet/n®=5000 a.u.) is
reduced td=,~0.138 forn=2 andF,~0.1704 forn=10 in

angular momentum is taken to be identically 1.0, so, unlike thee g 4den scenario. With an adiabatic pulse, the fictional

classical limits shown in Figs. 2 and 3, the classical limits depen
slightly
onn.

We take a near-circular orbital=10, |=9, and consider
Im|=0, 3, 6, and 9. The results for sudden and adiabatic
pulses are shown in Figs. 10 and 11, respectively. In both
cases, essentially all ionization of the|=1 orbital occurs
very quickly; this shows that tunneling is very ineffective.
The ionization probability goes from zero to unity over a
quite narrow range of field strength. Fon|<I there is sig-
nificant additional ionization at later times, largely due to
tunneling. In the case of the adiabatic pulse, the change is
qualitative, with dramatic additional ionization at low field
strengths. This diminishes, but by no means eliminates, dif-
ferences due to the pulse rise time.

We also did calculations on the classi¢aith no quantal
counterpait staten=1=|m|, whose orbital is exactly circu-
lar and perpendicular to theaxis in the absence of a field.

lonization Probability

01 02 03 04 05 06 07 08 09 10

qowering of the threshold is less, by onty10~* for n=2
but a bit more(from 0.206 to 0.161Lfor n=2.

004 008 012 0.6 020 024 028 032 036 040

Reduced Field Strength {a.u.)

FIG. 8. lonization probabilities fonp.. states of the hydrogen

The classical ionization probability rises sharply from zero toatom as a function of reduced field strengji units of 1h* a.u.)

unity, at F,=0.1714 a.u. with a sudden pulse and Fat

for a sudden dc field after a time of 5000a.u. The two solid

=0.208 with an adiabatic pulse. It is easy to see that theurves are for . (highep and 10@. (lower). The dashed curve
classical threshold must be sharp for this special case sindethe classical result for2. . The effect of tunneling on the 1pQ
all points on the initial perpendicular orbit are equivalent.state is too small to be seen in this figure.
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FIG. 9. Same as Fig. 8 except for near-adiabatic excitation. (bl) ! LA

IV. CONCLUSIONS

The present calculations have shown that quantum me-
chanical tunneling is important for intense-field ionization of
hydrogenic Rydberg atoms in levels up to principal quantum
numbern~100 if the state has zero projection of angular
momentum (h=0) along the field axis. The significant onset

lonization Probabiity
01 02 03 04 05 06 07 08 09 10
T T

9 I 1 I I I I 1 I - -1
2 L (a) m ! ! ] ! ! !
@l i 004 008 O2 018 020 024 028 0.32 0.36 040
gs I i Reduced Field Strength (au)
§ 3r 7 FIG. 11. Same as Fig. 10 except for a near-adiabatic pulse and
* S+ - with the time in part(@) 50n° a.u. after the rise time of 55 a.u.
i ‘
Sl 4
o
ar - of ionization, with probability=0.1, occurs at field strengths
Sr - far below the classical threshold; the effect is more distinct
i IOU A R N R I for adiabatic excitation than for sudden excitation. Tunneling
004 008 012 016 020 024 028 0.32 0.36 040 is still measurable in the trajectory calculations at still higher
Reduced Field Strength (au) n. A significant fraction of the ionizations occur via tunneling

even above the classical threshold. The role of tunneling di-
minishes for increasing, which explains the experimental
finding that ionization thresholds do not change much with
the pulse duration for durations much longer than the Kepler
period[20].

The effect of tunneling is much less for>0 states. Asn
increaseqfor fixed n), the classical ionization profile be-
comes a sharper function of field strength. For circular orbits
it becomes nearly a step function, little affected by tunneling.

Results have been presented for both sudden and adiabatic
pulses. The strong dependence on the rise time is in agree-

b L1111 ment with quantum mechanical calculatig24]. While sud-
004 008 012 016 020 024 025 032 036 040 den excitation of the ground-state hydrogen atom is beyond
Reduced Field Strength (av.) present experimental capability, it is quite easy for high

FIG. 10. lonization probabilities for a near-circulan¢10) ~ Rydberg states. For example, the lemet 20 has an orbital
=9) state of the hydrogen atom as a function of reduced fieldP€riod of about a picosecond and could be suddenly ionized
strength(in units of 1h* a.u.) for a sudden dc field at times @ DYy readily available femtosecond pulses. Quantum control of
50n2 a.u. and(b) 5000 a.u. The curves from left to rightat low ~ high Rydberg states has been achieved experimerj@2ly
values of the ionization probabilitare for angular momentum pro- and may offer the possibility of a direct measurement of
jections|m|=0, 3, 6, and 9. tunneling probability in an atom.
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It is important to note that the calculations in this paperthe principal quantum numbear must be for the state to
apply to pure hydrogenic states. The special Coulomb symbehave like its hydrogenic counterpart.
metry, apposite in this case, can have a dramatic effect, e.g.,
greatly increasing the classical threshold for ionization of ACKNOWLEDGMENTS
some states and reducing the probability of tunneling. The
presence of core electrons destroys the symmetry. In future | am grateful to Kenneth LaGattuta for helpful comments.
work [23], we will examine tunneling for nonhydrogenic This work was performed under the auspices of the U.S.
atomic Rydberg states and address the question of how bigepartment of Energy.
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