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Direct and resonance three-photon ionization processes are investigated for helium atoms in 2'S and 2°§
metastable states. The absolute ionization cross sections, the cross section ratios for plane and circularly
polarized radiation at given frequency, and the ratios of ionization cross sections from the 2'S and 23S
states have been measured for the direct process. All the measured quantities are in good agreement with
calculations performed with the aid of time-dependent perturbation theory. A change in the energy of the
resonance transition, which is proportional to the radiaion intensity, has been found for the ionization
process in the presence of the two-photon intermediate 2'S-6'S resonance. The origin of perturbations of

resonance states is discussed.

PACS numbers: 32.10.Vc, 32.10.Qy

1. INTRODUCTION

The ionization of atoms by high-intensity light has
recently attracted the attention of both experimenters
and theoreticians. Most of the published investigations
have been concerned with the ionization of atoms from
thé ground state.™’ The ionization of atoms from ex-
cited states is, however, also of considerable interest.
In some cases, it enables us to investigate phenomena
which cannot be observed in the case of ionization of
atoms from the ground state.

Multiphoton transitions in the spectra of noble gases
are an example of this. The high ionization energy of
these atoms in the ground state ensures that ionization
by optical radiation is highly nonlinear (¢ =10-20), so
that the field strength must be high and the adiabatic
parameter low (y~1™7), Under these conditions, the
spectrum of excited states is substantially perturbed by
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the field, so that the systematics of levels of the undis-
turbed atoms is modified and this, among other things,
complicates the interpretation of resonances that appear
during the multiphoton ionization process.

On the other hand, because of the large energy gap
between the ground and excited states in the spectra of
noble gases, ionization from the first excited state is
much less nonlinear (2=3-5). The necessary field
strengths are therefore relatively low, and one can in-
vestigate in the light field the perturbations of atomic
states characterized by the same quantum numbers as
in the absence of the field. Since, in this case, the pa-
rameter y is much greater than unity, it is reasonable
to expect that perturbation theory should be valid for
the theoretical description of ionization from excited
states.

In this paper, we shall investigate three-photon ion-
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FIG. 1. Schematic diagram of the apparatus: 1) laser; 2)
quarter-wave plate; 3), 4), 8) beam-splitting wedges; 5), 7),
11) lenses; 6) discharge tube filled with helium; 9) rotating .
prism; 10) coaxial photocell; 12) photographic plate; 13)
calorimeter; 14) probe; 15) differential amplifier; 16) spec-
trograph; 17) Fabry-Perot interferometer,

ization of helium atoms from the singlet and triplet
metastable states. We have used plane and circularly
polarized radiation from a tunable ruby laser.

The ionization energies of helium atoms in metastable
states are I(2!S)=3.98 eV and 1(2°5)=4.77 eV. Using a
comparison between the spectra of bound electronic
states of the helium atom and the energy of the radia-
tion emitted by the ruby laser (Zw=1.78 eV), and the
selection rules for multiphoton transitions, one can
show that ionization from the 23S state by plane and cir-
cularly-polarized radiation, and from the 2!S state by
circularly polarized radiation, is a direct process and
no intermediate resonances are produced. One would
hope to be able to observe the intermediate two-photon
resonance with the 6'S state by varying the ruby-laser
frequency during ionization from the 2!S state by plane-
polarized radiation. Thus, the observation of the above
three-photon process can provide experimental data
both on the direct and the resonance ionization pro-
cesses, and, inthe second case, on the perturbation of
the atomic spectrum in the light field.

2. FORMULATION OF EXPERIMENT

The formulation of the experiment was fairly standard
in its general features'’ (Fig. 1). The atoms under in-
vestigation were illuminated by the laser radiation in
metastable states. The number of resulting ions was
then observed as a function of the intensity, frequency,
and degree of polarization of the illuminating radiation.
The specific feature of this particular experiment was
the use of the helium plasma in the afterglow of the
discharge as the target, and the utilization of a single
probe for measuring the variation in the degree of ion-
ization of the plasma under the influence of the laser
radiation.

1. Target

The main requirement that has to be satisfied by the
target is that it should contain the maximum density of
atoms in metastable states. We have used the optimum
conditions from this point of view, i.e., helium-gas
pressure of about 1 Torr and discharge-tube diameter
of about 1 cm. A constant current of about 3 mA was
passed through the tube and could be cut off in a time
of about 1 ysec. During the time taken to turn off the
discharge, all the highly excited states in the plasma
are found to decay, and only ions, electrons, and he-
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lium atoms in the ground and excited states remain,
together with the helium molecules in the metastable
states.

a. Helium atoms in metlastable states. The density
of atoms in metastable states was measured in the dis-
charge by the standard method involving the determina-
tion of the absorption coefficient for light from an aux-
iliary source, the discharge in which was completely
identical to that in the discharge under investigation, ©?
Measurements showed that the atom densities averaged
over the cross section of the discharge tube were 7(2!S)
=1010.5:&0.5 cm-a and n(zSS) =1011.0*0.5 cm-3.

1

The lifetimes of metastable atoms in the afterglow
plasma were determined by measuring the dependence
of the absorption coefficient for light of resonance wave-
length (A, =3889 A and ), =5016 A) on time after the dis-
charge was turned off. It was found that 7(2'S)=(39.3
+3.3) usec and 7(2%5)=(81.5+8.8) psec. These densi-
ties and lifetimes of metastable atoms are typical for
the above discharge-tube geometry and discharge cur-
rent.

b. Electrons. The electron density in plasma was
determined from the cutoff point on the current-voltage
characteristic of a single probe. It was found that n,
=10 cm™. The electron temperature rises to room
value during the discharge switching time.

c. Helium molecules in the metastable state. The
data of other experiments (see, for example, £3,41) sug-
gest that, under our conditions, the density of mole-
cules in metastable states is of the same order as the
density of atoms in the 2!S and 6'S states. Extrapola-
tion of experimental data reported by Phelpsm to the
parameter values corresponding to our plasma shows
that the lower limit for the lifetime is 7(He}) =200 usec,
which substantially exceeds the lifetime of atoms in
metastable states, and the difference lies well outside
experimental error.

2. Laser radiation

We used a ruby laser with @-switching produced by
a rotating prism. A large number of longitudinal and
transverse modes was generated under the working con-
ditions. The generation frequency could be varied con-
tinuously in the range 14402-14425 cm™ by varying the
temperature of the ruby. Absolute measurements of
the laser frequency were carried out with the aid of a
diffraction-grating spectrograph. The dispersion of

‘the spectrograph in the region of the ruby-laser radia-

tion was about 1.5 A/ mm. The laser linewidth was
measured with a Fabry—Perot interferometer having a
resolution of about 0.1 cm™, and this showed that the
laser line was, in fact, a partially resolved doublet
with a width of about 0.2 cm™,

The laser radiation was 99% plane polarized. A
quarter-wave quartz plate was placed in the laser beam
just in front of the discharge tube. Different degrees
of elliptical polarization could be produced by rotating
this plate about the beam axis. This method of mea-
suring the degree of ellipticity did not affect the distri-
bution in space of the beam intensity. The degree of
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ellipticity of the laser radiation was controlled by a
Glan prism, using the readings of a calorimeter.

The absolute intensity of the laser radiation in the re-
gion in which the ions were produced was determined
by the standard method™’ involving the determination of
the energy per laser pulse transmitted by the discharge
tube, the distribution in space of the illuminance, and
the time distribution of the intensity integrated over the
cross section of the beam. Since the laser generated a
large number of modes, special measurements were
carried out to determine the time distribution of inten-
sity at different points in the cross section of the beam.
These measurements showed that the time distributions
were the same to within + 10% at all points in the beam.
A lens with a focal length of 400 mm was used to focus
the radiation. The transverse size of the laser beam
remained practically constant along the axis of the dis-
charge tube. The diameter of the focal spot was about
0.5 mm,

3. The probe method of measurement

Ions produced in the afterglow plasma by the incident
laser radiation brought about a change in the probe po-
tential of about 103 of the plasma potential. Special
electronics was developed to balance out the plasma po-
tential and thus isolate the useful signal. The precision
of this compensation determined the minimum sensi-
tivity of the probe method, which was 10® ions formed
in the plasma. The electronics was sufficient to ensure
that the useful signal could be measured in a dynamic
range of about 10°. The change U in the probe potential

is related to the number N, of ions produced by the
laser radiation by the formula U=cé{N,, where ¢ is the
probe efficiency which depends on the initial spatial dis-
tribution of the ions generated by the radiation and the
distance between the probe and the region in which the
ions appear. The absolute probe efficiency can be de-
termined to within +50%.

4. The nature of the probe signal

Analysis of the interaction processes between the
laser radiation and the afterglow plasma has shown that,
for fields & <10° V- cm™, three-photon ionization of
helium atoms and molecules in metastable states can
be the source of ions. To verify the validity of this
conclusion, we first carried out experiments in which,
as the field & was varied between 2x10° and 5x10°
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FIG. 3. Typical results of measurements of the probe-signal
amplitude A; as a function of the delay 74 of the laser pulse
relative to the quenched pulse at fixed frequencies: @ —w
=14407 cm™;, o—w=14418 cm™,

V- cm™, we determined the probe signal amplitude A;

as a function of the energy @ per pulse of the laser ra-
diation. With constant area S of the focal spot, and
constant laser pulse length 7, this dependence is equiva-
lent to the dependence of the ionization probability on
the light intensity, W(F). The experiments were per-
formed at frequencies in the range w=14402-14416
cm™, where, if the above assumption is correct, the
ionization of atoms should be a direct process. Figure
2 shows a typical result of an experiment of this kind.

If the relationship between the measured quantities is
represented by a power law, the result turns out to be
k=08logA/dlog@Q=98logW/dlog F=2.9+0.1. This clear-
ly confirms the three-photon character of the processes
responsible for the formation of the ions.

Effects connected with the ionization of metastable
atoms and molecules can be separated because the life-
times of these states are different. By exposing the
afterglow plasma to laser radiation at different instants
of time after the discharge has been quenched, it is
possible to determine the number of ions as a function
of time, and to compare the results of such measure-
ments with the time dependence of the number of meta-
stable atoms or molecules. We have measured the
amplitude A, of the probe signal as a function of the de-
lay time 7, of the laser pulse relative to the discharge-
quenching pulse for constant energy per laser pulse at
different frequencies w in the range w=14407-14420
cm™, Figure 3 shows the results of typical measure-
ments of this kind. These data have shown that the time
constants characterizing the reduction in amplitude of
the probe signal are in good agreement with the corre-
sponding lifetimes of helium atoms in the singlet and
triplet metastable states. The precision of these mea-
surements enables us to maintain that the contribution
due to the ionization of helium molecules to the probe
signal is negligible. We have thus found that ionization
from the singlet metastable state of the atom predomi-
nates at w=14415-14420 cm™ whereas ionization from
the triplet state predominates at frequencies in the
range 14407-14410 cm™,

3. RESULTS OF EXPERIMENTS AND DISCUSSION
1. Direct ionization

a. The conditions for the realization of the direct
ionization process are as follows™’:
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|E:—Ea_kﬁﬁ)|>5Eo((8). Yoi&), (1)

where E, ; is the energy of the bound electronic states

in the atomic spectrum, y,; is the reduced width for the
0, i transition, and 6E, ;(¥) and 7y, (&) represent varia-
tions produced by the field. As a matter of fact, (1) is

a condition for a large detuning from resonance in the
absence of the field and a small perturbation of the spec-
trum under the action of the field.

To determine the frequency band in which direct ion-
ization takes place, we have measured the functional
dependence of the ionization probability W on frequency
w for fixed light intensity F. Figure 4 shows the probe-
signal amplitude A; as a function of frequency w for
plane and circularly-polarized radiation. It is clear
that the two functions are quite different. In the case
of the circularly-polarized light, the probability is in-
dependent of the radiation frequency to within experi-
mental error, whereas, in the case of plane polariza-
tion, there is a resonance at w=~14420 cm™, at which
the ionization probability rapidly increases. Similar
measurements performed for the ionization from the
2% state in the case of linear and circular polarization
have shown that the probability is independent of fre-
quency throughout the interval in which a detectable ion
yield from this state can be established. These experi-
ments have thus shown that ionization from the 2!S and
23S states by linearly and circularly polarized light is,
in fact, a direct process of frequencies in the range w
=14402-14416 cm™,

b. Calculation of the direct-ionization probability.
Experimental data on the direct ionization process can
be compared with calculations performed with the aid
of time-dependent perturbation theory. This method"®’
shows that the probability of three-photon ionization
from an S state in the case of plane-polarized radiation
is

W‘(m)=2n(§—om)3{;—7[T,o+?T,:]:+%T,J}, @)

whereas, in the case of circularly-polarized radiation,

A, rel. units
20
15+
‘ FIG. 4. Probe-signal ampli-
tude A; as a function of the fre-
quency w at a constant laser
10 - intensity: @ —plane polariza-
tion; o—circular polarization.
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FIG. 5. Frequency dependence of the probability of three-
photon ionization of helium atoms from the 2 'S and 23S states
(theoretical calculation from!%)) for plane (solid curve) and
circular (broken curve) polarizations: wy, is the ruby-laser
frequency.
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3)
In these expressions, F is the flux of photons in cm=

. sec!, F;=3.22x103* cm™- sec™ is the atomic unit of
flux, T,;. is the radial composite matrix element ex-
pressed in terms of the radial Green function g,(E;r,r’)
of the optical electron in the atom

T11'=<Rz,l'sgx'(Ei+2(ﬂi rs, r:)r:gu (Ei"‘(l); ra, T:)’x":),

and |7) and |R,;) are the wave functions of the initial and
final states of the optical electron.

Numerical calculations of the function W"¢(w) are
shown in Fig. 5 for one interval between resonances
(3°D-4%S and 5'D-6'S), which contains the ruby-laser
frequency. The mean difference between W(2!S) and
W(2%S) amounts to one or two orders [including the re-
gions near the resonance and frequencies for which
W¢(w)=0], which is to be expected in view of the sub-
stantial difference between the structures of the singlet
and triplet terms. The substantial increase in W,(2'S)
and W°(2!S), in comparison with W(23S) near w= 14400
cm™, is connected with the proximity of the two-photon
intermediate resonances 2'S-6'S and 2'S-6'D for which
the detuning is about 30 and about 180 cm™, respec-
tively.

To calculate T,,,, we used the wave functions for the
initial 2'S and 2°S states, constructed in the quantum-
mechanical defect approximation (QMD) and the Har-
tree—Fock method, whereas the Green function g; was
obtained in the QMD approximation.®’ Comparison of
the results of these calculations shows that the choice
of the initial-state wave function is important in the
case of ionization from the 2!S state, but plays a minor
role in the case of ionization from the 235 state. As an
example, Table I shows the data obtained for a number
of frequencies that are interesting from the point of
view of comparison with experimental results.

Comparison between the calculations and experimen-
tal data can be carried out, firstly, by comparing the
absolute ionization cross sections at constant frequency
and polarization; secondly, by comparing the ratio of
cross sections at fixed frequency but different polariza-
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TABLE I. Data on the direct three-photon ionization process
in metastable helium atoms for plane- and circularly-polarized

radiation. The dimensions of @ are cm® - gec?.
Experiment QMD HF
-1
o 2 ay/a a a § a ajfaf
14412 5.16-10~% 043 | 294-10-7 1.04
14413 e 416 7.06-10-% 0.57 5.2.10~7 1.80
e(218) | 14414 | 107 2133 | 052045 1.2.10-7 095 | 9.82.10-7 2.82
14413 2.46-10-7 1.88 2.0-10~7 6.5
14416 3.86-10-7° 434 | 4.62.10-77 146
14417 1.87.10-78 134 | 1.35.10-7 414
e (258) | 14407 0.33+0.45 | 4.28-10~ 0.4 3.42.10-8 0.49
14412 4.34-10-8 046 | 5.14-10-% 0.49

tion; and, thirdly, by comparing the ratio of cross sec-
tions for the ionization from the 2'S and 23S states at
constant frequency and polarization,

c. Ratio of cross sections for the ionization from
singlet and triplet states. The most precise experi-
mental data on the ratio of cross sections for direct
three-photon ionization from the singlet and triplet
metastable states can be obtained by choosing the ra-
diation frequency so that these cross sections are
roughly equal and the ionization process can be observed
from both states simultaneously. The experimental
data given in Sec. 2.4 indicate the optimum frequency
band. Figure 6 shows a typical result of an experiment
of this kind, At the frequency w=14412 cm™ and for
laser-pulse delay 7, > 100 usec, the dominant process
is ionization from the 2°S state whereas, for 50 usec
<7,<100 usec, the contributions of ionization from
2!S and 2°S states are the same, The ratio of the ion
yields is, therefore, determined only by the ratio of
the densities of atoms in the metastable states, since
the other parameters governing the ionization process
(frequency and intensity) are the same. Measurements
of the ratios A;(2'S)/A,(2°S) and ny(2'S)/n,(2°S) enable us
to conclude that, at w=14412 cm™ and for plane-polar-
ized light, the cross-section ratio is a;(2'S)/a;(2°S)
=10+5.3. Comparison of this result with the calcula-
tions summarized in the table shows that calculations
based on the QMD wave functions provide a satisfactory
description of the observed ratio, to within experimen-
tal error. On the other hand, calculations based on the
Hartree—Fock functions predict a value which is greater
by a factor of about 1.5 as compared with the measured
ratio,

d. Ratio of ionization cross sections for plane- and
circularly-polarized light. The ionization probability
has been measured for alkali atoms as a function of the
polarization of incident radiation in® ™, We have de-
termined the ratio of cross sections for three-photon
ionization of metastable helium atoms by plane- and
circularly-polarized light at frequencies in the range
w=14402~14416 cm™. We recall that a change in the
degree of polarization does not result in a change in any
of the other radiation parameters (Sec. 2.2), so that
the ratio A}/Ai of probe signals at each fixed radiation
frequency is equal to the cross section ratio a3/of for
linear (I) and circular (c) polarizations. We have ob-
tained the following results: o}/a§=0.5+0.15 (2'S) for
frequencies w between 14412 and 14415 cm™ and o3/a§

272 Sov. Phys. JETP, Vol. 44, No. 2, August 1976

=0.35+0.15 (2°S) at w=14407 cm™.

If we compare this with the results listed in the table,
we see that there is satisfactory agreement between ex-
perimental data and calculations based on the QMD wave
functions. The Hartree—Fock approximation, on the
other hand, leads to a much higher result for the ratio
of cross sections for ionization from the 2'S state.
However, in our view, it would be premature to draw
any definite conclusions with regard to the inadequacy
of the Hartree—Fock wave functions. The absolute
probabilities for the 2!S state are determined by the
“resonance” matrix element Ty, and the use of the Har-
tree—Fock wave function for the 2!S state leads, in this
case, to an internal inconsistency in the computational
scheme because the intermediate »'S states which pro-
vide the main contribution to T, are Coulomb-like.

This “dephazing” of the wave functions may, in fact, be
responsible for the above discrepancies. A similar
situation occurs, for example, in the calculation of the
single-photon matrix element of the form (2,S|7|n,S)
with approximate functions |»,S) and |#,S) obtained by
different methods. It follows that, to elucidate the ac-
curacy of the QMD approximation in the case of meta-
stable states, we need a situation in which the main con-
tribution to T is provided by virtual states with >0,
which are Coulomb-like with a high degree of accuracy.
This case is, in fact, realized in ionization from the
triplet state, in which case the results of calculations
performed by different methods are in good agreement
(see Table I).

e. Measurvement of the thvee-photon ionization cross
sections. The measurements necessary to determine
the absolute ionization cross section were performed
for the case of ionization from the 2!S state by plane-
polarized radiation of frequency w=~14415 cm™, It is
known™’ that the cross section a, for three-photon ion-
ization is related to the measured parameters by the
formula

_N‘ h(l) 3 S.’!TS
a,—z(—Q—) > )
where N; is the number of ions produced by the laser
radiation, n, is the neutral atom density, @ and w are,
respectively, the energy per pulse and radiation fre-
quency,

V= j.f“(w', y,2)dv, T,= j' P (8)dt

are the volume of the target and the time of interaction

tnA;
3.0 )
o
2.0
10 )
1 ! 1 1
s0 100 150 200
Tg» MSEC

FIG. 6. Probe-signal amplitude A; as a function of the delay
of the laser pulse relative to the quenched pulse at the fre-
quency w=14412 cm™.
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with the field involving the absorption of three photons
in a single event, f(x, v, z) and y(f) are the spatial and
temporal distributions of the radiation intensity, and S
and 7 are the area of the focal spot and the length of the
laser pulse, respectively.

The measurement errors in the quantities present in
(4) are such that only the limits of uncertainty in @; can
be indicgted. "’ For plane-polarized radiation, a
=10-"8-1.3 cm® * sec’?. Comparison of this result with
the results of calculations (see Table I) shows that there
is good agreement to within experimental error. It is
important to note that results on the ratios of ionization
cross sections can be used to obtain absolute ionization
cross sections for other polarizations and for the 23S
state.

Comparison of experimental data on the cross sec-
tions for the three-photon ionization of the helium atom
from metastable states with calculations (see Table I)
indicates that time-dependent perturbation theory can be
used to calculate the absolute cross sections with satis-
factory accuracy. This conclusion was previously es-
tablished for the alkali atoms.®®! We note that the high
precision of the measured cross-section ratios enables
us to determine very accurately the ratio of the radial
composite matrix elements 7' and thus determine the
accuracy of the various theoretical methods for comput-
ing the above quantities which, in multiphoton spectros-
copy, play the role of oscillator strengths in linear
optics.

2. Resonance ionization

Studies of the resonance multiphoton ionization of
atoms enable us to elucidate the physics of the various
phenomena that occur during a strong perturbation of
the atom by an optical-frequency field. Several work-
ers'™1% have investigated perturbations of the states of
different atoms by plane-, circularly-, and elliptically-
polarized radiation. We note that all the results that
have been obtained correspond to the case k,, >2k,z,
where 0 and 7E correspond to transitions from the
ground state 0 to the excited state », and from the ex-
cited state » into the continuous spectrum E, and % is
the degree of nonlinearity of the transition. When this
inequality is satisfied, the resonance process has a
cascade character. "'!! The resonance that can be pro-
duced during the ionization of the helium atom from the
215 state has a different character, since 2(2!S-6'S)
=2k(6'S—-E)=2. This process is of great interest be-
cause it is not clear, a priori, whether the cascade
transition or the two-photon resonance mixing of the
215 and 6!S states predominates in this case. !

Measurements of the probability W*(2'S) as a func-
tion of the frequency of the incident radiation (Fig. 4)
have shown that, in accordance with the selection rules,
the two-photon resonance 2'S—6'S takes place, and a
sharp increase in the ion yield is observed as the fre-
quency of the incident radiation is varied in the region
near resonance. Apart from the very fact that the two-
photon resonance does take place, the results of this
experiment have also shown that the energy of the 2!S—
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6'S transition undergoes a substantial change in the light
field. It is clear from Fig. 4 that the resonance ion
yield corresponds to w=~14420.7 cm™ which differs by
about 2 cm™ from the resonance frequency wo=[E(613)
- E(2'S)]/27=14418.7 cm™ in the absence of the field.
This difference is greater by a substantial factor than
the half-width of the resonance maximum, Such mea-
surements can therefore provide information on transi-
tion energies between bound states of the atom, the
width of these states, and the ionization probability as
functions of the field, and on the dependence of the
probability on the frequency of the incident radiation.

We have carried out measurements of the ionization
probability as a function of the incident frequency.
These are analogous to the experiments described above
(see Sec. 3.1) and were carried out for a number of
fixed values of the incident intensity (Fig. 7). To re-
duce the measurement error, the laser was carefully
stabilized, and the spatial and temporal parameters of
the incident radiation were held constant for a large
number of laser pulses generated in the frequency band
between 14419 and 14424 cm™. By varying the radia-
tion energy with the aid of an absorber mounted in front
of the discharge tube, we observed the probe signal
amplitude as a function of the radiation frequency for
different fixed values of the energy per pulse. This de-
pendence was also measured for different values of the
energy, and the spatial and temporal distributions of in-
tensity were monitored. Fluctuations in these distribu-
tions were found to affect the spread of the probe signal
(= 20%) at fixed radiation energy. We note that the fre-
quency corresponding to the maximum in the ion yield
(reslonance frequency) can be determined to within £0.1
cm™,

a. Change in the energy of the 2'S—6'S transition.
The dependence of the 2!S—6'S transition energy on the
incident-light intensity, expressed in relative units, is
shown in Fig. 8. The experimental points lie well on
the straight line corresponding to the quadratic depen-

Aj;, rel. units F

5k

10

5 -
1 s 1 ﬁ‘”\’ cm!
. 19920 9422 14424

24765 . ‘ ; ‘
28640 26644 286848
2hw, cm™

FIG. 7. Measurements of the resonance three-photon ioniza-
tion of helium atoms from the 2 IS state. The figure shows the
probe-signal amplitude A; as a function of frequency for four
different intensities of plane-polarized light. The lower hori-
zontal scale shows the 2 'S transition energy in the unperturbed
spectrum of the helium atom (F;:F,:F3:F;=1:0.9:0.75:0.5).
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dence of the change in the transition energy on the field
strength: A E(6'S-2!S)=a#%. To determine the absolute
magnitude of the coefficient @, we must know the effec-
tive value of the radiation intensity that corresponds to
the observed maximum ion yield. The effective inten-
sity has to be introduced because the spatial distribution
of radiation in the region in which the ions are formed
is inhomogeneous, the ionization process is nonlinear,
and the integrated ion yield is recorded. It is clear
that both large volumes of the target in which the inten-
sity is low, and small volumes of the target in which the
intensity is a maximum, provide a small contribution to
the integrated ion yield which is largely due to the vol-
ume into which a certain effective intensity is intro-
duced, and this was determined in our experiment from
experimental data on the spatial distribution of the ra-
diation throughout the target. Numerical calculations
on a computer have shown that F,,, =0.55F,,,. The val-
ue of a for the 2'S-6'S transition, determined from ex-
perimental data on A E for the corresponding F,,,=6.6
x10% em?. sec!, is @=(5.3+2.6)x10° at, units.

b. Change in the ionization probability at resonance.
Experimental data on the resonance ionization process
shown in Fig. 7 indicate that the ion-signal amplitude
is proportional to the radiation intensity (Fig. 9).

c. Width of resonances. The results of the present
experiment (Fig. 7) do not enable us to elucidate the.
dependence of the width of resonance states on the field
strength. This is so because the difference between
the resonance widths is of the same order as the mea-
surement error in the width of the resonance maximum
and the error in the measured instrumental factors.
Estimates have shown that, at most, the change in the
width is of the order of 0.1 cm™, Apart from the above
width of the 2!§-6!S transition, the width of the observed
resonances is also determined by instrumental factors
such as inhomogeneity and Doppler broadening and the
reduced linewidth of the laser radiation. Let us esti-
mate these factors. Doppler broadening at room tem-
perature is 0,2 cm™, The reduced linewidth of the
laser radiation for the two-photon resonance was deter-
mined from the formula T, =vVEI', for multimode radia-
tion with random phase distribution (¢ is the degree of
nonlinearity of the resonance transition and T', is the
linewidth of the radiation). It was found to be approxi-
mately 0.3 cm™, The broadening due to the inhomo-
geneity in the spatial distribution of the laser radiation
over the target was calculated from the experimental
data on the spatial distribution of the radiation intensity;
it was found to be I';=0.6 cm™,

It is also important to take into account the fact that
the laser used in these experiments was working in the
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Ajmax’ rel. units

w FIG. 9. Probe-signal amplitude
at resonance A, ., as a function
of the radiation intensity F.

1 | 1
g N 7 .
-, tel. units

multimode state. It is well known that, when the width
of the exciting Gaussian spectrum is comparable with
the width of the atomic line (this was the case in our ex-
periments), the absorption linewidth differs from the
shape of the atomic line, and the shift of the maximum
and the broadening are comparable with the width of the
atomic line, “#? j,e., 0.1 cm™. The resultant width
due to these independent factors is ['z~0.6 cm™.

The experiment has thus yielded the following results:
1) the change in the energy of the 2!'S—6'S transition is a
quadratic function of the field strength; 2) the constant
corresponding to this dependence is @ =(5.3+2.6)x10°
at. units; 3) the change in the ionization probability at
resonance is a quadratic function of the field. The ex-
perimental results taken altogether enable us to eluci-
date the nature of the resonance ionization process. As
noted above, three-photon ionization in the presence of
a two-photon intermediate resonance has particular fea-
tures which distinguish it from other possible cases of
resonance ionization, "'*’ Thus, when the degree of non-
linearity of the 2!S—6'S transition is £(21S-6'S)=2 and
the degree of nonlinearity of the transition from the 6'S
state to the continuum is £(6!S-E)=1, the ionization and
field widths are proportional to the square of the field
and, therefore, the competition between the resonance
and nonresonance perturbations is determined by the
numerical parameters. When two-photon mixing of res-
onance states predominates, the ionization process
should be described by the formula (24) given in‘!*’;
when ionization from the 6!S state predominates, the
resonance formula given by Keldysh'*’ is valid. The
general solution for the resonance ionization of atoms,
obtained in**’, has provided a qualitative confirmation
of the validity of the solutions for the limiting cases
discussed in'*? and "4?, However, it is not obvious
that the results reported int'%? can be justifiably used
for quantitative estimates in our intermediate case,
since it was assumed inf!®’ that the field was turned on
instantaneously whilst, in the experiment, this is an
adiabatic process.

a, at. units
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FIG. 10. Dynamic polarizability @ of the helium atom in the
2 15 state as a function of frequency (theoretical calculation
from!t1r12l) Wryp i8 the ruby laser frequency.
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Let us estimate the numerical parameters that could
be compared with the experimental results. Since the
measured change in the energy of the 2!S-6'S transition
(*10 cm™) is much less than the distance to the nearest
dipole-bound levels (=90 cm™), we can use perturbation
theory for our estimates. The change in the energy of
the 2!5—6'S transition is determined by the difference
between the dynamic polarizabilities of the resonance
2's and 6'S states:

AE (&) =—*/{Re a(6'S) —Re a(2'S) }&".

Calculations of the dynamic polarizabilities of the he-
lium atom in these states by the model-potential meth-
od"& 171 yield:

a(2!S) =—43.7 at. units; a(6'S)=(—214+73) at. units .

The use of wave functions obtained by other methods

for the 2'S state has practically no effect on a(2!S).
This quantity is small because the frequency w= 14400
cm! is close to the center of the interresonance 2!P,—
31P0 interval in which the polarizability changes sign
(Fig. 10). The single-photon ionization channel is open
for the 6'S state, and Re a(6'S) is not very different
from the asymptotic value corresponding to the change
in the energy by an amount equal to the mean kinetic en-
ergy of a free electron in the wave. Calculations of the
polarizabilities show that the separation between the

215 and 6'S levels is increased in the field by an amount
proportional to &2, which is in agreement with experi-
ment. However, the calculated value of a is lower by
one and a half orders of magnitude as compared with the
experimental value. The reason for this discrepancy is
not as yet clear.

Ionization broadening of the resonance state can be
determined from the imaginary part of the dynamic po-
larizability of the 6S state [Im a(6'S) =7 at. units] and
from the photoionization cross section ¢ for the state
(0=4.9x10"'? cm?) obtained by another method. 8! In
both cases, when the field is #~5x10° V. cm™, we
have TI';(6!S)=0.1 cm™, which is not inconsistent with
experimental data and indicates that the widths of the
observed resonances are determined by the instrumen-
tal factors (I';), and are practically independent of the
radiation intensity. The magnitude of T'; also shows
that, when the laser pulse length is 7,~3x10°® sec, the
transition from the resonance state to the continuum is
saturated, i.e.,

P

j W (6'S—E)dt~1
[]

[W(BIS—E) is the probability of transition from the 6'S
state to the continuum]. When the 6!S—F transition is
saturated, the probability W(6'S—E) is independent of
the field. The dependence of the resonance amplitude
(probability of resonance ionization) on the field is then
determined by the probability of populating the 6'S state.
If we estimate the probability of excitation at the exact
resonance in the usual way, we find that

W (215—6'S) =| K (2:S—6'S) | /T,
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where K(2!S—6'S) is the composite transition matrix
element and T is the natural width of the 6'S level,
which is determined from the imaginary part of the dy-
namic polarizability of the 6'S state, and is given by T’
=1Im a(6'S)&%. "8 Calculations of the matrix element
K(2'S-6'S)"" have shown that it is equal to 3.5&%, where
& is measured in atomic units. Thus, substituting for
T and K(2'S-6'S) into the expression for the ionization
probability at resonance, we find that the resonance
amplitude is proportional to the radiation intensity,
which is in agreement with experiment (Fig. 9). Using
the above value for the matrix element K(2'S-6'S), we
find that when &= 5x10° V+ cm™, the excitation proba-
bility is far from saturation, i.e.,

14
_[ W (2'S—6'S)dt<1,
(1)

so that the mixing of the 2'S and 6'S states plays no ap-
preciable role. The assumption that the resonance
transition is saturated ensures that the ion-yield ampli-
tude at resonance is independent of the intensity F, but
this is not in agreement with experiment. Our analy-
sis thus shows that, in this case, we have nonreso-
nance perturbation of states by the field.
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The problem of a hydrogenlike system in crossed electric and magnetic fields is investigated. A

quasiclassical calculation is made of the energy of a state in which the wave function is concentrated at a
certain distance from the center of the Coulomb well. The nature of the spectrum is ascertained and a
criterion for the validity of the obtained results is established. A discussion is given of the conditions under

which observation of the investigated states becomes feasible.

PACS numbers: 03.65.Sq, 03.65.Ge

1. INTRODUCTION

A hydrogenlike system (hydrogen atom, exciton) on
which crossed electric and magnetic fields act is in-
vestigated in this article. The center of inertia is fixed.
We shall assume that & <., This assumption allows
us to confine our attention to a nonrelativistic treat-
ment. The posed problem is physically equivalent to
the problem of a particle moving with velocity V in a
homogeneous magnetic field #, since an electric field

=%[vx9@’] e

appears in the coordinate system attached to the par-
ticle.

Choosing the symmetric gauge of the vector potential
A="/[58 Xr] (2)

(r denotes the distance between the positively charged
and negatively charged particles), we obtain the Schro-
dinger equation for the problem under consideration in
the form‘!!

h? ieh e? e
A XV]+ —[#Xr]?+ —_} =
{ o e 181 XV] fc? [6Xr]? +eBr—— \W=E¥, (3)

where ¢ is the dielectric constant (e=1 for the hydrogen
atom),
_ mum_

_m,—m_
m,+m_"’

4)

1 T matm_

276 Sov. Phys. JETP, Vol. 44, No. 2, August 1976

m, and m_ denote the masses of the positively and nega-
tively charged particles.

Following Gor’kov and one of the authors, ™! let us set

‘P=0exp{i'{M—2hcf%;[%’X &lr I : (5)

where M =m,+m_. Having directed the z axis along the
magnetic field, the y axis along the electric field, de-
noting the radius vector in the (x, y) plane by p, and dis-
placing the origin of coordinates along the y axis by the
amount

yo=—Mc&/ e, (6)

we obtain the following equation for &’;

Bt W0 | iehy &
By N L B P + € 2,2
{ 2 7 2p 9z 2pc lo X, 1% 8uc? %o

e M&*
elz*+ (yty,)*tz]" 256

}(D=EtD. )

If we divide both sides of Eq. (7) by the quantity e?,
then three parameters having the dimension of a length
are formed in the equation: the Bohr radius a =#2/ pe?,
the magnetic radius ay = (ic/e)"/?, and the character-
istic length y,. Two, independent, dimensionless pa-
rameters can be constructed from these quantities

A=yl/a, ~v=au/a. (8)

In order to express A and v in terms of the field strength
in the most convenient way, let us introduce the charac-
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