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Exact calculations of the photoionization cross sections of ground-state H in the pres-
ence of an external electric field are presented. The oscillations obtained above the
zero-field ionization limit for & polarization do not arise from specific properties of
m = 0 states, hut from cancellation effects in the oscillator strengths due to the symmetry
properties of the wave functions and of the light. The dependence of the cross section
upon the light polarization is thoroughly explained and agrees with recent experiments
on Hb.

Recently strong oscillations have been observed
in the m-photoionization spectrum from the ground
state of Bb in the presence of an electric field 5,
not only for energies just above the classical
field-ionization threshold" F., =Bc-2+5 (in a.u. )
but also above the ionization potential of the un-
perturbed atom, E,.' This phenomenon is ob-
served only with m polarization. In order to ex-
plain the origin of the differences between spec-
tra obtained for m and a polarizations two differ-
ent properties are to be discussed. First, does
this structure depend on specific properties of
upper states with magnetic quantum number m
=0 which are excited from the ground state with
m-polarized lights m=0 states have two peculiar
characteristics. On the one hand, in contrast to
m +0 states, their wave functions do not possess
a nodal line in the direction of the field P (z axis);
so the electron has a larger probability to escape
through the bottleneck of the potential surface.
On the other hand, m =0 states are composed of
low-l states with high quantum defects, and thus
the nonhydrogenic field-ionization process simi-
lar to autoionization4 could be prevailing for such
states. Second, is the observed structure related
to the relative symmetry properties of the excit-
ing light and of the electric field~ In this case,
structures could be observed with different polar-
izations or for nz &0 states.

From the study of the classical motion of an
electron in the potential V = —l/r +Fr, Freeman

et al.' did show that even for energies greater
than Eo there exist nearly closed orbits which
correspond to motion tightly constrained in the
vicinity of the positive z axis. Thus these au-
thors argue for the existence of quantized m=0
states. These cannot be excited from the ground
state, except with m polarization. Replacing the
potential V by the one-dimensional model poten-
tial Vptf —l/s+ Fs for z&0, V,&t= ~ for @ &0,
these authors found that this model accounts for
equally spaced states near B„with a spacing as
a function of F in very good agreement with the
experimental results.

More recently, Rau' showed that this pattern
of equally spaced structures stems from a
"strong-field mixing" effect, the bounded motion
of the electron in the $ direction" determined
equally by the Coulomb field and by the electric
field. However, a periodic structure is obtained
for any rn, and so the dependence of the experi-
mental data upon the polarization of the light is
not clearly explained.

In the present Letter we report exact calcula-
tions of photoionization cross sections of hydro-
gen in the presence of an external electric field
and we show that the observed structures are re-
lated to the 4m value for the studied transition
rather than to the m value of the upper states,
thus explaining thoroughly the polarization depen-
dence.

The Stark spectrum of hydrogen is not a dis-
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crete spectrum. Rather, every state has a finite
width related to its lifetime with respect to the
field-ionization process. Consequently, a signifi-
cant depth of modulation in the density of states
is expected to appear when the width of a state is
much smaller than the spacing between two neigh-
boring states. The structure of the density of
states in the Stark spectrum of hydrogen can be
exactly calculated by a method described else-
where. ' This method can be used to study ener-
gies greater than E, or very strong field strengths
for which perturbation and WKB methods are no
longer valid. ' We present here only the results
and a qualitative interpretation of the overall
characteristics of the. calculated structures. A

stationary quantum state is entirely defined by
E, m, and n1 The last quantum number is a
good quantum number for hydrogen only. '

Since we are concerned with the photoabsorption
spectrum from the ground state of hydrogen, we
are mainly interested in the behavior of the wave
functions not too far from the nucleus, where the
overlap between ground- and excited-state wave
functions is important. In this region a stationary
wave function behaves as 4„, (Z, r)=[8„, (E)/
2w]"'p~ ) exp(lmy), where p' =x'+ y'. For a nor-
malized wave function the constant 6 is unambigu-
ously determined. ' 8„, (Z) is equal to the weight
of the stationary state E,m, n, in the time develop-
ment of a wave function corresponding to an elec-
tron located at the nucleus at t=0. Thus, 8„, (E)
is the partial —with respect to m, n,—density of
states. The total density of states with fixed E
and m, 8 (Z), is the sum over all n, contribu-
tions. In Fig. 1 the partial and total densities of
states with Irnl =0 or 1 are reported. For E &E,
quasidiscrete resonances corresponding to the
bound states of hydrogen are observed. Besides
these sharp structures 8„, (E) exhibits only a
very broad bump, which extends between two
limits called Ec„, and Ed„, ; this "broad level"
with a width I'= E„, -Ec„, is to be compared
with the discrete states of the semiclassical mod-
els."

%e now explain the origin of this structure for
Iml=1 states. The constant t depends on the

probability of the electron being at the nucleus;
thus significant values for 8 are obtained when

the effective kinetic energy T of the electron is
positive simultaneously at ( =0 and q = 0, i.e.,
when the electron can classically be found at the
nucleus. For the n1 IMI 1 level, and for the g
motion, T is positive for E -Ec„,'. Ec„' is the
ionization threshold for the studied level, since
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FIG. 1. Energy dependences of the partial densities
of states 8~„~(E) for (m~= 0 and 1, for different&& (+
= 1.5 && 10 a.u.). The ionization thresholds are in-
dicated by an arrow. The total densities of states
8~ ~ (E) are drawn at the top of the figure; the depth of
the modulation does not exceed 3%and 1%for Iml = 0
and 1, respectively.

for E &Ec„,' the potential barrier in the g motion
disappears. For n, values such that Ec„'&E»

1
the energy E =Ec

1
is associated with the value

Z, =1 for any n, . But when Ec„,'&E» for E =E „,',
Z, satisfies Z, = I —(Zc„,'-E,)'/4F. ' For the $

motion T is positive for E ~ Ed„'. The energy E
=Ed„,' corresponds to Z, =0. Since the energies
E =Ec„,'& E, and E =Ed„' are associated with
fixed values of Z„ they can be considered as the
eigenvalues of quantized motions in the $ coordin-
ate. The case Z, =1 is identical to the potential
model of Freeman. ' Thus for Iml=1 states, the
latter may be used to predict exactly the position
of the thresholds higher than E» while for other
states the predictions will be approximate.

For any m value, each partial density 8„(Z)1
corresponds to a maximum in the total density of
states. The depth of the modulation in 8"(E) in-
creases with F,' and is only a few percent at the
studied strength (77 kV/cm). In conclusion, the
oscillations observed in the m-photoionization
cross section of Rb cannot be explained from the
existence of quantitized m =0 states in hydrogen,
as was previously done,"since the depth of the
modulation in the density of states is much small-
er than that recorded. Furthermore, we have
shown here that similar structures exist for any
value of m.

Actually, the photoionization cross section
does not depend directly on 8 (E) but is related
to the total density of oscillator strengths
df (i,;m, , Z)/dZ in the absorption from the lower
state i, towards upper m states. It is a sum over
all partial contributions df (i;n»m, E)/dE corre-
sponding to upper states with different n, values
and is proportional to the nondiagonal quantity
l(4'; IPt4„"(E))I'. Thus, the energy dependence
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FIG. 2. Energy dependences of the partial density of

states 8I& I (E) (dashed line) and the partial density of
oscillator strengths df (n„ I m), E) ldE (solid line) in the
photoabsorption spectrum from the ground state of
hydrogen (&= 1.5 && 10 ' a.u.).

of 8 and df/dE can be different, particularly
when there exist symmetry properties in the
wave functions, as is discussed below. For %=0,
the hydrogen wave function in parabolic coordin-
ates 0 „„has no particular symmetry propertynj82
with respect to the z =0 plane, except for the case
n, =n, where it is symmetrical. ' Then there ex-
ists only one strict selection rule for electric-
dipole transitions: (n, n,m)- (n, 'n, 'm') is forbidden
for m =m', n, =n„and n, ' = n, ', since the wave
functions are symmetrical and the transition op-
erator antisymmetrical under reflection through
the z =Oplane. ' For F0, any level n„m pre-
sents such a symmetry property, confined how-
ever to the neighborhood of the nucleus, in the
energy range such that Z, =Z,. Indeed the effec-
tive kinetic energies in the g and r) motions are
then equal. Thus the partial density of oscillator
strengths for transitions from the ground state
'(n, = n, =m=0) towards upper levels n„m =0 van-
ishes at an energy approximately midway between

Ec„, and Ed„, through total cancellation of the
transition matrix element. Conse1luently df (i;n»
O, E)/dE exhibits a relatively narrow resonance
located at Ec„,. This property is shown in Fig.
2. For lmI =1 states no cancellation occurs and

8„,'(E) and df (i;n» l, E)/dE are almost propor-
tional. In Fig. 3 the partial and total densities
of oscillator strengths in the photoionization spec-
tra from the ground state of hydrogen are report-
ed for m and o polarizations. An important modu-
lation (18%%uo) is obtained in the 11 spectrum in con-
trast to the almost structureless o spectrum: A

rapid increase in df(i; O, E)/dE is observed at
each threshold Ec„. Consequently the spacing

1
of the oscillations in the density of oscillator
strengths at E & Eo can be calculated from the

FIG. 3. Energy dependences of the partial densities
of oscillator strengths df (nf y

I mi, E)/dE for i~ l
= 0 and

1 in the photoabsorption spectrum from the ground
state of hydrogen (+= 1.5 & 10 5 a.u.). The total den-
sities of oscillator strengths df (Iml, E)/dE are pre-
sented at the top of the figure; the depth of the modu-
lation at the zero-field ionization limit Eo is equal to
18%or 1%for lml = 0 or 1, respectively.

spacing between two thresholds —i.e., from the
potential model of Freeman. '

However, the depth of the modulation observed
in the m spectrum of Rb is much smaller than the
value calculated in H. Indeed it is related to non-
diagonal quantities specific to a given spectrum.
In a previous study" of the photoabsorption spec-
trum at E&E, we have already shown that the po-
sitions of the Stark patterns can be interpreted
in the hydrogenic model, but that the intensities
are characteristic of the non-Coulombic part of
the atomic potential.

The dependence of the recorded spectra on the
polarization of the exciting light does not arise
from specific properties of the m value of the
upper state, but is related to the &m value of the
transition~. e., to the respective symmetry prop-
erties of the light and of the electric field. Con-
sequently we predict that similar structures
could be observed in the photoionization spectra
of alkali-metal atoms in different experimental
conditions. Indeed, osciQations associated with
m&0 upper states could be obtained for a m polar-
ization in the absorption from a lower l, m zero-
field state with l + m even, since the wave func-
tion of the latter state is symmetrical with re-
spect to the z =0 plane. Furthermore, oscilla-
tions could be observed even with 0 polarization
for antisymmetrical lower states (1+m odd) be-
cause the transition operator is then symmetrical.
Such experiments, which could be carried out by
multistep excitation, would present interest in
the understanding of the field-ionization proper-
ties of atomic Rydberg states.
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We consider the effect of light reflected from the plasma critical surface on stimulated
Brillouin scattering. For an expanding plasma, there will be a certain Mach number
where the reflected light acts as a noise source for stimulated-Brillouin-scattering
exponentiation. We show calculations and plasma simulations that exhibit significantly
enhanced levels of scattering.

Stimulated Brillouin scattering (SBS) is of great
interest to laser fusion, since a high level of scat-
tering may leave insufficient laser energy to
drive the fusion reaction. Previous analyses of
SBS"' did not consider the effects of a partially
reflecting boundary, such as the critical surface
in a realistic plasma expansion. Generally,
these analyses found that the instability exponen-
tiates in space from some small noise level, e,
usually taken to be in the range 10 '-10 '. Thus
the effective interaction length, which is set by
the finite length of the plasma or by density or
velocity gradients, must be much greater than
the growth length for SBS to be appreciable. In
this paper, we discuss a mechanism by which a
reflecting surface can greatly increase the effec-
tive noise level, so that only a few growth lengths
are required for significant scatter.

Consider a mass of plasma moving with respect
to the reflecting surface at a speed v =Mc, toward
the laser where M is the Mach number and c, is
the sound speed. In the rest frame of the plasma,
the incident light is Doppler shifted up to ~& =~,

+kPIc„where k, is the free-space wave number
and ~, is the laser frequency, while the light re-
flected from the surface is Doppler shifted down
to &u„=v, -k,c,(M —2M, ), where M, is the Mach
number of the critical surface. At Mach number
M =M, +/e (e is the plasma dielectric constant),
~„=~,—~„where u&, =2k,c, us is the local ion
acoustic frequency. Thus, the reflected light has
the same frequency as SBS-scattered light and
will serve as a source for SBS exponentiation. In
this case o. - I and only one growth length is re-
quired for a large amount of scatter.

In order to make the analysis of this effect
more clear we first recapitulate the analysis of
SBS with no reflecting surface. A good discus-
sion of the full equations for SBS and their subse-
quent reduction to the slow-time and space equa-
tions may be found in Ref. 1. Since a typical ex-
ponentiation time is much shorter than the laser
pulse width, we consider only the time-asymp-
totic case. Further, since we are interested in
the enhance ment of direct backs catter, one space
dimension is sufficient. The model equations we
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