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Continuum-state selectivity in hydrogen in Stark fields by charge-shape tuning
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We present numerical calculations of the photoionization of atomic hydrogen in the presence of a
strong dc electric field, using three-photon excitation with two-photon resonance with intermediate
Stark states. The systematics of the dependence of the cross section on the intermediate Stark states
is calculated for the n =2 to n =9 manifolds. Our results indicate that one can use "charge-shape
tuning" to selectively excite and enhance Stark-induced giant dipoles near E =0 in hydrogen
without the excitation of the overlapping continuum. Frequency selectivity can be used to excite
from 1s (spherical charge) an intermediate whose charge is focused along the field followed by
another excitation to the giant dipoles. Charge tunability can be achieved by controlling the degree
of focusing by choice of the field and intermediates.

In the last few years there has been much interest in the
effect of electric fields on the structure and interaction of
atoms with other atoms near E=O. ' ' Recently, we
studied the effect of an external dc electric field imposed
on atomic hydrogen and showed that it can be used to
construct nearly one-dimensional atoms that spontaneous-
ly ionize. ' ' These have electronic charge distributions
that are highly extended along the field, and may have
enormous dipole moments ("giant dipole" atoms). In the
E & 0 region they spontaneously ionize in times on the or-
der of 10 ' s (width of a few wave numbers). Moreover
the excitation of a given giant dipole state from the
ground state necessarily results in the simultaneous excita-
tion of the smooth continuum; with a branching ratio
favoring the smooth continuum; thus these giant dipoles
appear as weak broad modulations embedded in the other-
wise smooth underlying continuum (so-called "Stark-
induced modulations" ).

Recently we showed theoretically and experimentally
that the branching ratio for the excitation of the dipoles
or the strength of the modulations can be enhanced using
multiphoton excitation rather than a single photon excita-
tion. ' ' Our previous work showed that a two-step pro-
cess via the n =2 and n =3 intermediate Stark manifolds
instead of a one-step process enhances the strength from
20.4% to 60% and 89%, respectively (at 16.8 kV/cm).

In this brief report we study in more detail the theoreti-
cal aspects of the two-stage process. Our calculations in-
dicate that the spectral distribution of any final channel in
the E)0 region is composed of a resonance correspond-
ing to a field-induced giant dipole and a continuum that
opens up at its peak and builds up exponentially thus giv-
ing a large degree of overlap with the giant dipoles. Our
calculations indicate that selective excitation of the giant
dipole resonances without the excitation of the continuum
can be achieved by what we call "charge shape tuning. "
In this method one can tune the shape of the charge dis-
tribution of the intermediate state to match that of the
resonance in the E &0. Such tuning can be achieved by
the appropriate choice of the quantum numbers of the in-

termediate state: n, n I,n 2, mI. The most selective tuning
is achieved by a choice of mI ——0, n2 ——O, n I

——n —1 with n
as large as possible. The selective excitation is manifested
by narrowing of the yield and enhancement of the peak
cross sections and consequently in the increase in the visi-
bility or strength of the Stark induced modulations.

The structure of the giant dipole atom induced by the
dc electric field Fz in the E & 0 region was determined nu-
merically. The technique we used was described in detail
in an earlier paper. ' The electric field used in all of the
present studies is 16.8 kV/cm, which is the field we used
in previous theoretical and experimental studies. More-
over, the polarization of the radiation in all of the studies
is taken to be parallel to the dc field so that we have a fi-
nal mI ——0 channel. The intermediate states of interest
originate from the manifolds n =2—9. The low-lying
wave functions are essentially unaffected by the electric
field. The states originating from n =5—8 are slightly af-
fected by the field (to 5—8%). Therefore, the matrix ele-
ments may be computed using the zero-field analytical ex-
pressions for the initial states. The states we will be using
as intermediates are those states for which we have
nl ——n —1, the maximum possible n), parabolic quantum
number. These components are the bluest components in
each manifold and their charge distributions are extended
along the field becoming more and more focused or
oriented along the external field as nl increases. In this
Brief Report we wi11 only consider the properties of the
cross section of the second step of the excitation, that is
for the excitation from the intermediate state to the final
state.

Figure 1 gives three numerical lineshapes corresponding
to the excitation of the (n, =18, nz ——O, mt =0) channel
from the intermediate channels (0,0,0), (1,0,0), and (8,0,0).
These three channels are the ground state, n =1, the
bluest Stark component of n =2, and the bluest Stark
component of n =9. The peaks of the cross sections are
normalized to unity for easy comparison. First we ob-
serve that the blue wings are much more extended than
the red wings. This gives asymmetric profiles with the
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FIG. 1. Theoretical line shape of the transition between
(n~ ——n —1, n2 ——0, mr ——0) and (nl ——18, n2 ——0, mi ——0) for the
cases n =1, 2, 9 in the presence of a dc electric field of 16.8
kV/cm and using laser radiation of polarization parallel to the
external dc field. The peaks of the line shapes are normalized to
unity. Also, the figure gives the difference of the blue wings for
the case of n =1 and 9 (shown as ). We also show the predic-
tion of an empirical expression for the difference given by
S=0.63( —exp[ —0.06(E Eo)]) (sho—wn as 0).

red wings rising in about 10 cm and the blue wings per-
sisting over many tens of wave numbers. Secondly, where
as we observe large variations in the blue wings, we find
very little variation in the red wings as a function of n I.
The variation in the blue wing is such that a large degree
of narrowing of the lines takes place as nI of the inter-
mediate state increases.

Figure 2 shows the peak of the calculated cross section
as a function of n &. We see that the peak in the case of

QUANTUM NUMBER n

FIG. 3. The half width of the blue wing of the transition be-
tween (n&, n2 ——O, mr ——0) and (n& ——18, n2 ——0, m~ ——0) as a func-
tion of n~ of the initial state in the presence of 16.8 kV/cm. 0
exact numerical calculation; & from the empirical expression
I =33.85/inn ~ .

n~ ——8 is about a factor of 300 larger than that of the
ground state. Along with the results we give the cross
sections given by the simple quadratic power law
o.=0.25n j. Apart from deviations at large n&, where we
see some saturation, we find it to be a reasonable approxi-
mation of the exact numerical values. Figure 3 gives the
half width of the blue wing of the line as a function of n I.
We find that the width for n

&
& 2 can be reasonably ap-

proximated by the simple formula I =33.85/inn ~. The
values calculated from this formula are plotted in the
same figure.

Finally we calculated the total cross section in the ener-

gy region of the 18,0,0 and 19,0,0 channels. Figure 4
gives the corresponding line shape in this region. The
spectrum shows that we can attain spectra with very large
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FIG. 2. The maximum cross section to the 18,0,0 state is
plotted as a function of n 1 of the initial state n &, n2 ——0, mi in
the presence of 16.8 kV/cm and using radiation of m polariza-
tion. 0 represents exact numerical calculation; &( from the
empirical expression o.=0.25/n &.
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FIG. 4. Normalized total cross section as a function of ener-

gy near E=0 for excitation from n
~
——n —1 =0, 1, and 8 in the

presence of a 16.8 kV/cm field and using radiation of ~ po1ari-
zation.
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visibility when the excitation is carried out from high n&

states. From the total cross section we determined the
strength of the "Stark-induced modulation" defined as
V=(S,„—S;„)/(S,„+S;„)/2. Figure 5 shows these
results as a function of n &. We also plot in Fig. 5 the pre-

a(n&+1)
diction of the empirical formula V=200 (1—e )

for the strength of the resonance where a =0.2. This sim-
ple expression shows a linear rise for low n& values and
saturation near high n &.

In an attempt to analyze the origin of the blue wing of
the line, we considered two line shapes: the line shape for
excitation from the (8,0,0) state and the line shape for ex-
citation from the ground state (0,0,0). We should note
that our calculations show that the line shape changes
very little when n

&
increases from 8 to 9, the highest state

that is below the point E= 2&F.—Thus the n~ ——8 or
n& ——9 represent the limiting line shape. This is also evi-
dent from Fig. 4 which gives the width of the blue wing
as a function of n &. Now we take the difference between
the blue wings of these two line shapes (normalized ones),
and show it along with the line shapes themselves in Fig.
1. The line shape of the difference indicates that it is due
to an opening of a continuum channel. The channel build
up completely at E-60 cm ', which is the location of
the opening of next continuum channel associated with
the state (19,0,0). Along with this difference we give in
Fig. 1, the results of the empirical formula—(.E—E[) ]/ES=SO —Ss ——S,(1—e '), where S, =0.63,
Eo ——7 cm ', the energy at which the threshold starts,
and E, =16.6 cm '

~ The good agreement indeed indi-
cates that the rise of the channel can be described by a sa-
turation formula with the channel saturating or rising up
completely to -60 cm ', which is the energy at which
the next channel opens.

Thus we can, in general, consider the opening of a
channel as an opening of a resonance that is associated
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FICx. 5. The percentage of the Stark-induced modulation
resulting from 18,0,0 (near E =0), as a function of n] of the ini-
tial state n~, n2 ——0, m~ ——0 in the presence of 16.8 kV/cm
and using radiation of ~ polarization. o is the exact nu-
merical calculations; )& the empirical expression
V=200(l —exp[ —0.2(n~+1)]).

with an oriented charge (giant dipole) and a continuum.
The resonance can be isolated almost completely be excit-
ing from a high n

~ state, and hence one can get its param-
eters from the (8,0,0) line shape. For example, from this
line shape we find that, at the present field, the width at
half maximum of the blue wing is =16.6 cm ', whereas
the width of its red wing is =6 cm

We we will use charge distribution arguments to give an
explanation of why the continuum channel is not excited
when the excitation is carried out from a high n& initial
state. First we note that the charge distribution of the
oriented giant dipole state is tightly stretched or focused
along the field with the orbit subtending a very small solid
angle with respect to the nucleus. The continuum com-
ponent, on the other hand, is not focused along the field,
and hences subtends a good fraction of 4m with respect to
the nucleus.

Now we describe the charge distribution of the initial
Stark states. The ground state is spherically symmetric,
hence its charge distribution subtends a solid angle of 4m.

with respect to the nucleus. The charge distribution of
the Stark excited states are not spherically symmetric;
they are somewhat stretched or focused along the field
with the centers of their electronic charge shifted from the
nucleus. The degree of stretching and shifting in the
direction of the electric field is maximum for the bluest
components of each manifold, n

&
n ———1, and both effects

become larger as n &, or alteratively as n, increases. Alter-
natively we can describe this interm of solid angle con-
siderations by saying that the charge distribution of the
bluest component subtend a solid angle with respect to the
nucleus that decreases as n& increases.

Thus by exciting from a variety of excited states that
have a range of degree of focusing along the field and
hence achieve what we call "charge-shape tuning" one can
select to overlap with a variety of charge distributions of
the final state. For example, we expect to have large over-
lap between the ground-state distribution (unfocused) and
the continuum component (unfocused). As n~ increases,
this overlap is expected to weaken while simultaneously
the overlap with the focused giant dipole resonance is ex-
pected to pick up strength. The pick up of strength of the
giant dipole resonance was illustrated in Fig. 2.

We should emphasize that our introduction of the sim-
ple empirical formula in Figs. 1, 2, 3, and 5 does not con-
stitute a fit of the numerical data nor is it an attempt to
deduce analytical results. Such analytical dependence
may be determined if one solves the problem semianalyti-
cally. This procedure is not the object of the present
work. We should note, therefore, that we have no justifi-
cation for these expressions at this time except that they
fit reasonably good. However these kind of studies are in-
teresting and plans for carrying them out are underway.

In conclusion, we have theoretically studied the two-
stage excitation of electric field induced giant dipole
atoms in the E)0 instead of one-stage from the ground
state of atomic hydrogen. The resonant intermediate
states used of a given n manifold are Stark states whose
charge distribution are extended most along the field
(maximum value of n~ possible). Our calculations indi-
cate that the spectral distribution of any final channe1 is
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composed of a resonance corresponding to a field-induced
giant dipole, and a continuum that opens up at its peak
and builds up exponentially thus giving a large degree of
overlap with the giant dipole. Our calculations indicate
that selective excitation of the giant dipole resonances
without the excitation of the continuum can be achieved
by what we call "change-shape tuning. " In this method
we tune the shape of the charge distribution of the inter-
mediate state to match that of the resonances in the E)0.

Such tuning can be achieved by the appropriate choice of
the quantum numbers of the initial state: n, n&, n2, mI.
The most selective tuning is achieved by a choice of
mI ——0, n2 ——0, n

&
——n —1 with n as large as possible. The

selective excitation is manifested by narrowing of the
yield, enhancement of the peak cross section and conse-
quently in the increase in the visibility or strength of the
Stark induced modulations.

'Permanent address: Shanghai Jio Tong University, Shanghai,
China. See, e.g. , Atomic Excitation and Ionization in External
Fields, edited by M. H. Nayfeh and C. Clark (Gordon and
Breach, New Nork, 1985).

~R. R. Freeman, N. P. Economou, G. C. Bjorklund, and K. T.
Lu, Phys. Rev. Lett. 41, 1463 (1978).

T. S. Luk, L. DiMauro, T. Bergernan, and H. Metcalf, Phys.
Rev. Lett. 47, 83 (1981).

~S. Feneuille, S. Liberman, E. Luc-Koenig, J. Picard, and A.
Taleb, Phys. Rev. A 25, 2853 (1982).

5W. Sandner, K. A. Safinya, and T. F. Gallagher, Phys. Rev. A
23, 2448 (1981).

B. E. Cole, J. W. Cooper, and E. B. Salamon, Phys. Rev. Lett.
45, 887 (1980).

7W. Glab, G. B. Hillard, and M. H. Nayfeh, Phys. Rev. A 28,
3682 (1983).

8E. Luc-Koenig and A. Bachelier, Phys. Rev. Lett. 43, 921
(1979).

A. R. P. Rau and K. T. Lu, Phys. Rev. A 21, 1057 (1980).
D. A. Harmin, Phys. Rev. A 24, 2491 (1981); D. A. Harmin,

Phys. Rev. Lett. 49, 128 (1982); Phys. Rev. A 26, 2656
(1982).
U. Fano, Phys. Rev. A 24, 619 (1981).
W. D. Kondratovich and V. N. Ostrovsky, Zh. Eksp. Teor.
Fiz. 56, 1256 (1982) [Sov. Phys. —JETP 83, 719 (1982)].

' C. Clark, K. T. Lu, and A. F. Starace, in Progress in Atomic
Spectroscopy Part C, edited by H. Beyer and H. Kleinpoppen
(Plenum, New York, 1984), p. 247.

' C. Blondel, R. Champeau, and C. Delsart, Phys. Rev. A 27,
583 (1983).

'5H. C. Bryant et al. , Phys. Rev. A 27, 2889 (1983); 27, 2912
(1983).

6H. Rottke and K. H. Welge, Phys. Rev. A 33, 301 (1986).
M. H. Nayfeh, K. Kg, and D. Yao, in Laser Spectroscopy VII,
edited by T. W. Hansch and Y. R. Shen (Springer-Verlag,
Berlin 1985); W. Glab and M. H. Bayfeh, Phys. Rev. A 31,
530 (1985); W. Glab, K. Ng, D. Yao, and M. H. Nayfeh, ibid.
31, 3677 (1985).
M. H. Nayfeh, G. B. Hillard, and W. L. Glab, Phys. Rev. A
32, 3324 (1985).


