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Enhancement of Microwave Ionization by Quasicontinuum Production
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Small static fields (=1 V/cm) are observed to reduce the microwave fields required to ionize highly
excited 25 ~ n ~ 50 Li atoms by about an order of magnitude, from =100 to 10 V/cm. This occurs be-
cause the static field splits series of multiply degenerate sideband states to form a quasicontinuum of
closely spaced states, in which a sequence of resonant absorptions occurs, allowing ionization at the lower
microwave field.

PACS numbers: 32.60.+i, 31.50.+w, 32.80.Rm

The presence of a "quasicontinuum" of densely packed
discrete states is thought to play a key role in processes
in which photons are absorbed in a sequence of real tran-
sitions. An example of such a process is multiphoton dis-

sociation in a molecule, which is generally thought to
proceed by the selective resonant absorption of a few

photons followed by the absorption of a series of photons

by transitions through a quasicontinuum of closely
spaced excited states. ' Unfortunately, it is difficult to
demonstrate definitively the importance of having a con-
tinuous, as opposed to a discrete, energy spectrum in

multiphoton dissociation. Here we demonstrate the im-

portance explicitly in a rather similar process. In partic-
ular, we describe the striking enhancement of the mi-

crowave ionization of Li Rydberg states which occurs
when the multiply degenerate, but discrete, microwave
sideband states are converted to a quasicontinuum by the
application of a small static electric field. Specifically,
we have observed that without a static field microwave
ionization of Li atoms of principal quantum number
30 & n & 40 requires fields comparable to those required
to ionize H. The dominant process is direct field ioniza-
tion, requiring a field of 1/9n, 250 V/cm at n =40 (un-
less indicated otherwise, we shall use atomic units).
However, when a small static field of =1 V/cm is ap-
plied, to produce the quasicontinuum, ionization begins
to occur at microwave fields as low as 1/3n 5, by a series
of real transitions through the quasicontinuum, cul-

minating in ionization. Thus, conversion of the discrete
levels to a quasicontinuum reduces the microwave field

required for ionization by about a factor of n/3, roughly
an order of magnitude.

To understand how this occurs let us begin with a
description of the microwave ionization which occurs for
microwave fields ~ 1/3n . This process was first ob-
served in Na and He and described in terms of Landau-
Zener transitions. ' At a static field of 1/3n the
highest-energy

~
tn

~
0 Stark state of principal quantum

number n intersects the lowest-energy Stark state of
principal quantum number n+1 as shown in Fig. 1(a).
Here m is the azimuthal orbital angular momentum
quantum number, and we restrict the present discussion

to m=0. For each n there is a manifold of n Stark
states, but only the extreme members are shown in Fig.
1(a). The n and n+1 states shown do not actually inter-
sect but have an avoided crossing of magnitude top as
shown by the inset. Equivalently, these Stark states have
a field-independent coupling matrix element of cop/2. If
the atoms are exposed to an oscillating microwave field
of amplitude E ~ 1/3n, so that the avoided crossing
is reached, the atom has a finite, & 1%, probability of
making the Landau-Zener transition n~ n+1 at the
avoided crossing if the time to sample the crossing is
=1/top. This in turn leads to the very rough require-
ment that the microwave frequency v=cop. If top«v,
then all the avoided crossings are traversed diabatically,
and the Landau-Zener transitions which lead to mi-
crowave ionization at a field of 1/3n do not occur.
Since the microwave field of 1/3n5 is in excess of the
field required to make the n+1 n+2 and higher tran-
sitions, once the atom reaches the n+1 state it easily
makes a series of transitions, culminating in ionization.
Thus E I/3n is the field required for the rate-limiting
step, the n n+1 transition.

Alternatively we can describe the n~ n+1 transition
as a resonant multiphoton transition. In the presence of
a microwave field of amplitude E „and frequency v, the
n and n+ 1 Stark states do not each have a single energy,
but each breaks into a spectrum of sideband states even-

ly spaced by v as shown in Fig. 1(b).6 9 The extent in

frequency of the sidebands with significant amplitudes is
the same as the shift produced by a static field of the
same magnitude. Thus in a microwave field & 1/3n,
the sidebands of the extreme n and n+1 Stark states
overlap, as shown in Fig. 1(b). For a resonant n~ n+1
multiphoton transition to occur, the n and n+ 1 side-
bands must overlap, and in addition the detuning 6 of
sidebands of n from the sidebands of n+1 must be less
than the coupling matrix element coo between them. For
this process to be driven by an arbitrary microwave fre-
quency, for which 4=v/2, we have again the loose re-
quirement that v=top in addition to E ~ 1/3ns. For
small top, top« v, only very small detunings can be tol-
erated, producing very sharp resonances, precluding the
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sequence of resonant transitions required to produce mi-
crowave ionization.

In Li, at n 35 we estimate the values of coo for the

I m I
=0, 1, and 2 states to be 1.2 GHz, 0.26 GHz, and 6

MHz, ' and the microwave frequency v in our experi-
ment is 8 or 15 GHz. Thus coo« v, and n 35 Li atoms
do not ionize at a field of 1/3n by the sequence of
n n+1 transitions but rather by direct field ionization
at the much higher field of 1/9n .

If the n and n+1 states of Fig. 1(b) could be convert-
ed to a quasicontinuum, essentially ensuring that 6=mo,

then the n n+ 1 transition and higher lying ones
should occur. The conversion to a quasicontinuum of
spacing v/n can be effected in the following way. The
extreme high-energy and low-energy n Stark states,

I
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FIG. 1. (a) Static energy-level diagram showing the ex-
treme ~m ~

-0 Stark states of the n, n+1, and n+2 Stark
manifolds. The extreme n and n+1 levels have an avoided

crossing at a field of E, 1/3n'. As shown by the inset, the
magnitude is oro. If a microwave field E~~ E, is applied,
atoms can make the Landau-Zener transition n n+1 at the
avoided crossing, followed by successive analogous transitions,
culminating in ionization. (b) Spectrum of sideband states
produced by a microwave field of amplitude E and frequen-

cy v acting on the extreme n and n+1 Stark states. The side-
bands from all Stark states of the same n are degenerate modu-

lo v. In general there is a detuning 6 between the n and n+1
sideband states. (c) Spectrum of n and n+1 sideband states
upon the application of a small static electric field which re-
moves the degeneracy of the sideband states originating from
different Stark states.

shown in Fig. 1(a), have static Stark shifts of kE with
k =3n /2 and —3n /2, respectively. The intermediate
Stark states, which are not shown in Fig. 1(a), have
Stark shifts that are evenly spaced between these values,
with the states in the center of the Stark manifold having

I k I «3n /2 .With no static field, the microwave field
of E „converts each Stark state into a series of side-
band states, spaced by v, which span the energy range
+ kE „around the zero-field energy. Thus the extreme
high- and low-energy n Stark states lead to the degen-
erate pairs of sidebands shown in Fig. 1(b). A Stark
state with a very small Stark shift, I k I «3n /2, on the
other hand, is only converted to a few sideband states,
which are degenerate with the central sidebands of the
extreme Stark states. Thus the sideband energies near-
est the zero-field energy have the highest degeneracy,
which falls roughly linearly from n at this point to 2 at
the furthest displaced sidebands. In any event, all the
sideband states are degenerate modulo v.

If we apply a static field, E„ the sidebands from the
extreme high- and low-energy Stark states are shifted by
~ —', n E„respectively, and intermediate Stark states by
correspondingly smaller amounts. At the central side-
band energy there are n states spread over + —', n 2E, but
at the furthest removed sideband energies there are only
two, because of the variation in degeneracy mentioned
above. The net result is the energy spectrum shown in

Fig. 1(c), which is clearly much more continuous than
the spectrum of Fig. 1(b). The static field required to
generate the most nearly continuous distribution of these
and higher lying states is that which produces a
differential shift between the extreme Stark states equal
to the microwave frequency. However, since both n and
n+1 manifolds have approximately the same Stark
shifts, only half this field is required to ensure a near de-
generacy of n and n+ 1 sideband states, i.e.,

E, v/6n

With this field the central sideband states are quasicon-
tinuous with spacing v/n. As shown by Fig. 1(c), pro-
portionately larger energy gaps develop as we progress to
the most extreme sideband energies which only have two
states. In arriving at Eq. (1) we have only considered
the avoided crossings between the extreme n and n+1
Stark states. At slightly higher microwave fields the
crossings between the intermediate Stark states are also
encountered. In addition, the extent of the sidebands is
proportional to E~„. Thus how far the dense quasicon-
tinuum extends and the number of accessible avoided
crossings depend to some extent on the microwave field.
If we take these points into consideration, it seems that
the factor of 6 in Eq. (1) may not be exactly right, but it
is clear that the field should scale as v/n . In hydrogen
the analogous n-(n+1) crossings are not merely small,
but vanish nonrelativistically, so that it seems that this
effect should not be observable in hydrogen, and in fact
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FIG. 2. Cross-sectional view of the microwave cavity in

which the atomic beam and laser beams intersect.
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it is not.
As our apparatus is very similar to the one described

previously, our discussion here is brief. Li atoms from
an effusive source pass through a hole in the sidewall of a
15.217- or 7.917-6Hz microwave cavity as shown in Fig.
2, where they are excited by two counterpropagating
pulsed laser beams entering through a hole in the oppo-
site sidewall. The atoms are excited stepwise via the 2s-
2p transition at 670 nm and the 2p nd transition at
=350 nm. After a delay of 100 ns, a 500-ns pulse of
microwave power is applied to the cavity. The 15- and
8-GHz cavities have Q's of 850 and 1300, respectively.
Therefore the fields in the cavity reach 95% of their
steady-state values in 18 and 52 ns, respectively. The
maximum fields that we can produce with 20 W of mi-
crowave power are =600 V/cm. 100 ns after the end of
the microwave pulse, a high-voltage pulse is applied to
the septum in the cavity to field-ionize atoms remaining
in the initially populated Li Rydberg state, or nearby
states, and drive these Li+ ions, as well as those formed
by microwave ionization, out the hole in the top of the
cavity to the detector. The hole is located at an antinode
of the microwave E field. This and the short time be-
tween laser excitation and the field-ionization pulse en-
sures that all detected ions come from atoms which have
experienced the same microwave electric field, to within
+ 7%. The Li+ ions from microwave ionization and
those from field ionization have different flight times to
the detector, and the corresponding signals can be sepa-
rately recorded with two gated integrators set at
difTerent delay times after the high-voltage pulse. Final-
ly a dc voltage is applied to the septum to produce the
small static field.

Our data consist of measurements of microwave-
ionization probability as a function of both the static and
the microwave fields, and we have collected the data in

two ways as a consistency check. The first method is to
fix the static field and sweep the microwave field. The
second is to fix the microwave field and sweep the static
field, typically from —5 to 10 V/cm. As shown explicit-
ly by Pillet et al. , we can observe an increase in the
probability of microwave ionization as either a reduction

E (V/c m)
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FIG. 3. Field-ionization signals from remaining atoms when
the Li 36d state is initially excited in a variable static field with
the 15.217-GHz microwave field amplitude varied as a param-
eter. The data are all normalized to the observed signals with
E „-0at the same static field. E „-31 (open squares), 44
(triangles), 70 (filled squares), 140 (open circles), and 307
V/cm (filled circles). Note that with E 44, 70, and 140
V/cm, there is a rapid decrease in the number of remaining
atoms or, equivalently, a rapid increase in the microwave-
ionization probability, at =1 V/cm, corresponding to the field
required for quasicontinuum production.

of the field-ionization signal from the remaining atoms
or an increase in the microwave-ionization signal. When
we scan the static field, the microwave-ionization signal
moves in time while the field-ionization signal does not,
and so we record the field-ionization signal which can be
monitored with a gated integrator set at a fixed time. In
Fig. 3 we show the field-ionization signal obtained by
sweeping the static field when the Li 36d state is excited,
for several 15.217-GHz field amplitudes. All data shown
have been normalized to the E „=0signal at the same
static field to account for the fact that the static field
affects not only the microwave ionization, but also the
laser excitation. In more than 95% of the field regime
shown in Fig. 3, the n 36 states are better described as
Stark states. At the highest fields used in Fig. 3, 30% of
the n =36 Stark states lie outside the 1-cm ' laser band-
width leading to a corresponding reduction in the num-
ber of atoms actually excited. Thus the data of Fig. 3
represent the probability of the atoms not being ionized
by the microwaves. The data of Fig. 3 were obtained
with both lasers polarized parallel to the static and mi-
crowave fields. However, with the lasers polarized per-
pendicular to the static and microwave fields, negligible
difference was observed for this state or others that we
studied. We therefore conclude that this is true for

~
m

~
=0, 1, and 2 states.

As is evident from Fig. 3, with microwave fields of 44,
70, and 140 V/cm, there is a significant decrease in the
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FIG. 4. Experimental points for E~y2, the field at the center
of the decrease in the signal of Fig. 3, for 15.217 (circles) and
7.921 GHz (squares). The lines are fits by n 2 dependences
which give E-0 15v/3n . for 15.217 GHz (solid line) and
E =0.14v/3n2 for 7.921 GHz (dashed line).

number of atoms surviving the microwave pulse as the
static field is increased from zero. This is due to the
enhancement of the microwave ionization by the conver-
sion of the discrete sideband states to a quasicontinuum.
For reference we note that E=l/3n =28 V/cm, and
E =1/9n =340 V/cm. Data taken by the first method,
scanning the microwave power, are consistent with Fig. 3
and show in an explicit fashion the reduced microwave
field required for ionization.

As a straightforward way of quantifying the field re-
quired for quasicontinuum production, we define the field

Ei/z as the field at which the signal has fallen halfway
from its value at E, =0 to its value at E, =6 V/cm. As
E „is raised from 44 to 70 V/cm, Ei/2 decreases from
=1.1 to 0.95 V/cm, where it remains even when E „is
increased to 140 V/cm. Thus we determine Ei/z from
these two microwave fields. Although Ei/z is convenient,
we must remember that the field required to saturate the
ionization via the quasicontinuum is roughly a factor of

3 higher than E~g. Using this procedure we have ob-
tained values of E ~~2 for microwave frequencies of
15.217 and 7.921 GHz, and these data are shown in Fig.
4. From Fig. 4 it is apparent that E~g is proportional to
v and to 1/n, as required by Eq. (1). Fitting all the ex-
perimental points by a single v/n dependence gives
E =0.30v/6n, i.e., a value 3 times lower than that pre-
dicted by Eq. (1). This corresponds to the previously
mentioned factor-of-3 difference between Ei/2 and the
field at which 90%-100% ionization occurs by quasicon-
tinuum production.

In summary, we feel that our observations are in quite
good, probably slightly fortuitous, agreement with the
proposed model of quasicontinuum production and, more
important, show in an explicit fashion the importance of
the quasicontinuum for such sequential processes.
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