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Ionization of Rydberg atoms by a precessing electric field of constant amplitude
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We have studied in detail the continuous evolution from static field ionization to ionization by a circularly
polarized microwave field by combining az-polarized static field with a circularly polarized microwave field in
the x-y plane. We have measured the ionization threshold for Na states of 27<n<50 in the precessing total

field F̄ t , as a function of its angleu from thez axis. For lown, Ft>1/16n4, independent ofu. For n>45, Ft

decreases from 1/16n4 to 0.8/16n4 as u is increased from 0° to 25°, and it remains at this value untilu
590°. We also observe ionization at quite low values ofFt , which we attribute to resonantly enhanced
ionization, with the resonances driven by a stray static field in thex-y plane.

PACS number~s!: 32.80.Rm
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I. INTRODUCTION

Although ionization of alkali-metal Rydberg atoms by
linearly polarized microwave field occurs at the field amp
tude F>1/3n5 @1#, ionization by a circularly polarized mi
crowave~CPMW! field occurs at the very different field am
plitude of approximatelyF51/6n4, the classical static field
for ionization @2#. The similarity between ionization by
circularly polarized field and ionization by a static field h
been attributed to the fact that, in a frame rotating at
microwave frequency, the circularly polarized microwa
field is static and cannot drive transitions. There is, howev
no transformation that can make the linearly polarized
crowave field appear static, resulting in the much low
threshold fields for ionization by linearly polarized micr
wave fields. While linearly and circularly polarized micro
wave fields have very different effects on alkali-metal atom
they have almost identical effects on H atoms@3#, the differ-
ence being due to the finite size of the ionic core of
alkali-metal atom.

By combining a static field in thez direction, F̄dc, with
the circularly polarized field in thex-y plane, F̄CPMW, we
have produced a precessing fieldF̄ t5F̄dc1F̄CPMW, of con-
stant amplitude. This field is static in the frame rotating w
the microwave field, and by changing the angleu that the
resultant fieldF̄ t makes with thez axis, we can change th
field continuously from static to circularly polarized. W
have measured the ionization threshold in the resulting t
field Ft for n527, 30, 33, 37, 38, 41, 45, and 50. SinceFt
;1/16n4 for u50° and 90°, it is not a complete surprise th
ionization occurs at or near the fieldFt51/16n4 for 0°,u
,90°. We also see, at much lower total field, a small io
ization feature that we attribute to a resonance driven b
small residual static field in thex-y plane, which appears as
time varying field in the rotating frame.

II. EXPERIMENT

The experimental apparatus is very similar to that
scribed elsewhere@4#. The circularly polarized microwave
field is produced by generating two orthogonal, linearly p
larized fields having equal amplitudes and a 90° phase s
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Specifically, we use the two degenerate TE111 modes
frequency of 8.00 GHz in a cylindrical cavity, and exci
them through irises in the cylindrical end caps from orthog
nally polarized waveguides. The cavity has an inside dia
eter of 6.400 cm and an inside length of 1.976 cm. TheQ
parameters are 3576 and 3514 for the two different polar
tions, and the decay time constant of the cavity is measu
to be 70 ns.

A Litton 624 gated traveling-wave tube amplifier is us
to amplify the output of a Hewlett-Packard~HP! 83 620A
synthesized sweep oscillator to generate microsecond pu
at powers of up to 100 W. The microwave power of t
amplified pulses is adjusted by directly changing the out
level of the HP 83 620A sweep oscillator using its intern
attenuator. After amplification, the microwave pulse is sp
in half between the two paths that feed thex andy polarized
cavity modes. An HP X885A phase shifter is used in o
path to produce a 90° phase shift between the two polar
tions. A Waveline 622 precision rotary vane attenuator a
an HP 8495 step attenuator in the other path allow one
make fine power adjustments in order to match the fi
strengths of the two polarizations. We produce circular p
larization by using the field-ellipticity dependence of th
CPMW field ionization signal@2,6#. The phase mismatch
from 90° is less than 0.3°, and the field-strength misma
between the two polarizations is less than 3%. We are ab
generate 1.1 kV/cm of CPMW field with this cylindrical cav
ity and the associated microwave equipment. There is a 5
systematic uncertainty and a 1.5% random uncertainty in
microwave field-strength measurement, leading to a co
bined uncertainty of 6% in the CPMW field.

As shown in Fig. 1, the symmetry axis of the cavity
vertical, and the bottom half of the cavity is insulated fro
the top half of the cavity and the feed waveguide. This d
sign allows us to apply a dc voltage of up to 11 kV to t
bottom half of the cavity. We have used theSIMION program
to determine the dc field strength from the known geome
of the cavity and the applied voltage. The dc field is 1.2
lower than the field between two infinite parallel plates se
rated by the cavity length, and the uncertainty in the dc fi
is less than 1%.

During the experiment, Na atoms in a thermal beam
optically excited to Rydberg states by two pulsed dye la
©2000 The American Physical Society11-1
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beams. One beam is tuned to 3s-3p transition at 589 nm and
propagates at a right angle to the atomic beam, crossing i
mm upstream from the cavity center. The other one is tu
to the wavelength of the zero-field 3p-nd transition at;414
nm and is counterpropagating to the atomic beam. A 4.1ms
CPMW pulse is fed into the cavity 3.0ms before the lase
excitation takes place. Thus the Na atoms are optically
cited in a well-established CPMW field. After the optic
excitation takes place, the Na atoms are exposed to the
CPMW field strength for 500 ns before the microwave pow
is linearly reduced by 63% in the last 600 ns of the pulse
then turned off in 10 ns. This scheme minimizes the po
bility of ionization by the slightly elliptically polarized mi-
crowave field produced during the decay period due to
slight difference in theQ’s of the two polarizations. While
the states excited in the field are well defined, they are
the zero-field states. In previous measurements, exciting
atoms in the zero field and applying a pulsed, nomina
circularly polarized field gave results similar to those o
tained by exciting the atoms in the presence of the mic
wave field@2#.

We apply a negative dc voltage to the bottom plate a
collect the electrons produced by ionization with a mic
channel plate~MCP! detector located above the cavity. W
have chosen to detect electrons because it is difficult to
tect ions produced by ionization in very small dc fields. D
to their thermal motion they miss the small detection ap
ture in front of the MCP detector. We have experimenta
verified that there is no observable difference between e
tron and ion detection when the applied dc field is high.

III. RESULTS AND DISCUSSION

Typically, we measure the ionization signal as the mic
wave field amplitude is scanned with the static field fixe

FIG. 1. The interaction region of the apparatus. The microw
cavity consists of two circular end caps. Two laser beams and
Na beam pass through the gap between the end caps. Micro
power is fed into the cavity through two rectangular waveguid
one on the top and one on the bottom, oriented perpendicula
each other. A 1.5-mm hole is drilled in the top waveguide to all
ions and electrons to pass. A high-voltage pulse is applied to
bottom end cap, which is insulated from the waveguide by an
mm-thick Teflon sheet.
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and one set of threshold scans ofn538 is shown in Fig. 2 for
several static fields. The ionization trace shows the expe
threshold at 141 V/cm when there is no static electric fi
present. As expected, with a dc electric field in thez direc-
tion, the threshold moves to a lower microwave field. Une
pectedly, in the presence of the static field there is a pea
the ionization at very low field strength, as shown by Fig.
This unexpected ionization feature has been observed
Rydberg states fromn534– 50, and we attribute it to a reso
nance driven by a stray static field.

A. Threshold behavior

We have definedF̄ t , the total field in the rotating frame
as the vector sum of the static and microwave fields.
amplitude is given by

Ft5AFdc
2 1FCPMW

2 , ~1!

whereFdc andFCPMW are the static field amplitude in thez
direction and the circularly polarized field amplitude, respe
tively. From data such as those shown in Fig. 2 we ha
determined the values ofFt at which 50% ionization occurs
and in Fig. 3 we have plotted the scaled field, 16n4Ft for
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FIG. 2. Ionization signal fromn538 obtained by scanning th
amplitude of the microwave field for several values of the sta
field, which are the field values specified in the figure to the left
the traces. It is quite evident that adding the static field reduces
threshold field for ionization. A resonance feature is very evid
for static fields of 30 and 50 V/cm.
1-2



d

d
ts

th
o
33
a

rp

he
ld

n
ld
r.
e
th
W
p-
ti

av
t

va
io
g

o

ing
d
ent
-

ing
d in

on
re-
n-
n
ish
lly

ce.
g-
ve

tion
the

t-
e

he
at

tates
-

ing
e-

s

e is

IONIZATION OF RYDBERG ATOMS BY A PRECESSING . . . PHYSICAL REVIEW A61 063411
50% ionization versus the ratioFdc/Ft , which is cos(u). As
shown, in all cases the values are near 1. Although we
not measure it here, in a static field the value is 1 for alln. In
a pure CPMW field the value is 1 at lown (n527) but falls
to 80% of that value byn550. The deviation of the scale
field from 1 at highn is consistent with earlier measuremen
@2,5,6# and the suggestion by Nauenberg@7# that the ioniza-
tion field should be suppressed in a rotating frame due to
Coriolis force. The data of Fig. 3 fall into three patterns. F
n527 and 30 the scaled ionization field is flat at 1. For
<n<41, the scaled field decreases slowly from 1 to 0.9
Fdc/Ft is increased from 0 to 0.9 and then increases sha
back to 1 asFdc/Ft goes to 1. Forn545 and 50, the scaled
ionization field is constant at 0.8 asFdc/Ft is increased from
0 to 0.9, then it sharply increases to 1 asFdc/Ft approaches
1. Then545 and 50 cases are surprising in that even w
90% of the field is from the static field, the ionization fie
has the low value characteristic of a pure rotating field.

B. Resonance-enhanced ionization

As shown by Fig. 2, with a static field we observed u
expected ionization at fields well below the threshold fie
and it seems to have the signature of resonance behavio
Fig. 2, the low field feature appears as a peak, and as th
field is increased, both its height and width increase, and
peak position shifts monotonically toward a higher CPM
field. Eventually, the ionization fraction of the peak a
proaches 100%, and the peak starts to overlap the ioniza
threshold. From low values ofFdc/Ft we know how the
resonance moves, and in making the plot of Fig. 3 we h
excluded field values for which the resonance overlapped
threshold. For example, there are non550 points for 0.15
,Fdc/Ft,0.40, and there are analogous gaps for other
ues ofn. Since there is a field dependence in the ionizat
efficiency and an apparent resonance requirement, leadin
the shifting position, we conclude that the peak is due t

FIG. 3. Scaled 50% ionization field, 16n4Ft vs the ratio of the
static field to the total field,Fdc/Ft , for 27<n<50. To a first
approximation, the ionization field is independent of the compo
tion of the field.
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series of resonant transitions through higher states, allow
ionization at a lower value ofFt . The resonantly enhance
ionization can be observed when a small dc field is pres
for the Rydberg states withn ranging from 34 to 50. Reso
nant transitions cannot occur if only the static field in thez
direction and the circularly polarized field in thex-y plane
are present, for the resulting field is then static in the rotat
frame. Consequently, we believe that there is a static fiel
the x-y plane that comes from stray charges accumulated
the surfaces or imperfections in the cavity construction, p
venting the applied static field from being perfectly perpe
dicular to the CPMW field. Unfortunately, with the desig
constraints of the apparatus we are not able to distingu
between these two. Based on experiments with elliptica
polarized microwave fields, we estimate that anyx-y static
field that is 5% of the total field could produce the resonan
Such a field would not significantly alter the total field ma
nitude, but it is a little hard to believe that either of the abo
sources could lead to this large-areax-y static field.

The peak position of the resonance-enhanced ioniza
has been measured in terms of the dc electric field and
CPMW field forn538, 41, 45, and 50, with the results plo
ted in Fig. 4. Empirically, we have found a good fit to th
data using the following relation:

nFt
25n~FCPMW

2 1Fdc
2 !5

4

3
vFdc. ~2!

Although the origin of the resonance is not obvious from t
above equation, in the limit of small fields we can show th
it corresponds to the one photon resonance between s
differing in m by 1. Herem is the azimuthal angular momen
tum quantum number.

Consider the atom in the presence of only the rotat
microwave field. In the frame rotating at the microwave fr
quency, the splitting between energy levels differing inm by
1 is @8#

i-

FIG. 4. The scaled-squared total field at which the resonanc
found, n Ft

2 vs the static field,Fdc for 37<n<50. The data are fit
very well by the straight line,n Ft

25(4/3)vFdc, which is Eq.~4!.
1-3
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DECPMW5Av21S 3nFCPMW

2 D 2

. ~3!

When the CPMW field is sufficiently weak, the splittin
of Eq. ~3! is given by

DECPMW>v1
1

2v S 3nFCPMW

2 D 2

. ~4!

According to Eq.~4!, in a pure CPMW field it is impossible
to have a one-photon resonance, except at zero field. H
ever, we have to consider the effect of a weak static elec
field applied along thez axis. This dc field lifts the degen
eracy of states of the samem in the CPMW field. In the
laboratory frame, the splitting between energy levels diff
ing in m by 1 is

DEdc5
3

2
nFdc, ~5!

and the splitting is the same, modulov, in the rotating frame.
If the shift of Eq.~5! offsets the field-dependent part of th
separation of Eq.~4!, then adjacent states differing inm by 1
are in one-photon resonance at nonzero fields. Explicitly,
criterion is

FCPMW
2

Fdc
5

4v

3n
. ~6!

Since we have assumed thatFt'FCPMW, Eq. ~6! is equiva-
lent to Eq.~2!, showing that Eq.~2! does in fact correspond
to the condition for a one-photon resonance.
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If we define the values ofFt at which the resonance
reaches an amplitude of 5% ionization asF5% we can esti-
mate how far the sequence of transitions goes above the
tially excited state before ionization occurs. These field v
ues are fit by

F5%50.95/n5, ~7!

which suggests that the statenF from which ionization oc-
curs is related to the initialn by nF>(n5/4)/2. For n540,
nF550, so the sequence of transitions evidently pas
through many states.

IV. CONCLUSION

We have demonstrated the continuity between static fi
ionization and ionization by a circularly polarized micro
wave field by superimposing a static field along the symm
try axis of the microwave field. It is well known that for hig
n, or high frequency, ionization occurs in a circularly pola
ized field of amplitude less than 1/16n4. What is surprising is
that the same reduced field requirement is observed eve
90% of the field is static. In other words, a small rotati
component has a disproportionate effect. We have also
served what we believe to be resonantly enhanced ioniza
at lower fields. It is presumably due to a series of reson
transitions to a higher-lying, more easily ionized state, driv
by a stray static field in the plane of the microwave field.
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