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Using High Rydberg States as Electric Field Sensors
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High Rydberg states of the krypton atom have been investigated at high resolution by va
ultraviolet–millimeter wave double-resonance spectroscopy. The measurement of Stark shifts
spectra of these high Rydberg states is used to determine electric fields with a620 mVycm accuracy.
The analysis of spectral line shapes provides information on inhomogeneous electric field distrib
in the experimental volume. [S0031-9007(99)08605-6]

PACS numbers: 32.60.+ i, 32.30.Bv, 32.70.Jz, 32.80.Wr
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High Rydberg states display an unusual sensitivity
electric fields: The polarizability of an atom in a Rydber
state of principal quantum numbern is proportional ton7,
and the threshold field for field ionization is proportiona
to n24 [1]. Spectroscopic measurements on high Rydbe
states can only be performed at very low electric field
For example, Neukammeret al. [2] had to reduce their
electric fields to less than45 mVycm to obtain spectra
of barium Rydberg states atn  520. The very rapid
variation of their properties withn renders high Rydberg
states attractive as electric field sensors: Even a sm
electric field leads to a substantial change in the propert
of sufficiently high Rydberg states. Recent studies ha
demonstrated that a quantification of this change enab
accurate measurements of electric fields [3–5].

Hotop and co-workers [4,5] diagnosed and reduc
electric fields to levels around100 mVycm by monitoring
SF2

6 formation around the onset of field ionization of hig
n Rydberg states of the argon atom. Their diagnos
method relies on the observation of a discontinuity in th
SF2

6 yield at the field ionization onset [5]. Its sensitivity
results from the very rapid decrease (withn24) of the
threshold fields for ionization at increasingn values.

Frey and co-workers [3] measured and subsequen
minimized electric fields to less than50 mVycm by
exploiting the Stark effect. To measure the fields,
high resolution laser was detuned a few MHz to th
red of a particular4s ! np transition in alkali atoms.
The magnitude of a bias voltage applied between a p
of opposing electrodes was varied until the transitio
frequency was brought into resonance with the las
frequency, at which point efficient absorption led to th
observation of a large field ionization signal. Because t
energy shift of a Rydberg state undergoing a quadra
Stark effect is proportional to the polarizability, which
itself grows asn7, the sensitivity of this electric field
measurement improves rapidly withn.

Both methods described above are ideally suited to p
cisely determine and compensatehomogeneouselectric
fields but do not provide information oninhomogeneous
electric fields, such as those caused by charged partic
or dipolar molecules that may be present in the expe
mental volume. These procedures are therefore not su
0031-9007y99y82(9)y1831(4)$15.00
to
g

l
rg
s.

all
ies
ve
les

ed

h
tic
e

tly

a
e

air
n
er
e
he
tic

re-

les,
ri-
ited

to gain a complete picture of the stray fields in situatio
where ion concentrations are not negligible, as is ty
cally the case in pulsed field ionization zero kinetic ener
spectroscopy [6–8] or in spectroscopic measurement
ultracold samples [9,10]. Controlling homogeneous a
inhomogeneous stray electric fields may also be imp
tant for coherent quantum-state manipulation of trapp
ions [11].

The method reported here to determine stray elec
fields relies on the same principle as the second field m
surement method described above. However, instead
measuring the resonant electric field by sweeping the b
voltage at a fixed excitation frequency, spectra are recor
by scanning the excitation frequency at fixed electric fie
values. This procedure has the advantage that additio
information on theinhomogeneouselectric field distribu-
tion in the experimental volume can be extracted from t
shape of the spectral lines. In experimental situations l
the present one, where the photoexcitation volume is sm
compared to the dimensions of the apparatus and well
moved from any surface material, the stray electric fie
that originate from rest or patch surface potentials are
a good approximation, homogeneous. Stray field inhom
geneities are caused almost entirely by charged or di
lar particles located within the probe volume and can
analyzed in terms of the Holtsmark distribution function
[12,13].

Experiment.—High-resolution spectra of high Rydber
states are measured by the vacuum ultraviolet (vuv
millimeter wave double-resonance method described
Ref. [14]. A broadly tunable (65–130 nm), narrow ban
width (0.1 cm21) pulsed vuv laser [15] is used to induc
a transition from the ground neutral state of an atom o
molecule in a skimmed supersonic beam to a selected
dberg state in the rangen  50 150. Transitions from
this Rydberg state to higher lying Rydberg states are
duced by a tunable (120–180 GHz) source of millim
ter waves and detected by selective delayed pulsed fi
ionization of the upper Rydberg states. Photoexcitat
is carried out in a 5.7 cm long, magnetically shielde
(shielding coefficient of 5000) region surrounded b
cylindrical electrodes across which dc bias voltages c
be applied. For the experiments described in this Let
© 1999 The American Physical Society 1831
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the vuv laser was held fixed at the frequency of th
s4pd6 1S0 ! s4pd577df3y2g sJ  1d transition in krypton
and the millimeter waves were used to record spectra
the region around then  91 Rydberg states. Spectra
resolution improves with increasing delay time betwee
laser and electric field pulse (i.e., at increasing intera
tion time of the millimeter waves with the atoms). Thi
is illustrated in Fig. 1 which shows millimeter wave spec
tra of the 77df3y2g sJ  1d ! 93pf3y2g sJ  1d transi-
tion recorded using delay times in the range between
and 18 ms. The ultimate resolution of 60 kHz achieve
in our apparatus is limited by the transit time of12 18 ms
of the excited molecules through the region of interactio
with the millimeter waves.

Results.—The high sensitivity of high Rydberg state
to electric fields is illustrated in Fig. 2, which shows th
onset of the Stark effect atn  91. The spectra have
been recorded by applying dc bias voltages on the e
traction plates so as to generate electric fields in t
range0 44 mVycm. At zero field [trace (a)] only three
lines are observed corresponding to the three fine str
ture components of the91f state that are optically ac-
cessible from the selected intermediate77df3y2g sJ  1d
state [in order of increasing frequency91ff3y2g sJ  1d,
91ff3y2g sJ  2d, and 91ff5y2g sJ  2d]. These states
undergo a quadratic Stark effect at low fields [traces (a)–
(d)]. As the field increases, the spectra first reveal t
appearance of theg Rydberg states [trace (b)] that be-
come observable as a consequence of Stark mixing w
the f states. At fields aboveø10 mVycm, the highl
states which undergo a linear Stark effect progressive
gain in importance until thef states are completely ab-
sorbed by the linearly expanding highl manifold of Stark
states [trace (g)]. Important observations, discussed be
low, are that transitions to states located at the center
the linear Stark manifold are very sharp and that a gra
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FIG. 1. Millimeter wave spectra of the77df3y2g sJ  1d !
93pf3y2g sJ  1d transition recorded using delay times of 1
(full bold line), 1.5 (dotted line), 3 (dashed line), and18 ms
(thin full line) between laser pulse and PFI.
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ual broadening becomes noticeable as one moves tow
either edge of the Stark manifold [traces (e)–(g)].

Figure 3 illustrates how the homogeneous compone
of the stray electric fields are measured and compensa
using the77df3y2g sJ  1d ! 91ff5y2g sJ  2d transi-
tion as an example. The transition is recorded at se
eral positive and negative bias voltages on the extract
plates. For the graphical representation, the spectra h
been shifted along the vertical axis by an offset correspo
ing to the value of the applied electric fieldFz,applied. Be-
cause the Stark shift is proportional to the square of t
magnitude of the electric field but does not depend on
sign, the line centers of the different measurements lie
a parabolic curve of the form

n  n0 1 csFz,applied 1 Fz,strayd2

1 csF2
y,stray 1 F2

x,strayd , (1)

where n0 corresponds to the zero field transition fre
quency andc is a constant. The apex of the parabol
which corresponds to the point [n0,z  n0 1 csF2

y,stray 1

F2
x,strayd, Fz,applied  2Fz,stray ], can be determined accu

rately from a fit of the line centers to Eq. (1). For th
measurement displayed in Fig. 3, the fit yieldsFz,stray 
2646 6 20 mVycm and n0,z  174 779.016 6

0.015 MHz. The stray field component along thez axis
can subsequently be reduced to less than20 mVycm by
applying a dc bias field of1646 mVycm. The procedure
can be repeated for thex andy directions.

A gradual broadening of the transitions is noticeab
at increasing field strength in Fig. 3. This broadenin
has the same origin as that observed in traces (e)–(g)
of Fig. 2: It results from the inhomogeneous electr
field distribution in the sample volume, as is illustrate
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FIG. 2. Stark spectra of krypton atn  91 recorded fol-
lowing vuv–millimeter wave double-resonance excitation v
the 77df3y2g sJ  1d intermediate state. The spectra hav
been shifted along the vertical axis by an offset correspond
to the value of the applied electric field: (a) 0 mVycm;
(b) 4.56 mVycm; (c) 10.57 mVycm; (d) 14.53 mVycm;
(e) 19.43 mVycm; (f) 29.45 mVycm; and (g) 44.43 mVycm.
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FIG. 3. Stark spectra of the 77df3y2g sJ  1d !
91ff5y2g sJ  2d transition. The spectra have been shifte
along the vertical axis by an offset corresponding to the val
of the applied electric field (from top to bottom: 2.99, 2.51
1.98, 1.52, 1.26, 0.99, 0.50, 0.23, 0,20.23, 20.52, 20.99, and
21.98 mVycm).

schematically in Fig. 4. The figure represents the field d
pendence of the energetic levels of Rydberg states und
going a quadratic [Fig. 4(a)] and a linear [Fig. 4(b)] Sta
effect. Because of inhomogeneities in the electric fie
distribution, the actual value of the electric field varie
across the sample volume in a range represented schem
cally by two vertical dashed lines on both sides of th
central field value (F1 or F2 in Fig. 4). Consequently, the
Rydberg states probed experimentally are all subject
slightly different electric fields and display different Star
shifts. For Rydberg states subject to a quadratic St
effect, the broadening that results from the same inhom
geneous electric field distribution is more pronounced
larger electric fields [see Fig. 4(a)]. In addition, the line
can be predicted to be asymmetrically broadened and
graded to the low (high) frequency side for a red (blu
shifted Stark state (see also Fig. 5). In contrast, the slo
of Rydberg states undergoing a linear Stark effect is ind
pendent of the electric field strength and so are the inh
mogeneous broadenings. However, the broadenings
expected to be large for Stark states located at the e
of the Stark manifold (these states display a strong fie
dependence) but negligible for Stark states located at
center of the manifold [Fig. 4(b)], as is observed expe
mentally (see Fig. 2).

Figure 5 demonstrates that the broadening that res
from the electric field inhomogeneities strongly depen
on the laser power. The upper panel shows three sp
tra of the 77df3y2g sJ  1d ! 91ff5y2g sJ  2d transi-
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FIG. 4. Inhomogeheous broadening in Rydberg states und
going a quadratic (a) and a linear (b) Stark effect.

tion recorded at laser powers of#106, ø5 3 106, and
ø2.5 3 107 photonsypulse, respectively. At increasing
laser power, the line shape undergoes a marked as
metric broadening towards lower frequencies. Becau
the vuv laser pulse duration of 5 ns is negligible com
pared to the delay time of several microseconds us
to drive the millimeter wave transitions, one can safe
rule out that the broadening originates from the osc
lating laser field. The change of line shape can be
tributed only to ions or Rydberg states initially excite
by the laser. At the end of the laser pulse the major
of excited species are77df3y2g sJ  1d Rydberg states,
although ions are also produced by direct ionization
krypton clusters in the beam and of water molecules
the background and by collisional and associative ioniz
tion, as well as millimeter wave ionization, of the initially
prepared77df3y2g sJ  1d Rydberg states. Preliminary
estimates suggest that, despite their smaller concentrat
the role of ions in the line broadening is more importa
than that of the initially preparedn  77 Rydberg states.
Figure 5(b) shows line shapes calculated on the basis
Holtsmark’s field distributions [12] for different concen
trations of ions in the sample volume. The full, dotte
dash-dotted, and dashed lines in Fig. 5(b) were obtain
1833
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FIG. 5. (a) Line shape of the 77df3y2g sJ  1d !
91ff5y2g sJ  2d transition recorded at different laser in
tensities. The full, dotted, and dashed lines were record
using laser power of #106, ø5 3 106, and ø2.5 3
107 photonsypulse, respectively. (b) Line shapes predicte
using Holtsmark’s field distribution for ion concentration o
104 (full line), 105 (dotted line), 3 3 105 (dash-dotted line),
and106 ionsycm3 (dashed line), respectively.

by assuming concentrations of104, 105, 3 3 105, and
106 ionsycm3, respectively. Although the calculated lin
shapes qualitatively reproduce the observed line shap
some marked differences (particularly at the highest la
power) necessitate further investigations. A more elab
rate modeling of the line shapes would have to take in
account the fact that the ion concentration increases d
ing the experimental observation time and include the
fect of other Rydberg states.

In conclusion, high Rydberg states can be used
sensors for very small electric fields. By measuring lin
shifts in the spectra of high Rydberg states, it is possible
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measure homogeneous electric fields very accurately a
to subsequently reduce them to less than20 mVycm. By
analyzing the inhomogeneous broadening observed in
spectra of high Rydberg states, important information c
be gained on inhomogeneous electric field distributio
in the sample volume. In favorable cases, these fie
distributions can be related to the concentration of charg
particles in the experimental volume.
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