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Measurement of rapidly varying electric fields through parity oscillations
in the Rydberg states of hydrogenic atoms

N. E. Shafer-Ray
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R. N. Zare
Department of Chemistry, Stanford University, Stanford, California 94305

~Received 19 August 1996; accepted for publication 1 October 1996!

Oscillations are shown to exist in the inversion symmetry of the electronic wave function of a
hydrogenic atom coherently excited to a Rydberg state by a short pulse of laser radiation in a
uniform electric field. The dependence of these oscillations on field strength is shown to scale as
n2 wheren is the principal quantum number. The possibility of using these oscillations to measure
electric signals on picosecond timescales~terahertz frequencies! is suggested. ©1996 American
Institute of Physics.@S0003-6951~96!00650-X#
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The promise of new ultrafast electric and optoelectro
devices has driven the development of techniques to de
electromagnetic radiation on picosecond and subpicosec
timescales.1–7One detection strategy has been to use a la
gated detector to probe a pulse of terahertz radiation cre
by a laser-driven emitter.1–6 A second strategy has been
measure the interference between pulses of radiation cre
by two laser-driven emitters.7 In both cases the autocorrela
tion between two short-pulse laser-drive processes is m
sured. These pump-probe detection schemes are some
limited. As a probe of the properties of an optoelectric em
ter, for example, these schemes require that the emitter
duce a repeatable pulse profile. As an instrument for co
munication, these schemes require precise synchroniza
between the laser-driven transmitter and the laser-gated
ceiver.

These limitations could be overcome by replacing
single spatially fixed detector with a continuous series
detectors that sample the terahertz radiation as it passes
out distorting it significantly. The ability to image the profi
of single pulse of radiation would both allow for the chara
terization of transient events and simplify the technologi
challenge of terahertz communication. In this letter we p
pose that the Rydberg states of hydrogenic atoms can
used to create detectors of electric field strength that ma
ideally suited for such measurements.

The exploitation of the sensitivity of highly excited Ry
dberg states of atoms to their surroundings is not a new i
In 1976 Kleppner and Ducas8 proposed that the excited stat
of hydrogen could be used to detect both microwave
near infrared radiation. This realization led to the develo
ment of sensitive near infrared detectors.8–14 It is shown here
that the Stark mixing of the angular momentum states
highly excited hydrogenic atoms leads to oscillations in
inversion symmetry of the electronic wave function. T
electric field surrounding a hydrogenic atom can be m
sured on a picosecond timescale by probing these osc
tions with short pulses of laser radiation.

In the Stark effect, an electric field splits the otherwi
degenerate states of hydrogen into states of ene
2Z2/(2n2)1@3nF/(2Z)#k. Here Z is the charge of the
nucleus,n is the principal quantum number,F is the field
Appl. Phys. Lett. 69 (24), 9 December 1996 0003-6951/96/69(24)
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strength, andk is an electric quantum number that is relat
to the parabolic quantum numbers15 n1 and n2 by
k5n12n2. Unless otherwise specified, all quantities in th
letter will be expressed in atomic units. One way to obse
the Stark effect is to observe the quantum beats exhibited
an atom excited by a short pulse of laser radiation.16 If the
bandwidth of the laser radiation is much broader than
3n(n21)F/Z width of the Stark manifold, the electron i
excited to a Rydberg state that is initially indistinguishab
from the Rydberg state excited in the absence of the app
electric field. The initial wave function of the electron is no
however, a steady-state solution to the Schro¨dinger equation.
For this reason the wave function evolves with time. If t
initial state of the atom is described by the quantum numb
n, l , andm50, the time-dependent wave function of th
electron will be given by

cnl0~r ,t !5 (
k512n,32n,52n

n21

,,nk0unl0.unk0.eivkt.

~1!

Here unk0. are the eigenfunctions of the perturbed Ham
tonian with eigenvaluesvk wherev53Fn/2Z.

The time-dependent expectation value of the parity
erator,^P(t)&5^cnl0(r ,t)ucnl0(2r ,t)& may be evaluated
using Eqs.~1! and the solution for the spherical-parabo
matrix elementŝnlmunkm& determined by Park:17

^P~ t !&5~21! l~2l11!

3 (
k512n,32n,52n

n21 S n21

2

n21

2
l

k

2

2k

2
0
D 2

e22ivkt.

~2!

Here the bracketed term in the summation is a 32 j symbol.
For an electron initially excited to ap( l51) state Eq.~2!
reduces to

^P~ t !&5
3

~n221!n

1

4v2

d2

dt2 Fsin~2nvt !

sin~2vt ! G . ~3!
3749/3749/3/$10.00 © 1996 American Institute of Physics
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The time-dependent parity exhibits rapid oscillations in
cated by the sin(2nvt) numerator of the bracketed term
Eq. ~3!. These high-frequency oscillations in the parity of t
excited state occur at a frequency ofvp52nv53n2F/Z and
appear to be purely quantum mechanical in nature. The
that vp increases asn2 implies that, for largen, the fre-
quency of the parity oscillations, and hence the evolution
the Rydberg state of an atom, is extremely sensitive to
strength of an applied electric field.

To observe parity oscillations, the selection rule that
quires the parity of the electronic state to change in a dip
transition may be exploited. In one of many possib
schemes, hydrogenic atoms are excited to a Rydberg
via the 1s→50p transition with linearly polarized light. The
excited hydrogen atoms are then allowed to evolve in a w
electric field that is parallel to the laser polarization for
time delay of 50–1000 ps. The time-dependent shape of
evolving wave function is then probed by inducing t
n550→n52 transition and observing the subsequent L
man alpha fluorescence. We emphasize that the 50–100
time delay is between the laser radiation that excites gro
state hydrogen atoms to the 50p state and the laser radiatio
that induces then550→n52 transition. The subsequen
Lyman alpha fluorescence gives the efficiency that this tr
sition is induced. This fluorescence will have a bimodal d
cay with a rapid component corresponding to the fluor
cence of the 2p state and a slow component corresponding
the fluorescence of the 2s state. Here, for simplicity, it is
assumed that only the slow 2s-state fluorescence is observe

The ratio of the time-dependent- to the tim
independent-matrix element of the 50p→2s transition is
given by

I n~ t !5
u,210uzucn10~ t !.u2

u,200uzun10.u2

5U (
k512n,32n,52n

n21

u,nk0un10.u2eivktU2, ~4!

which reduces to

I n~ t !5U 3

~n221!n2v2

d2

dt2 Fsin~nvt !

sin~vt ! GU2. ~5!

A plot of I n(t) versus time shows low-frequency oscillatio
which are the result of the fact that the electric field pulls
otherwise stationary 50p orbital from a region close to the
nucleus to a region far removed from the nucleus and b
again ~Fig. 1!. The period of these oscillations is given b
t052p/3 nF; it is equal to 5.210 ns forF51 V cm21 and
n550. Recurrences of this type have been observed by
Wolde et al.,18 who reported that the ionization probabilit
of the n523 Rydberg state of rubidium in a field of 247
V cm21 recurs with the predicted period oft052p/3 nF5
45.8 ps.

The analysis presented here predicts additional osc
tions in the expected efficiency for induced emission at
frequency of the parity oscillations@Fig. 1 ~inset!#. Unlike
the lower-frequency oscillations at the Stark splitting, the
oscillations are not caused by motion of the electronic pr
ability from a region near the nucleus to a region far from
3750 Appl. Phys. Lett., Vol. 69, No. 24, 9 December 1996
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nucleus. Instead, these oscillations reflect the parity osc
tions of the Rydberg orbital caused by field-inducedl mix-
ing. Oscillations of this nature have yet to be observed
perimentally. The fact that a field strength of only 1
cm21 induces a frequency-dependent signal on the orde
104 ps is remarkable. This result implies that an excited
drogen atom could be used to sample weak electrical sig
on a picosecond timescale.

The measurement described assumes that the bandw
of the excitation radiation is broad enough to excite an en
Stark manifold but narrow enough not to excite adjac
Stark manifolds. These conditions cannot be met if too sh
a pulse of laser radiation is employed. A pulse of laser
diation with a Gaussian time-dependent intensity pro
characterized byDtFWHM has an angular frequency resol
tion of DvFWHM54ln2/DtFWHM @FWHM ~full width at half-
maximum!#. This condition places a limit on the minimum
pulse width of an excitation laser that is used to excite
singlen state. Given the spacing between adjacentn levels
in a hydrogen atom is 1/n3, excitation of only onen level
requires DtFWHM to be much greater than 4n3ln 2. For
n550 we find this condition implies thatDtFWHM must be
greater than 8 ps.

To explore the possibility of faster measurements
electric field strength, we predict the field-dependent e
ciency I (F,DtFWHM) with which two coincident pulses o
laser radiation populate the 2s state of a hydrogenic atom
~Fig. 2!. The center frequency of one of these pulses is tu

FIG. 1. The time-dependent signal expected from a pump-probe study o
evolution of hydrogen atoms excited to a 50p state in the presence of a
V cm21 electric field. HereI 50(t) is the ratio of the time-dependent oscilla
tor strength of then550 to 2s transition to the time-independent oscillato
strength of the 50p to 2s transition.

FIG. 2. Dependence of the efficiency for excitation to the 2s state of a
hydrogenic atom via the induced transitions 1s→H ~high n)→2s on elec-
tric field strength forDtFWHM55 ps~solid line! andDtFWHM510 ps~dashed
line!. Each curve is normalized to the efficiency for excitation to the 2s state
under field-free conditions.
N. E. Shafer-Ray and R. N. Zare
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to the field-free ionization limit for the 1s→H1 transition
whereas the second frequency is tuned to the field-free
ization limit for the 2s→H1 transition. Because of the in
herently broad bandwidth of the short pulse of radiat
tuned to the 1s→H1 transition, a spectrum of highn states
will be excited. Similarly, the short pulse of laser radiati
tuned to the 2s→H1 transition will drive many of these
electronic states back to the 2s state. To obtain the resu
shown in Fig. 2, the analysis leading to the result of Eq.~5!
was modified to include averaging over both the distribut
of n states within the bandwidth of the laser radiation, a
over the uncertainty in the time delay between laser-indu
excitation and laser-induced emission. Details of this cal
lation will be given in a future work.

One interesting feature ofI (F,DtFWHM) is the broad
shoulder of the sharp peak at zero field strength. This fea
occurs as the increasing field shifts low-n quantum states
into the bandwidth of the laser radiation. A second obser
tion is the strong dependence ofI (F,DtFWHM) on the dura-
tion of the laser pulse. This dependence demonstrates
inherent trade-off between sensitivity to electric field a
time resolution of the measurement.

This discussion has been limited to hydrogenic syste
The analysis of multielectron atoms and molecules requ
consideration of the influence of quantum defects and
competition between diabatic and adiabatic motion of
electron. We recognize that the difficulty of manipulatin
hydrogen atoms and creating vacuum ultraviolet light to
cite them may make a method of measuring electric fi
strength based on the detection of nonhydrogenic syst
more practical. The simple analysis presented here, howe
Appl. Phys. Lett., Vol. 69, No. 24, 9 December 1996
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demonstrates the rapid timescale forl mixing and suggests a
possible use of the Rydberg states of atoms and molecule
a probe of high frequency electrical signals.

This work is supported in part by funding from the Un
versity of Oklahoma and from the National Science Foun
tion under NSF Grant No. CHE-9322690.
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