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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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(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
n? wheren is the principal quantum number. The possibility of using these oscillations to measure
electric signals on picosecond timescalesahertz frequencigss suggested. €1996 American
Institute of Physicg.S0003-695(196)00650-X

The promise of new ultrafast electric and optoelectronicstrength, and is an electric quantum number that is related
devices has driven the development of techniques to detetd the parabolic quantum numbé&tsn; and n, by
electromagnetic radiation on picosecond and subpicosecord=n; —n,. Unless otherwise specified, all quantities in this
timescales™’ One detection strategy has been to use a lasetetter will be expressed in atomic units. One way to observe
gated detector to probe a pulse of terahertz radiation creatdtie Stark effect is to observe the quantum beats exhibited by
by a laser-driven emittér:® A second strategy has been to an atom excited by a short pulse of laser radiatfoti.the
measure the interference between pulses of radiation creaté@ndwidth of the laser radiation is much broader than the
by two laser-driven emitterSIn both cases the autocorrela- 3n(n—1)F/Z width of the Stark manifold, the electron is
tion between two short-pulse laser-drive processes is meg&xcited to a Rydberg state that is initially indistinguishable
sured. These pump-probe detection schemes are somewfiggm the Rydberg state excited in the absence of the applied
limited. As a probe of the properties of an optoe|ectric emit-e|eCtriC field. The initial wave function of the electron is not,
ter, for example, these schemes require that the emitter prélowever, a steady-state solution to the Sdimger equation.
duce a repeatab|e pu|se prof”e_ As an instrument for ComFor this reason the wave function evolves with time. If the
munication, these schemes require precise synchronizatiditial state of the atom is described by the quantum numbers
between the laser-driven transmitter and the laser-gated r& |, and m=0, the time-dependent wave function of the
ceiver. electron will be given by

These limitations could be overcome by replacing a
single spatially fixed detector with a continuous series of
detectors that sample the terahertz radiation as it passes with-
out distorting it significantly. The ability to image the profile @
of single pulse of radiation would both allow for the charac- ) ) ]
terization of transient events and simplify the technological€"€|nk0> are the eigenfunctions of the perturbed Hamil-
challenge of terahertz communication. In this letter we pro{onian with eigenvaluesk wherew=3Fn/2Z. .
pose that the Rydberg states of hydrogenic atoms can be 1€ time-dependent expectation value of the parity op-
used to create detectors of electric field strength that may bgrgtor,(H(t)}z(z,anO(r,t)| ‘M_‘IO(_ r,t)) may b,e evaluated'
ideally suited for such measurements. using Egs.(1) and the solution fo'r the sphenk(%al-parabollc

The exploitation of the sensitivity of highly excited Ry- Matrix elementgnim[nkm) determined by Park:
dberg states of atoms to their surroundings is not a new ide _ |
In 19976 Kleppner and Ducéproposed thatgthe excited states(ZLH(t)> =(=1@&+1)
of hydrogen could be used to detect both microwave and n—1
near infrared radiation. This realization led to the develop- n-1 o

k
2

n—-1
Ynlo(r,t)= > ,<nko|nl0>|nko>e'“kt,
k=1 n

n—1 2

=2

ment of sensitive near infrared detect®?&} It is shown here X

that the Stark mixing of the angular momentum states of k=1-n.3-n,5-n A

highly excited hydrogenic atoms leads to oscillations in the 2

inversion symmetry of the electronic wave function. The 2

electric field surrounding a hydrogenic atom can be mea-

sured on a picosecond timescale by probing these oscillddere the bracketed term in the summation is-aj3ymbol.

tions with short pulses of laser radiation. For an electron initially excited to a(l=1) state Eq.2)
In the Stark effect, an electric field splits the otherwisereduces to

degenerate states of hydrogen into states of energy

—k

—Z2/(2n%)+[3nF/(2Z)]k. Here Z is the charge of the (1)) = 3 1 d*[sin2net) 3
nucleus,n is the principal quantum numbek, is the field (n?—1)n 4w? dt?| sin(2wt) |’
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The time-dependent parity exhibits rapid oscillations indi-

cated by the sin(Rwt) numerator of the bracketed term in
Eq. (3). These high-frequency oscillations in the parity of the o
0/

—
—_

Iso(®)

excited state occur at a frequency@f=2nw= 3n%F/Z and
appear to be purely quantum mechanical in nature. The fact
that w,, increases am? implies that, for largen, the fre-
guency of the parity oscillations, and hence the evolution of 0 4 8 12

the Rydberg state of an atom, is extremely sensitive to the /2)/ns

strength of an applied electric field.

To observe parity oscillations, the selection rule that re-FIG. 1. The time-dependent signal expected from a pump-probe study of the
quires the parity of the electronic state to change in a dipolevolution of hydrogen atoms excited to apbétate in the presence of a 1
transition may be exploited. In one of many possibIeV cm?* electric field. Herd 54(t) is the ratio of the time-dependent oscilla-

h hvd . t ) ited t Rvdb ta’ior strength of then=50 to 2s transition to the time-independent oscillator
S_C emes, ny rOgemc_ _a om_s are excite 0 a y erg s 9ength of the 5¢ to 2s transition.
via the 1s—50p transition with linearly polarized light. The
excited hydrogen atoms are then allowed to evolve in a weak I . .

g . - nucleus. Instead, these oscillations reflect the parity oscilla-

electric field that is parallel to the laser polarization for a.. . oy .
time delay of 50—1000 ps. The time-dependent shape of th'%ons of the Rydberg orbital caused by field-indudeohix-
evalving )\//vave f_unctionp i.s then probe% by inducizg themg' Oscillations of this nature have yet to be observed ex-

n=50—n=2 transition and observing the subsequent I_y_perlmentally. The fact that a field strength of only 1 V

_l . .
X cm™ - induces a frequency-dependent signal on the order of
tr;:r?re] gleﬁ)g; ifslutc));?v?/gzrr:cﬁev:/aes:rmrzzia?izi tt?]ztt ?fcsé);;?gfn 4 ps is remarkable. This result implies that an excited hy-
e rogen atom could be used to sample weak electrical signals
state hydrogen atoms to the p@tate and the laser radiation 9 P 9

. ~ N o on a picosecond timescale.
that induces thm—S%n—g transition. _The subsequent The measurement described assumes that the bandwidth
Lyman alpha fluorescence gives the efficiency that this tran-

J . . X of the excitation radiation is broad enough to excite an entire
sition is induced. This fluorescence will have a bimodal de- . . .
ca ith a rapid component corresponding to the fl Ores_Stark manifold but narrow enough not to excite adjacent

y Wi P! P P Ing u Stark manifolds. These conditions cannot be met if too short

cence of the p state and a slow component corresponding to .
o or 9 A pulse of laser radiation is employed. A pulse of laser ra-
the fluorescence of thes2state. Here, for simplicity, it is P ploy P

assumed that only the slowsztate fluorescence is observed diation with a Gaussian time-dependent intensity profile
The ratio of the ftime-dependent- to the time- characterized byAtgyyy has an angular frequency resolu-

. . - . tion Owa,:WHM=4|n 2/AtFWHM [FWHM (fu" width at half-
independent-matrix element of the 56-2s transition is maximum]. This condition places a limit on the minimum

given by pulse width of an excitation laser that is used to excite a
| <210z|yn10(t)> | singlen state. Given the spacing between adjacetevels
Ih(t)= [<2002]n10>]? in a hydrogen atom is @f, excitation of only onen level
requires Atpyyw to be much greater thanndin2. For
n-1 N n=>50 we find this condition implies thaktgy,y mMust be
= k=lfn,§7n,57n |<nk0|n10>|%e'*¥ (4)  greater than 8 ps.

To explore the possibility of faster measurements of
which reduces to electric field strength, we predict the field-dependent effi-
ciency | (F,Atrwym) With which two coincident pulses of
laser radiation populate thesXtate of a hydrogenic atom
(Fig. 2). The center frequency of one of these pulses is tuned

3 d2 2

sin(Nwt)
(0= =T 62| siat

sin(wt)

A plot of I ,(t) versus time shows low-frequency oscillations
which are the result of the fact that the electric field pulls the 1.0
otherwise stationary F0orbital from a region close to the
nucleus to a region far removed from the nucleus and back
again(Fig. 1). The period of these oscillations is given by
To=2/3 nF; it is equal to 5.210 ns fdf=1 Vcm ! and
n=50. Recurrences of this type have been observed by ten
Wolde et al.'® who reported that the ionization probability
of the n=23 Rydberg state of rubidium in a field of 247.5
V cm™ ! recurs with the predicted period ef=27/3 nF = 0.0
45.8 ps.
The analysis presented here predicts additional oscilla- F / volt cm~1
tions in the expected efficiency for induced emission at the
frequency of the parity oscillationEFig. 1 (inseb]. Unlike FIG. 2. D_ependen_ce of _the efficiency_f_or excitatipn to the state of a
the lower-frequency oscillations at the Stark splitting, thesdYr0denic atom via the induced transitions-2H (high n)—2s on elec-
. . ) ric field strength forAtgyw=5 ps(solid line) andAtgyyy= 10 ps(dashed
oscillations are not caused by motion of the electronic prObTme). Each curve is normalized to the efficiency for excitation to thetate
ability from a region near the nucleus to a region far from theunder field-free conditions.

©)

I(F,At)
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to the field-free ionization limit for the $-H" transiton =~ demonstrates the rapid timescale fanixing and suggests a
whereas the second frequency is tuned to the field-free iorPossible use of the Rydberg states of atoms and molecules as
ization limit for the 2—H" transition. Because of the in- @ probe of high frequency electrical signals.

herently broad bandwidth of the short pulse of radiation  This work is supported in part by funding from the Uni-
tuned to the $—H™" transition, a spectrum of high states  versity of Oklahoma and from the National Science Founda-
will be excited. Similarly, the short pulse of laser radiationtion under NSF Grant No. CHE-9322690.

tuned to the 8—H" transition will drive many of these

electronic states back to thes Ztate. To obtain the result

shown in Fig. 2, the analysis leading to the result of &).  *G- Mouro, C. V. Stancampiano, and D. Blumethal, Appl. Phys. 38f.
was modified.to.include avergging over both the Qis'tributionzgoé.liijs)t'on’ K. P. Cheung, and P. R. Smith, Appl. Phys. 145284

of n states within the bandwidth of the laser radiation, and (19g4).

over the uncertainty in the time delay between laser-inducedA. P. DeFonzo, M. Jarwala, and C. Lutz, Appl. Phys. L&®, 1156

excitation and laser-induced emission. Details of this calcu-4(1:87)- ) J < chkowsk L ph
lation will be given in a future work. Ch. Fattinger and D. Grischkowsky, Appl. Phys. L&, 490(1989.

. . . 5M. van Exter, Ch. Fattinger, and D. Grischkowsky, Appl. Phys. L&5t.
One interesting feature of(F,Atgwyy) is the broad 337(1989.

shoulder of the sharp peak at zero field strength. This featuréQ. Wu and X. C. Zhang, Appl. Phys. Le@i7, 3523(1995.
occurs as the increasing field shifts lewgquantum states _S- E. Ralph and D. Grischkowsky, Appl. Phys. L&®, 1070(1992.

. . P 8D. Kleppner and T. W. Ducas, Bull. Am. Phys. S@d, 600(1976.
into the bandwidth of the laser radiation. A second observang. E. Gallagher and W. E. Cooke, Appl. Phys. L&, 369 (1979.

tion is the strong dependence IqfF,Atpyy) On the dura- 1R M. Hill and T. F. Gallagher, Phys. Rev. Le85, 2567 (1985.
tion of the laser pulse. This dependence demonstrates th&. A. Gelowachs, C. F. Klein, and J. E. Wessel, IEEE J. Quantum Elec-
inherent trade-off between sensitivity to electric field and, "o QE-14, 77(1978. .
ti uti fth ¢ H. Figger, G. Leuchs, R. Straubinger, and H. Walther, Opt. Comi38n.
ime resolution of the measurement. _ 37 (1980.

This discussion has been limited to hydrogenic systems:2T. w. Ducas, W. P. Spencer, A. G. Vaidyanathan, W. H. Hamilton, and D.
The analysis of multielectron atoms and molecules requires Kleppner, Appl. Phys. Let35, 382(1979.
consideration of the influence of quantum defects and the Ehg"ﬁe‘; ;"207' 2"66?('?;;53' M. Raimond, C. Fabre, and S. Haroche,
competition between. diabatic and .a_d|abat|c motion of.thas H. A. Bethe and E. E. SalpeteQuantum Mechanics of One- and Two-
electron. We recognize that the difficulty of manipulating Electron AtomgPlenum, New York, 1977 p. 230.
hydrogen atoms and creating vacuum ultraviolet light to ex-® W. Demtrader, Laser Spectroscopy, Basic Concepts and Instrumentation
cite them may make a method of measuring electric fieIq%”dAeg;ﬁfrggFe,ﬁy'zigg’1%3%929"&') 661-670, and references therein.
strength based on the detection of nonhydrogenic systemsa_ ten wolde, L. D. Noordam, A. Lagendijk, and H. B. van Linden van

more practical. The simple analysis presented here, howeverden Heuvell, Phys. Rev. A0, 485 (1989.

Appl. Phys. Lett., Vol. 69, No. 24, 9 December 1996 N. E. Shafer-Ray and R. N. Zare 3751

Downloaded 12 Jul 2013 to 171.64.124.91. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



