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Scaled-energy spectroscopy of heliuriM|=1 Rydberg atoms in a static electric field
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We present scaled-energy spectra on helium Rydberg atoms in a static electrigMilgtdl states were
studied in excitation from the %5, metastable state. Spectra were recorded der—2.94Q4), e=
—2.3504), both below the saddle point, arg= —1.76(Q4), above the saddle point. Closed-orbit theory was
applied to interpret the spectra. A recent extension to closed-orbit theory, incorporating core effects, was used.
This significantly improved agreement between experiment and thEat(50-294708)02610-9

PACS numbgs): 32.60+i, 32.80.Rm, 03.65.Sq

[. INTRODUCTION tra were recorded in pulsed-laser excitation and compared
with hydrogenic closed-orbit calculations. In these calcula-
In this paper we present high-resolution laser spectrostions so-called action spectra were generated and compared
copy experiments on helium Rydberg atoms in a static elecwith Fourier transforms of the experimental spectra. Due to
tric field. In an electric field the classical Hamiltonian of a their limited energy resolution, the experiments were re-
hydrogen atom may be transformed in such a way that istricted to small-scaled action§€ 10). Courtneyet al. [5]
does not depend on energy and applied field independentiecorded scaled-energy spectra for lithiuM €0) at vari-
but solely on a single parameter: the scaled enetgy ous scaled energies below and above the saddle point using
=E/JF. HereE is the energy with respect to the zero-field two-step cw laser excitation. Orbits born from bifurcations
ionization threshold ané& is the applied electric field, both from the parallel orbit and its repetitions were studied as a
in atomic units. This scaling property has inspired experi-function of the scaled energy. These spectra were also inter-
mentalists to perform experiments under constant semiclagreted using closed-orbit theory. Large deviations in the in-
sical conditions by varying the electric-field strength and en+ensities of the peaks of Fourier transformed experimental
ergy simultaneously in such a way that the scaled energy ispectra from hydrogenic closed-orbit calculations were
kept constant. In this way the classical dynamics of the atonfiound, in particular for higher action values. Some of these
does not change during a laser scan and semiclassical closembuld be attributed to core effects. Kugk al. [6] performed
orbit theory can be applied to interpret the spectra. Thiscaled-energy experiments on barium Rydberg atoms in an
theory, developed by Delos and co-workgts-3], connects electric field. Their spectra were also interpreted using hy-
the oscillations in the absorption spectra of a hydrogen atordrogenic closed-orbit theory. Effects of the nonhydrogenic
in an external field to classical electron orbits that are closedharacter of barium were observed as deviatignainly in
at the nucleus. Such a semiclassical description of a quantuthe intensities of the peakdrom hydrogenic closed-orbit
system is attractive since, in contrast to a full quantum calealculations.
culation, it can provide greater insight into the dynamics. In early versions of closed-orbit theory core scattering
To date, most theoretical and experimental work onwas ignored. Gao and Del¢8] considered core scattering
scaled-energy spectroscopy has been performed on atomsand demonstrated that an incoming Coulomb wave at the
magnetic fields since, in this case, a transition from regulacore is not only scattered backward into its own orbit but is
to chaotic classical dynamics can be studied when increasingiso scattered into all other orbits. However, the effects were
the scaled energy. The hydrogen atom in an electric field, oexpected to be small for the system they were studying and
the other hand, is an integrable system and hence no suetere neglected. Over the past few years both theoretical and
transition to chaos exists. However, for nonhydrogenic atexperimental evidence have been collected, showing that ef-
oms, the presence of a core induces additional scattering pofects of the core in nonhydrogenic atoms cannot be neglected
sibilities that may be interpreted as chaotic behavior, in botfhin general5,7,9,1Q. In the Fourier transforms of experimen-
the electric- and magnetic-field cases. Therefore, these coréal spectra and of quantum calculations, additional peaks and
induced effects may be equally well studied in an electrica reduction of intensities of the hydrogenic modulations and
field. Additionally, the Coulomb plus electric-field potential their harmonics were found. To describe the effects of a
contains a saddle point. When the energy is higher than theonhydrogenic core in semiclassical calculations two ap-
saddle point energycorresponding toe>—2) a classical proaches have been used. Damdal. [11,12 investigated
electron can escape into the continuum. A study at energigbe scattering of an incoming Coulomb wave at the core in
around the saddle point energy in the electric-field case ofdetail and demonstrated that incorporating the core-scattered
fers additional attractive features. waves consistently in closed-orbit theory results in the ap-
A scaled-energy experiment in an electric field was perpearance of sum orbits, whose scaled action is the sum of the
formed by Eichmanet al.[4] on sodium ak= —2.5. Spec- actions of two or more hydrogenic orbits. These “combina-
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tion” orbits were first identified in magnetic-field experi- applied electric field are varied simultaneously. This experi-
ments[7]. Also the probability for repeated traversals of hy- mental technique is based on a scaling property of the
drogenic orbits is reduced as part of the amplitude of thedamiltonianH for a hydrogen atom in an electric field:
incoming wave may be scattered into other orbits, a process
termed “core shadowing.” An alternative approach em- 1 5 5 5 T
ployed by Hipperet al.[13,14 accounted for the core in the He=5(pz+p,+12/p%) —Up"+29) "+ Fz. (1)
classical trajectory calculations via a model potential con-
structed to give the correct quantum defects. Both apHere p?=x2+y?, F is the applied electric field in atomic
proaches were successful in comparing modified semiclassimits, andl, is thez component of the angular momentum.
cal calculations and quantum calculations for highly excitednserting the transformation
atoms in a magnetic field. The essential difference between
the two approaches is that Dands al. describe core- p=FY b= P
scattering quantum mechanically, while pheret al. use a e P
classical treatment. In this paper we apply the description of ~ ~ _ ~ @
i z=FY%, p,=F 'p, T=F%"

Dandoet al, who achieved excellent agreement between cal- v Pz Pz,
culated quantum spectra for lithium in an electric fieldeat ) .
= —3.00 and their modified closed-orbit theory calculations.fesults in a scaled Hamiltonia,

Here we presentM|=1 spectra for singlet helium at 1
=—2.94(q4), e=—2.35(Q4), both below the saddle point, T LT T2, T2 122y 2 SN2,
and e=—1.76Q(4), which is above the saddle point. We H=He/VF 2(p2+pp+Lz/p )= Up 27z,
compare our experimental data with hydrogenic closed-orbit (3
theory and show how the results improve on including core "y
effects in the way described by Danéoal. [11,17. Since  With L,=F"4,. . . _
orbits along the electric field direction are not present for When considering the classical dynamics of the system in
[M|=1 spectra, corrections for diverging amplitudgss] scaled coordinates we find that foy=0 there is no longer a
close to bifurcations are not necessary. We also estimatgeparate dependence on the electric field and energy. The
whether the possibility of escape over the saddle point afteglassical dynamics is completely determined by a single pa-
core scattering affects the spectra significantly. Since heliumameter, the scaled energy
has a small core its core effects are expected to be small, but
they are incorporated in our calculations. We chose to study e=E/\F. (4
helium following experiments on barium performed in our
group by Kuik et al. [6]. In contrast to barium, helium is The scaling property of the electric field Hamiltonian allows
theoretically better accessible. For helium, quantum spectréor absorption experiments under constant semiclassical con-
can be calculated with high accuracy and due to its smalilitions provided the scaled energy is kept constant.
guantum defects the experimental spectra are expected to In our experiment,=1. Forl,=1 the scaling property of
deviate only slightly from hydrogenic closed-orbit theory the Hamiltonian is only approximate sintg still depends
calculations. The experiments on helium presented here agh the applied electric field. However, in our experiments
more pure than those previously performed on barium. Sincg /4~ 1/150, which implies that the centrifugal term in the
helium has aJ=0, M=0 metastable state eithé#=0 or  gcajed Hamiltonian is two orders of magnitude smaller than

[M|=1 states can be excited, depending on the; poI_arizatioghe other terms, making=0 a good approximation.
of the laser with respect to the electric-field direction. To

allow single-step excitation to the zero-field ionization limit,
as done by Kuilet al,, barium atoms were also excited from
a metastable state. Barium metastable states ha&@ and Our experimental data were interpreted using the semi-
therefore the spectra contained contributions from seWral classical closed-orbit theory developed by Delos and co-

values simultaneously. We chose to study singlet helium ajorkers[1—3]. This theory has been described in great detail
the scaled-energy values mentioned above to allow for futurgy several papers; here we will only give a brief summary of
comparison with previously recorded barium spectra at thenjs theory as well as the basic equations. The near-threshold

same scaled energies. __absorption spectrum of an atom in an external field consists
The paper is organized as follows. In Sec. 1l we briefly ot 5 series of(deformed sinusoidal oscillations superim-

review the theorencql ideas underlylng sqaled—energy SP€Gosed on a slowly varying background. Closed-orbit theory

troscopy, closed-orbit theory, the modifications suggested b onnects each oscillation to a classical electron orbit that is

Dandoet al. to incorporate the effects of a core in nonhydro- closed at the nucleus. Two different regions in space are

genic atoms, and the properties of helium specific to thlsdistinguished: the region near the core<(ry, ry~50ay).

experiment. In Sec. Ill the experimental setup and the cali- h q L ed. and h on f
bration procedure are discussed. In Sec. IV an interpretatioff "€7€ @ quantum description Is required, and the region far

of the experiments using closed-orbit theory is given. The2way from the corer(>ry), where a semiclassical descrip-

F—1/4

B. Closed-orbit theory

paper ends with some conclusions in Sec. V. tion is feasible. _
In closed-orbit theory the absorption of a photon by an
Il. THEORY atom in an external field excites an electron that leaves the

core region in an(almos) zero-energy outgoing Coulomb
wave at an initial launching angl,;; to the field direction.

In our experiment we use the technique of scaled-energforr>r, this wave propagates semiclassically; the electron
spectroscopy in which the frequency of the laser and thdollows a classical trajectory and its dynamics is governed by

A. Scaled-energy spectroscopy
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Hamilton’s equations of motion. Eventually, the trajectory that after traveling along any closed orbit the electron is scat-
will curve back in the combined Coulomb—electric-field po- tered by the core into another closed orbit is accounted for.
tential. The electron may then return to the core, its trajec- To incorporate the effect of the core-scattered waves in
tory making an angledy,y With the field direction. Here the closed-orbit sum, the extra outgoing waves have to be
again a quantum description is needed and a scattering waweelded to the starting condition for constructing the semiclas-
function can be constructed. An electron orbit that closesical wave functiorf11]

exactly at the core results in an oscillation in the absorption

spectrum as a consequence of interference between the rg- i _ ' k i
tlfrning wave scatterinqg at the core and the original outgoing nitel (" Oical) = Poul "o » icar) + Ek Nic¥ cord Tt O
wave. In an absorption experiment the average oscillator 9

strength distributionf is measured, which consists of a o ) ) )
slowly varying background, together with an oscillatory On substituting this expression f@yis into Eq. (6) and
partf, involving a sum of contributions over all closed orbits introducing scaled coordinates, we arrive at the expression

j of the system: for N; given in Ref.[12]:
j i vil2 iAl
fi=[—2(E-E)/7]im 2 N{(DV|¥ ). (5) N;= D,—(@{nitial)+k2p NBIP( O i) % fiol AT
J )

(10)

HereE—E; is the energy of the electron with respect to the
zero-field ionization limit of the atonk;, V¥, is the wave

function of the initial state from which the laser excitation

occurs,D is the component of the dipole operator relevan

for the polarization of the exciting laser, and is the : ) .
wave fuﬁction of the returning Wag\]/e scatteredregltmthe core, harmonics ofj andk are 'at?e'e?' byn a?d P, refpectlvely.
The coefficientsN; are calculated by matching the semi- The indexw; is 2 for orbits with i =0 or 180° and 1 for

classical wave returning to the core with the incoming part ofdll other orbits. The value of the effective Planck constant

the scattered wave fU”CtiOWinc(fbﬁ%maD at the boundary hey Can be ql_educed easily from the comm_utation relation_
r=r,. The resulting matching equation, with the semiclas-between position and momentum operators in scaled coordi-

sical approximation on the left-hand side, is nates. Ash ¢ decreases the system becomes more classical
and core effects become less pronounced.
q)initial(rbvefnitiaI)Ajei(Sj+¢j):Niq,i“C(rb’a%nao’ (6) The re_sulting m.atching equatic_mO) now hasN valyes .
on both sides and is most conveniently solved by an iterative
whereS; is the classical action of the electron built up alongprocedure. We begin by settiig on the right-hand side of
its trajectory back to the cores; is an additional phase term, Eg.(10) to zero and obtain a first approximationp; this
A; is an amplitude related to the stability of the orbit, andis equivalent to the hydrogenic closed-orbit result. In each
@it (T » Ohiar) iS the initial outgoing wave function at  successive step extra terms of the fotg--Aje! (S +S)
=r, needed to construct the semiclassical wave function. are added to the previous result. These terms lead to an extra
In the case of hydrogen, the initial outgoing Coulombclass of orbits in the nonhydrogenic system: sum orbits.
wave at the boundary between the semiclassical and quathey are combinations of two or more hydrogenic orbits and
tum region is used as a starting condition for constructing théave a classical action that is the sum of the classical actions

The first term on the right-hand side of E40) accounts for
the oscillation due to the hydrogenic orhit The second
tterm accounts for all sum orbits for which the electron is
finally core scattered from an orbit into the orbitj. The

semiclassical wave: of the hydrogenic orbits involved. In successive steps of the
. ' iterative process combinations of more and more orbits are
®initial(Tb » Oritia) = Pou b » Phitial) - (7)  included. From Eq(10) we see that each successive term in

_ . o . the iterative process scales ﬁgf (fe=F" and so the
The calculated\; is then proportional toA;e'™. The jth  jerative procedure converges rapidly for sufficiently small
closed orbit thus leads to an oscillation with frequergy h:jéz provided we are away from bifurcations where the

and amplitude?; in the absorption spectrum. Coulomb scat- semiclassical amplitude is infinite. In addition, a change in
tering is focused strongly backward and may result in res tributi tpth h . .fh d ! bit gh' h
peated traversals of the orbit. These are connected to hatr-fa contribution {o the harmonics of hydrogenic orbrts, whic
monics in the oscillator strength distribution. arise due to the Coulomb scattering, can also be expected as
For a nonhydrogenic atom, the initial outgoing Wavear(e)sult (}ftﬁore scat_tenn?.l i ti
needs correction. In this case, the scattered quantum waye. nz Oer i: Z)Epgnsrg(;?ez ;enc;Jrrrenggosvp;e(ihr: VSV: d[()jrlgsegir:?
function consists not only of an incoming part returning to b P ?h ddl e h_gy les for the el pt '
the core and a Coulomb part scattered back in the directioﬁ‘ ove the saddle point jaunching angies for the electron

of the incoming trajectory but also of an additional outgoing,,ﬁ)grs]; f(cj)(r) Vr;IQ'IcCthIIJmI’loetsr?:?:?)rlgtgrrgethceorr;?rueuorlno. ;Qte;’f?eilteﬁ;e
core-scattered wave

recurrence spectrum. There is also a finite possibility that an
W rorurd T2 0) =W ine 1, 0) + ¥ cotomtf T+ 0) + ¥ eord T, 6). electron, aft_er traveling once a!ong a closed trajectory, can,
(8) upon returning to the core region, be scattered such that it
can escape over the saddle point. This will occur when the
The effect of the core-scattered waves is to redistribute aminitial angle with the applied electric field direction is larger
plitude into all other closed orbits. In this way the probability than a(e) [ «(e= —1.76)=120°]. When the probability that
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the electron upon return is core scattered over the saddl 25Ky

point into the continuum is significant, the contributions of .____ -

its harmonics and of sum orbits involving this orbit will be

affected. However, here we present spectriMif= 1 states. stabilization | __| cW ring dye laser

In these spectra we only see effects of the quantum defects ¢ unit__|req j
P.D.

=

UV output =
laser driver 31 2unlrp;]u ov 1.2kV

|
1
] ¥
i
i

output
series with orbital angular momenta 1, which are small i '
for helium singlets. Furthermore, the dominant term in the!
core-scattered part of the returning wave function is propor-,

Ar*laser

I
I
|
tional to Y;.4(6) and is small for largef. Therefore, we | T emn ¢ i
expect that this escape process will not affect our spectra l L8 gip.;l i He*
significantly and, for this reason, it is not included in our i ! U ——slits
calculations. i la Saplzed ! i A,
. . ey | ieNe laser
Closed orbits were found by varying the initial launch ¢ "—+— ~ *] sunspac 4!
angle of the electron with the electric-field direction between computer —
0° and 180° in steps of 0.001°. After launching the electron
from the core, its motion is calculated by integrating Hamil-  FIG. 1. Schematic drawing of the experimental setup. E.M. de-

ton’s equations of motion. The integration is performed innotes the electron multiplier and P.D. denotes the photodiode.
parabolic coordinates to circumvent the Coulomb singularity

at the core: IIl. EXPERIMENT
—= — In Fig. 1 a schematic diagram of the experimental setup is
u=v(r+z, v=v(r-2. (1) shown. Excitation starts from thes2s 1S, metastable state.

An atomic beam is formed by expanding helium gas out of a
quartz tube through a boron nitride nozzle. The expanding
gas is collimated by a skimmer and a horizontal and vertical
slit pair. The k2s 'S, metastable state is populated in a
discharge running between a stainless steel needle inside the
rlflJartz tube at a negative high voltage and the grounded
skimmer. In the interaction region the atomic beam is per-
rbendicularly intersected by the UV output-8 mwW, 312
nm) of an intracavity frequency doubled rhodamine-B cw
ring dye laser(Spectra Physics 380Q[xontaining a 2-mm-
Yhick Brewster cut LilQ crystal. The dye laser is pumped by

It is convenient to use the=0 potential in the classical
region. The scaled,=1 potential-energy surface differs
from the scaled ,=0 surface only close to the axis. An
orbit with 1,=1 cannot cross the centrifugal barrier at the
axis, but is reflected at this barrier instead. The scaled actio
of thel,=1 orbits are expected to differ only slightly from
their 1,=0 counterparts since most of the time the electro
travels far away from this centrifugal barrier. This is espe
cially true for the strongest features in tthg=1 spectra,
which originate from orbits that leave the core region almos

perpendicularly to th(.{ axis, _that s, alo_ng the a>_<is.. The  an Ar laser (Spectra Physics 20451snp P; Rydberg
phase ch?nge ?llsso_uated \;:”th a cr_cf)ssw:gbofz'ghmsv\lls the  siates are excited from this metastable state in a single step.
same as for reflection at the centrifugal barrier. We recon- rpq inieraction region is located inside a small stainless

struct spectra i_n the range reIevgnt for_ the ex.periment steel box. Further downstream excited Rydberg atoms are
by superg\pgz{ng thle thCIIIat|onz_V\;1|th thellr?mphtﬁdesl, 8Cield ionized underneath a channeltron electron multiplier,
tions, and additional phases, which result from the Cose%hich counts the detached electrons. Signals of this electron

orbits. We then use a Fourier transform routine to obtaify, iplier are stored on a Sun Sparc computer, which also
recurrence spectra that can be compared with Fourier tran;

X X ; ontrols the experiment. The interaction region is built up of
forms of our experimental spectra. A sine window was use

d h . lati q i off b series of metal rings isolated from each other by ceramic
to reduce the spurious oscillations due to cutolf effects 0bg,-6rs To apply the electric field a voltage difference is set
served when a rectangular window is used.

over the outermost ringseparation-2.25 cm). The voltage
_ is evenly distributed over the rings by a chain of resistors.
C. Helium This eliminates boundary effects and results in a more ho-
Rydberg states of the two-electron helium atom can bénogeneous field. In this way a field is applied along the
described by the relatively simple atomic physics of a oneatomic beam direction. The field direction is chosen such
electron system. Its singlet and triplet states belong to twdhat electrons detached from Rydberg atoms that do not sur-
strictly separated systems. The experiments presented in thié/e the interaction region are pushed out towards the elec-
paper were performed on the singlet system. Since we studton multiplier.
ied [M|=1 states, only quantum defects of states withl It is essential for the experiment that the scaled energy is
have to be considered. The helium core is incorporated in thkept constant during a laser scan of about 40 GHz in the UV.
theory using the following values for the singlet quantumSince the scaled energy depends on laser frequency and ap-
defects: u(l=1)=—0.011 95, u(I=2)=0.002 111, u(l plied electric field, the frequency must be known accurately
=3)=0.000 438, w(1=4)=0.000 125, w(1=5)  to allow the correct adjustment of the electric field. This
=0.000 048, (1=6)=0.000 017, andu(I>6)=0.0. For requires on-line frequency calibration. Therefore, each laser
our experimentsy (), which determines the angular distri- Scan starts by recording a zero-field transition for which the

bution of the initially outgoing wave and is connected to the€Nergy is accurately known before switching on the field.
initial state and the polarization of the laser, is The simultaneously recorded transmission of the red output

of the dye laser through a 150-MHz length-stabilized confo-
Y(6)=—Y1.1(0)=sin 6. (12 cal d@alon is used for further calibration with respect to the



PRA 58 SCALED-ENERGY SPECTROSCOPY OF HELIUMW|=1 ... 3047

' ' ' ' adjacentn values. The strongest and narrowest features in
the spectrum have a full width at half maximum of about 10
MHz. These are the central components of the angular mo-
mentum manifolds that are least sensitive to variations in the
applied electric field. The broadest peaks have a full width at
1 half maximum of around 40 MHz. These correspond to
peaks that lie at the edge of the manifolds, which are more
sensitive to electric fields and are broadened by small re-
maining stray electric fields and field inhomogeneities. The
background in the spectrum results mainly from collisions
between helium metastable atoms and background molecules
(H,O, N, and Q, pressure in the vacuum chamber
~10"" mbar). A metastable helium atom can ionize a colli-
sion partner because of its high internal energy20 eV).

Intensity [arbitrary units]

1 1 1 1
-36.0 -34.0 -32.0 -30.0 -28.0

Energy fem”] The resulting electrons can reach the electron multiplier and
_ are counted. Their number was minimized by shielding the
FIG. 2. Experimental spectrum at= —2.94Q4). detection region. A residual background of approximately

8000 counts per second remained. In the experiments we
zero-field transition and for adjustment of the applied electricaveraged over every laser setting for 0.5 s. A typical count
field. rate on one of the strong and narrow features is 30 000

The field is accurately calibrated with time=40 electric-  counts per second.
field angular momentum manifolds. The error in the electric To interpret the data in the framework of closed-orbit
field is the major error source for the scaled energy. From théheory the spectra were Fourier transformed with respect to
error in the calibration, from the field inhomogeneity de- F~Y4 For this procedure about ten laser scans were com-
duced from recorded=60 manifolds, and from the remain- bined to obtain sufficient resolution in the Fourier spectra. In
ing stray electric field, an uncertainty in the scaled energyFigs. 3d), 5(c), and &c) the Fourier transformed experimen-
value of 0.004 results. tal spectra for e=—2.9404), e=-2.350q4), and

The laser is polarized perpendicular to the field directione=—1.76(4), respectively, are plotted. The widths of typi-
so as to inducdM = *+ 1 transitionsAM =0 transitions are cal peaks in thee=-2.94Qq4), e=-2.35q4), and
at least a factor of 200 weaker. e=—1.760(4) action spectra in units of scaled action are

The setup is tested by comparing an experimental spe®.07, 0.04, and 0.05, respectively. The noise at low scaled
trum ate= —3 with a calculated quantum spectrfiB]. The  action in each recurrence spectrum is an artifact and results
results are in good agreement to within the error marginsfrom the slightly varying backgrounds in the scans that were
The calculation showing the best agreement with experimentombined to form the frequency spectrum. The spectra dis-
pinpoints the scaled energy value to within a remaining unplay a group structure with the individual groups being
certainty of 0.001. From this the scaled energy within a lasetlearly visible, especially at= —2.9404). At higher scaled

scan is estimated to be constant within 0.001. energies the individual groups start to overlap at low action
We performed experiments at=-—2.9404), e= values.

—2.3504), both below the saddle point, and¢=

—1.76q4), which is above the saddle point. We scanned the B. Comparison with closed-orbit theory

energy region in between the=55 andn=80 zero-field In Fi losed-orbit calculation for hvd t
levels. The lowemn value relates to the highest electric-field nHg. 3(a) a closed-oroit caicuiation for hydrogen a

strength of 20 V/cm in the present experiment. Ror 80 =—2.940 is shown. The calculated spectrum consists of
small remaining stray electric fields and field inhomogene-grOUpS of peaks. All orbits were created in bifurcations from

ities start to become problematic and therefore80 was an the uphill orbit or one of its repeated traversiddong the

i . ) - ositivez axis (u axis)] as the scaled energy decreases. Im-
upper limit. The investigated energy range was SUfﬁCIeml){)nediately following the bifurcation, the initial angle of the

large for a good resolution in the Fourier transformed spec- ° "
tra. We recorded up to 12 overlapping scans, which Weré;lewly created orbit is almost zeighe initial angle of the

then combined and Fourier transformed with respect tdjphi" orbit). As the scaled energy Is decrea_ls_ed_ further, the
F- 14 Initial angle of the new orbit increases until it is equal to

180° (the initial angle of the downhill orbjt at which point

it is absorbed and destroyed by the downhill orbit or one of
IV. INTERPRETATION OF THE EXPERIMENTAL DATA its repeated traversalalong the negative axis (v axig)] in
an inverse bifurcation. Closed orbits can be distinguished by
a rational numbem/n. An m/n orbit is born at a bifurcation

We recorded scaled energy spectra for singlet helium abf the nth repeated traversal of the uphill orbit and will be

e=—2.940(4) (13%F Y4<151), e=—2.350(4) (128 destroyed by thenth repeated traversal of the downhill orbit.
<F~14<157), ande=—1.760(4) (13kF '4<156). In  An electron traveling along such an orbit will cross the
Fig. 2 a recording of the experimental spectrum eat axism times and they axisn times before it exactly closes
—2.940(4) is shown. At this scaled energy it appears that that the core. The first group in the recurrence spectrum corre-
spectrum consists of overlappihil|=1 Stark manifolds of sponds to orbits witm=m+ 1, the next withn=m+ 2, and

A. Experimental results
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 (a) Blo £=-2.94 hydrogenic closed orbit result -
=
= A i
[
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@ | (b) o o FIG. 3. Experimental Fourier
£t combinations of 2 orbits included | transformed spectrum at
8 L i e=—2.940(4) compared with
£ closed-orbit  calculations for
S l” b “l “l ”””MIH ”“” | | “ o M L l e=—2.940. () Calculation for
2 1| PR Lol hydrogen(b) Calculation for he-
£ |0 combinations of 3 orbits included | lium including only sum orbits
& F consisting of two hydrogenic or-
5 F G . bits. (c) Calculation for helium
£ I H ] including sum orbits up to com-
ks binations of three hydrogenic or-
@ Hﬁ wl b H'H'LMHJH)' vam)rluiH'IWWH-"lle"“Nc.erMf"‘}%“ﬂ‘“uh‘“or‘w" bits. (d) Fourier transformed ex-
% | (d) perimental spectrum.
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experimental spectrum |
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scaled action —— »

so on. The increase of the initial launching angle as thehat we used,=0 for the calculation in the classical region.

scaled energy decreases is shown for the 9/10 orbit in thﬁowever, the maximum deviation in peak position up~Sto
paper by Courtnegt al.[5]. In Fig. 4 the orbits correspond-  — 40 is only 0.009, which is smaller than their linewidths in
ing to the first five peaks in the action spectrum, indicated byhe recyrrence spectra. Hydrogenic closed-orbit theory thus
g;nlfli;: z:Igz.)az(:z)c,)r?]ri(re\;tzgwgrgr?]trt]hglr(’izi)t i;ngnlg;ethﬁ irsnglrgar explains all peak positions. Differences mainly appear in the
P : ' intensities of the peaks. In Figs(l and 3c) the results of a
that the 13/14 orbit on the right-hand side of the first groupI " P IS5y %0 !

was just created, while the 9/10 orbit on the left-hand side(:losed_orbIt calculation for helium are shown. Only the

will soon be destroyed. Since we investigated =1 =1 quantum defect was taken into account to save computer

. : . d S . time (using highert quantum defects did not significantly
case, orbits starting perpendicularly to the field direction give fluence the calculation In Fig. Ab) only core-scattered

the strongest features in the action spectrum. At and close {8 ) o ! :
the (invers@ bifurcation energy, orbits do not have intensity [€'M$ resulting from combinations of two hydrogenic orbits
since their initial angle is almogantjparallel to the electric-  Were included; in Fig. &) combinations of three hydrogenic
field direction. Therefore, the uniform approximation derived©Pits were included as well. Including the combinations of
by Gao and Delos for an atom in an electric figl] is not ~ three hydrogenic orbits did not change the result significantly
required in|M|=1 spectra. up to action 4 compare Figs. ®) and 3c)]. The inclusion

The calculated spectrum in Fig(& has to be compared Of core effects, however, did improve the agreement between
with the experimental spectrum in Fig(d3. The agreement the experimental spectrum and closed-orbit theory consider-
is already quite good, as might be expected since the quably [compare Fig. &) with Figs. 3a) and 3c)].
tum defects fol =1 series in singlet helium are small. De-  Adding core scattering mainly changes the intensity of
viations in the positions of the peaks may result from thepeaks that are already present in the hydrogenic spectrum.
uncertainty in the scaled energy. This can explain deviation3his results from the fact that the spectrum consists of
in action of aroundt 0.004 for peaks in the first group and of groups with almost equidistant peaks. Combinations of orbits
around=0.008 for those in the second group. Furthermorefrom the first group therefore coincide with orbits from the
small deviations in the positions may originate from the factsecond group. Furthermore, a combination of an orbit from

B 10/11

E 1314

TR
&
()

FIG. 4. Orbits corresponding to the first five peaks 8, C, D, andE) in the action spectrum foe= —2.940(4)[Fig. 3a)].
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FIG. 5. Experimental Fourier transformed spectrum at FIG. 7. Hydrogenic closed-orbit calculations at some scaled en-
e=—2.350(4) compared with closed-orbit calculations for €rgy values around=—1.760.
e=—2.347. (a) Calculation for hydrogen(b) Calculation for he-
lium including only sum orbits consisting of two hydrogenic orbits.

(c) Fourier transformed experimental spectrum. actions of around 30 now is very good. Closed-orbit theory

in which core scattering is included predicts the correct

the first group with one from the second group coincidespeaks to gain intensity. This increase is slightly smaller than
with orbits from the third group and so on. Because of thisthat observed experimentally. To our knowledge, this is the
structure of the spectrum, core effects are visible only in thédest agreemenfup to the highest actionachieved so far
intensities, in contrast to the magnetic-field case where extreetween an experimental spectrum below the saddle point
peaks occuf7]. As an example consider the fifth peak in the and a closed-orbit calculation.
second group, which is indicated by &nin Fig. 3(c). It is In Fig. 5@ a hydrogenic closed-orbit calculation at
the first harmonic of peak in the hydrogenic case. Adding e=—2.347 is shown. This scaled energy value is chosen
core scattering, combinations of peBkand peakD and of  since it shows the best agreement with the experimental
peakA and peakE and a combination that is twice pe@k  spectrum recorded a¢=2.35(04). Again deviations be-
contribute to its intensity chang@n increase or a decrease tween the calculation and the experimental spectrum in Fig.
depending on the relative phases of the contribujioBBni-  5(c) occur mainly in the intensities of the peaks. Deviations
lar reasoning results in increased intensities for the p&aks in positions are comparable with those in the —2.940
andH in Fig. 3(c). Small deviations with theory in the in- case. In Fig. &) the result of a calculation for helium, in-
tensities of peakB andD can be understood within the error cluding core-scattered terms resulting from combinations of
margin of the scaled energy. The agreement up to scaleiivo hydrogenic orbits, is shown. We find good agreement in

this case for actions up to approximately 20. A clear example
: of the improvement achieved by including core effects is
@ e=-1.76 | hydrogenic closed orbit result seen in the gain of intensity in the peak at action 6.987
dicated with an asterigk

In Fig. 6 the spectrum at=—1.760(4) is compared with
u closed-orbit theory. In Fig. (@) the calculation for hydrogen
! is shown. Up to action 6 the agreement between this calcu-

(b) combinations of 2 orbits included lation and the experimental spectrum in Figc)6is reason-
ably good. Calculations for helium are shown in Figb)6
The hydrogenic and helium closed-orbit calculations do not
M differ much, so there is little improvement gained by includ-

ing the core in this case. Since the agreement between theory
and experiment diminishes for higher scaled energy, calcu-
lations at values aroung= —1.760 were performed to study
the sensitivity of the spectrum for small changes in the value
experimental spectrum of € (allowed by the experimental accuracifhe results of

00 53 this procedure are shown in Fig. 7. For lower scaled action

: 10.0
scaled action  ——— ($<5.0), where the experiment agrees reasonably with the
FIG. 6. Experimental Fourier transformed spectrum comparecelosed-orbit calculation, the calculation is insensitive to the
with closed-orbit calculations foe=—1.760. (a) Calculation for ~ value of the scaled energy. At higher actions the sensitivity
hydrogen(b) Calculation for helium including only sum orbits con- increases rapidly and many peaks show a strong dependence
sisting of two hydrogenic orbits(c) Fourier transformed experi- 0n the precise value of the scaled energy. However, a better
mental spectrum. value for e that explains all deviations simultaneously within

square of Fourier transform [arbitrary units]
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the estimated stability range of 0.001 for the scaled energgolely to the sensitivity on the exact value of the scaled en-
was not found. The reason for these residual deviations reergy. The lesser agreement for higher scaled energy suggests
mains unclear. that tunneling through and/or scattering over the saddle in
the potential might be important. These effects were not in-
V. CONCLUSIONS corporated in our implementation of closed-orbit theory.
) We plan to present experiments bh=0 Rydberg states
We performed scaled-energy experiments on helMm i, 5 subsequent paper. In these spectra the parallel and anti-
=+1 Rydberg atomgsinglet seriesin an electric field. parallel(to the applied field directionorbits are present and
These experiments have high frequency resolution, whickhe pehavior around bifurcations can be studied. Further-
allows for investigation of the high action part of the recur- mgre, M=0 spectra are expected to display stronger core

rence spectra. The long energy range over which the spectggfects since the largéS quantum defect has to be consid-
were recorded also resulted in the good resolution in thg g

recurrence spectra. We interpreted our data using closed-
orbit theory. Agreement between theory and experiment is

almost perfect at the lower scaled-energy values we investi-
gated when effects of core scattering are included. Towards
higher scaled energies the agreement becomes less good.We thank J. Bouma for his excellent technical assistance
Here the recurrence spectra are more sensitive to the preciaad D. Delande for performing quantum calculations around
value of the scaled energy. The deviations between expere= —3. P.A.D. thanks the EPSRC for funding and T.S. Mon-

ment and closed-orbit theory, however, cannot be attributetkiro for helpful discussions.
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