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We measure for the first time, to our knowled@ephoton intrashell resonances, widths, and Bloch-Siegert
shifts up toN=23. Rydberg atoms of L{n=25) in a rotating electric field and a static, in-plane electric or
magnetic field are used. The measurements, in conjunction with theoretical estimates, precisely determine the
characteristics of the resonandgskifts and widthsand their dependence on the strength of the rotating field.
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Nonperturbative and high-order nonlinear processes corwhich showed resonant multiphoton enhancement when the
stantly challenge our understanding of the fundamentatic Stark splitting of the shelganc is close to an integer
photon-atom interactiofil]. Bound-bound transitions where number of field quant&Q (N<5) [24], but BS shifts were
many photons are needed to bridge the energy gap betweeat exposed. While microwave ionization is a complicated
the states is one example. In the theoretical description, therocess which is difficult to understand in full detgb], the
photon-atom Hamiltonian can be split into right- and left- intrashell resonance dynamics responsible for the observed
hand circularly polarized components. One of these showgesonances may be treated analytically with very few limita-
resonance behavior while the other gives rise to ac Starkong [26].

shifts of upper and lower energy levels and a shift of |, this work, we demonstrate that intrashell transitions in
the resonance position known as the Bloch-SiegBS)  carefully prepared Rydberg atoms offer a unique possibility

shift [2]. . : . X g
The BS shift is of essential importance in a broad varietyfor studying multiphoton processes of high order in a con

¢ i b h £ bhvsics. For a lond time it has bee trollable way. The unambiguous identification of hilyh-
ot different branches of physics. 9 "Shifted and broadened resonances poses a special challenge
a subject of concern in nuclear magnetic resonajs;4]

which besides numerous biological and medical application¥v.h'ct1 IS met. by parefully tracing thg evolution of resonances
is the only realization of smal) quantum processdis. with increasing field strength and with the help of nonpertur-

Furthermore, BS shifts may play a crucial role in electronPative calculations. A special field _conflguratlon vv_|th ac
paramagnetic resonance spectroscfly light emission by components both along and perpendicular to the dc field was
laser-driven atom§7-9], including Raman line§10], and ~ employed to enhance the resonance effect.
polychromatic field11]. BS shifts were observed in elec-  For the pure Coulomb problem, the stationary states are
tromagnetically induced transpareng¢$2], included into descrltied by two independent pseudospins of constant mag-
theory of laserg13], micromaserg14], as well as quantum hitude;(n—1) quantized in two independent directions. Each
optics [15-17. More recently the importance of BS shifts of the two pseudospins can be decomposed imtd inde-
was pointed out in the theory of multiphoton far-infrared pendent pseudospi%momponents. The intrashell dynamics
interband transitions in condensed mafte8] and in theory  of hydrogenic Rydberg states in time-dependent external
of continuously driven dissipative solid-state qubijts9] electromagnetic fields may thus be reduced to the dynamics
within quantum information. of two of these independent sp§1particles in two indepen-
Measurements of BS shifts for the absorption of one ordent magnetic field§27]. This description is very attractive
three photons were performed some time g@6], but  due to its simplicity and accuracy. It was used recently in
higher photon numbers were not seen. Similar landmarks analysis of state control by external fiel®8], experimental
were achieved in a completely different physical realizationdata on microwave ionization resonang@§], adiabatic or
within classical electrodynamics when interaction of twonear-adiabatic state transformatiof0—-33, and intrashell
modes with orthogonal polarizations was considered in asingle-photon resonances for circularly polarized figf3.
optical ring resonatof21]. For intershelltransitions in Ryd- It is used here to derive analytical expressions for positions
berg atomggigahertz domain of driving frequendy) reso-  and widths of intrashell multiphoton resonances. The general
nances wittN up to 28 were observed but the shifts were notproblem of laser excitation of atoms or molecules can in
detected22,23. The effect is proportional t6)~2, hence it  principle be treated by perturbation theory, but it becomes
may become large fantrashelltransitions in the megahertz intractable even for relatively small photon orders. By con-
domain. Multiphoton intrashell resonances were previoushtrast, our analytical results do not have this restriction, and
observed only indirectly in microwave ionization spectrathe present comparison with experimental data provides fur-
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FIG. 1. Hydrogenic energy levels in elect(ieft) and magnetic 22 15
(right) fields, respectively, wherm is the magnetic-field quantum 21
number. Spectral positions of initial circular StaS) and Zeeman 1716
(C2) states are marked. Multiphoton qualN& connect neighbor- [22[20[18 [16 [14 |12 [10]9 |8, |7 |6 . |5 14
ing states. 15 20 40 50 60 70 80
Q/2n (MHz)

ther strong evidence for the validity of the pseudospin for-
malism.

The experimental arrangement was described in [R6f.
In short, a Stark state of maximum polarizati@parabolic
state with quantum numbefis;,n,,m}=|24,0,G or a coher-
ent elliptic statg CES) of eccentricitye=1 [32]] was formed
by laser excitation in a strong electric fidlt45 V/cm), then
transformed by the adiabatic crossed-field mett@FM)
into a nearly circular CE$e=0) stabilized by a static field

[32], and finally exposed to a homogeneous, rotating electrigieyeloped into a circular StatkS) state quantized along the
field of frequencyQ and amplitudeF(, for a time T. The L > . :

.  the fieldo dicul h . direction of F;, i.e., |n,€,m)z=[25,24,24.. The eigenen-
fretlejnor;]_vEC_torto the field, wads_ pelrpetn t'ﬁu ar;e[ tl GIStat'Cfergy of the CS state is highly degenerate and located in the
ie w ich in turn was perpen icu er o the or |a_ p_arle of iddle of then manifold (Fig. 1).
the circular state. The static electric and magnetic fiékls The nearest-neighboring states of the initial CZ or CS
andB, respectively produced a constant Stark-Zeeman split-state could not be distinguished by the SFI so only apparent
ting of the shell described by frequencies=|w * wd, with  adiabatic probabilitie®2,, were obtained. In the pseudospin
(:,S:gm: andJ)L:%B [27]. The Stark frequency of the rotat- description, transition to an adjacent state corresponds to a

ing field is wgzgnFQ. The parameter€/2m, wy/2, and flip of one of the constituent spins. Therefore, not only one
w, /27 were vfalried within the intervals 12—30 MHz. Put at least two spin flips were required for having a detect-

0-200 MHz, and 30—370 MHz, respectively. These fre-2Ple change of the SFI spectra. _
quencies are much smaller than the orbital frequency of the We first measured the dependencePgf;, on Q for vari-

n=25 shell(421 GH2. The transformation was completed in °US SPlittingsw(w.=w.) and strengthsog to have an over-
<10 us and the exposure to the rotating field lasted Tor view of the resonances, and then in detail to determine BS

=2 us with switching times of a few field cyclegg]. A shifts and resonance widths of selected resonances. The over-

ramped electric field of slew rate 420/cm)/ us triggered view is shown in Fig. 2 for initial CS states. Similar results
about 50us after laser excitation was used to analyze thavere seen for initial CZ states, so the resonance structures do
final distribution of Rydberg states by selective field ioniza-gOt depend gn location within the mag;olldzgr dedg;ee of
tion (SF [22], and to determine the probability that the 4€generacy. Some resonances were ggki21, 22, and 2B
Rydberg atom remained in the original state, i.e., respondedihis happened whel andF were not exactly perpendicular.
adiabatically to the rotating field. One component correspondsdq and the other ta_. The

In one version of the ACFME; =145 V//cm was switched splittingﬁ could always be eliminated by adjusting the direc-
off in the presence of a weak magnetic field to produce dion of F or B. It was left in one case to expose the phenom-

CES ofe=0 oriented relative td with spherical quantum enon. The resonance frequerfjsis clearly shifted relative
numbersn, €,m)g=|25,24,245. We call this a circular Zee- 10 =w/N and it depends om,. The correct assignment of
man (CZ) state. It is nondegenerate and at the top ofrthe the hlgh photon numbers was made difficult by this shift and
manifold (Fig. 1). In another versiofi29,37 the electric field ~ required careful measurements@f.{wq) for manyN.
rotated while it approached a constant final vafygerpen- For the theoretical description, an explicitly time-

. > . N dependent multicycle Landau-Zener mod®ILZ) [34] as
dicular toB. This was arranged such thanR(t)=B at an well as an adiabatic time-independent Floquet the@d)

intermediate timet=t, when sharp avoided crossinge of {35,36 have been developed. The spin-flip probabifty2)
quasienergy curves were encountered and purely dlabatg generally oscillatory with a Lorentzian envelope function

transitions brought the CES into a new type of CES.AS  approaching one at resonance unigss/ o is very small.
subsequently rotated and increased tow&idhis new CES  For the BS shiff N> 1) of the resonances both theories give

FIG. 2. Multiphoton resonances vs frequeriey2 for (almos}
circular Stark states:=6 V/cm (300 MH2), B=15 G(21.4 MH2),
F LB, w,=w_=300 MHz, ande=0.07. Curves for differenb, are
displaced vertically for clarity. Photon numbe\sare given next to
each curve and unshifted resonance positions are indicated. The
resonancedl=21-23 are spli{see text
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FIG. 3. Scaled resonance frequenif),.J/w vs scaled har- G=0g/e

monic field strengtlg=wq/ w for different photon numbersl. Full
curve, Bloch-Siegert expressigh). (a) Static Zeeman splittingb)
Static Stark splitting.

FIG. 4. Widths I'iot/ Qs (FWHM) vs scaled harmonic field
strengthq=wq/w for different photon numberdl (N=21 covers
N=19 and 2}. Bars show statistical errors; full curves, theory.

NQ 1 1
Tres: 1+ Zqz + a‘f +0(qP), (1) poses some dispersion in the data due to experimental errors.
With these reservations we find a very good agreement with
the predictions.

Figure 4 shows measured and calculated total resonance
widths I’y for selected values dfl. All experimental widths
were derived from clearly split resonances to avoid apparent

broadening from unresolved splitting. Widths obtained from

and the two theoretical results for the widtfall width at
half maximum (FWHM)] of the Lorentzian at many field
cycles can be expressed as

2

Pyiz  J NV 2 accurate numerical calculations are shown as full curves.
Qes | 2 7 o (1-0)? (2 These are somewhat larger than values obtained from Egs.
rvicss Bl Pk N>2, (2) and (3) due to saturation oP35., For eachN, the data
res

points tend to lie above theory at smgland below at large
g. This is most likely due to field inhomogeneities. At small
g, where P&, is not oscillatory, inhomogeneities lead to
broadening, but at largg the oscillations inP5, are aver-
aged and this results in a narrower profile than the envelope
. L . . of the resolved oscillations. Such systematic errors make it
whereD is the complete elliptic integral of the third kind difficult to measure the widths accurately. In spite of this,

[37]. F%rq<1 Eq. (3) reduces to the anticipated power law clear trends were seen and the theory reproduces these fairly
I'ppocg™ [36], but does not capture the spectral width as-ell

sociated with the finite duration of the pulse, a contribu-

tion which correctly Fiom'”ates the MLZ theory gs-0 tiphoton intrashell resonances up k=21 for hydrogenic
[34], whereTy,z —4v2/(NT). o Stark-Zeeman levels of a Rydberg shell have been measured.
When itis assumed that no or one spin flip leaves the SFye  experimental data show multiphoton Bloch-Siegert
spectra unchanged, the apparent probability for adla;b%nc '&hifts and widths in good agreement with analytical predic-
sponse to the gigmon'c pulse is given BS‘@if(la;p) " tions based on the reduction of the intrashell dynamics to
*+(2n=2)p(1-p)™"™ [see Eq.(14) of Ref. [27]]. Pyga SAU-  that of two pseudospig-particles in two “magnetic fields.”
rates at practically zero value near resonance even for smafhe precise and unambiguous determination demonstrated
p and oscillates away from resonance, but smooth resqsgre critically gauge effects of Bloch-Siegert shifts of impor-
nances were observed due to smearing by inhomogeneitiggnce also in related areas of fundamental physics and in

of w. high-precision technology where direct measurements cannot
Figure 3 shows measured and calculated BS sfiiftfor e performed.

selected values adfl. While Q) is known with high precision,

the values assigned @ and w, are sensitive to distances = We wish to acknowledge support from The Carlsberg
between electrodes, calibration factors, and unavoidablBoundation, Nordic Academy for Advanced StudyorFa),
stray electric fields. The ordinate of Fig. 3 covers a total(L.B.M.) the Danish National Science Research Council
variation of only 10 % to bring out the BS shifts. This ex- (Grant No. 21-03-c163(D.F.) CONICET, and(M.F.) NFR.

and

r 2 1-q)? [1-
ﬂ:—exp{_zi( q) D<_q>:|1 (3)
OQres 7N Qres 1+ 1+q

In conclusion, experimental positions and widths of mul-
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