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Probing the evolution of Stark wave packets by a weak half-cycle pulse
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We probe the dynamic evolution of a Stark wave packet in cesium using weak half-cycle (HiGe's).
The state-selective field-ionization spectra taken as a function of HCP delay reveal wave-packet dynamics such
as Kepler beats, Stark revivals, and fractional revivals. A quantum-mechanical simulation explains the results
as multimode interference induced by the HCP.
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[. INTRODUCTION beats, angular momentum revivals, and fractional revivals
are all clearly observed in the HCP-delay-dependent SSFI
"’Ebectra. In contrast to time-delay spectroscpb® and im-
Bulsive momentum retrievdlL7], the strength of the HCP’s

formation processinfiL]. A significant limitation is that refa- e in this experiment are much smaller than that required
tively few states couple directly to the atomic ground state,, directly ionize the atoms

via allowed transitions, so that the full range of Rydberg state
quantum numbers cannot participate in quantum information
operations. Quantum control methods have been proposed to Il. EXPERIMENTAL PROCEDURE

extend the data registers to include angular momentum states a thermal beam of cesium atoms in a uniform electric

[Z]I. To utilize this approach ffor:_inf(;ern:jz?)tion storage, thke aN“field, F2, are driven from the $ground state to thesdaunch
gular momentum content of highRydberg wave packets a6 yia two-photon excitation by the focused 1079-nm out-

must be measured_ With. reasonable fideli_ty. Here, we show, s o o Ti:sapphire-laser-pumped optical parametric ampli-
how to approach this using electromagnetic half-cycle pulsefo, A shaped, amplified, ultrafast laser pulse excites Stark

(HCP’9) and state-selective field ionizatiggSF). wave packets withm, =0 in the range of 24’ < 28.

Seve:al _explerin(;ents have utilized corrTsponldenpe l%e' A weak HCP with a peak field of about 1 kV/cm and a
tween cas?:ca an Iquadntum _sys,ltems t? relate classical rE’ulse width of 400 fs is applied along the direction of the
nhamics to the control and manipulation of a quantum systey e electric field following the creation of the Stark wave
[3-5]. Meanwhile, other experiments have utilized a direct

i acket. The HCP is created by illuminating a high-voltage-
quantum-mechanical approach to understand and control t ased GaAs photoconductive switch with the 800-nm, 50
quantum properties of the wave packgs-8]. In either the -fs output of the Ti:Sapphire laser. The HCP applies an7 im-
classical or the quantum-mechanical context, the efficient de5 |1se of 0.002 a U(atomic units:e=m.=%=1) to the elec-
tection of a wave packet is always a challenge. Several d ! . .

) . X rons. This redistributes the bound-state populations and pro-
tection methods have been used with varying c.ieg.rees of SUffuces multimode interference depending on the relative
cess, for example, short pulse pump-probe ionizafi@h

. ' hases of the states. About after this impulse, SSFl is
bound-state interferometry10], and time-resolved streak P 18 P

. S . used to detect the energy-level composition of the wave
camera detection of ionizatigi1]. Detection of Stark wave- acket 9y P
packet dynamics has also been demonstrated using HQ S In the absence of an HCP, SSFI is insensitive to the evo-

[12-14. In those previous experiments, the detection reI'eﬁution of the angular momentum composition of the states in
on the fact that an 6HC9P induces a change of an electronyq a0 packet. A weak HCP differentiates the SSFI spectra
total energy AE=p-Q+Q?/2, to ionize the electrons. Here, based on the time-dependent angular momentum composi-
Q represents the momentum transferred to electrons from thigon of the wave packet. We can then use the SSFI spectra of
HCP andp is the initial momentum of the electron. In these the HCP-kicked Stark wave packet to calibrate its angular
experiments, the ionization of the atoms by HCP-assistethomentum composition.
transfer of momentum to the electrons is used to retrieve the
classical dynamics of the electronic wave packet. However,
these methods of detection are insensitive to the effect of the
HCP on the bound-state population distribution in the wave A wave packet excited from the 7-s launch state in Cs to
packet. In the context of quantum information processinga set of excited Rydberg states in the presence of an external
control over the amplitudes and phases of each of the statedectric field hag-state character immediately after its exci-
in the wave packet is essential for the manipulation of quantation. Angular momentum, however, is not a good quantum
tum information. number for Rydberg states in an electric field. The coupling
In this work, we use a weak HCP to probe the evolutionof angular momentum in the different energy levels of the
of a Stark wave packet. The population redistribution in theStark wave packet results in the time-dependent variation of
wave packet due to the HGPR5] is detected by SSFI. Kepler the angular momentum of the wave pacj@t This is shown

Recent publications have shown that Rydberg states in

IIl. DATA ANALYSIS
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7 0:‘ c FIG. 2. The Stark energy levels for @%=0) in the range of
=0 — =25 | I o tB 24<n"<28. The darkness of the lines indicates the photoexcitation
n*=26 n*=27 2 probability at the applied external electric fields.

-‘g- d significantly in this regime due to the large quantum defects
_g_ | for the p and d states compared to the other states in the
=1 ] manifold. At later delays of the HCP, there are periodic
'EWANV\AMAN\W}\MMMWM modulations in intensity of the SSFI spectrum for each of the
8 1 states in the wave packet. A lineout of the intensity variation
) 530 15— 807590105~ in the spectrum corresponding to the~ 26 state is shown
Delay (ps) in Fig. 1(d). We find that the spectrum returns to its low
] angular momentum form at HCP delays around 64 ps. This
25.26 f ] corresponds to the Stark perié@=/3Fn) of a wave packet

centered around” ~ 26 at a field of 160 V/cm. The enve-
lope of intensity modulations over one Stark period also dis-
plays minima in intensity at times 26 and 48 ps. This tem-
Energy (1/cm) poral structure corresponds to the fractional revival periods,
7=27n"*/3 [18]. Around these visibility minima, the Kepler
beats double in frequendyt9] due to a splitting of the wave
packet into two parts.

The Fourier transform of Fig.(dl) is shown in Fig. ).

Amplitude (arb. units)

FIG. 1. (Color online (a) The angular momentum components
of the n" ~ 26 state in the Stark wave packet as a function of time
following wave-packet excitation(b) The state-resolved, HCP-

induced, time-dependent spectrum, known as a quantum carpet. Ttﬁ‘l 8
ionization signal(color of four manifolds(25<n”<28) is shown e p§ak3 corres_pond. to the_ energy differences between the
as a function of HCP delay in a static electric fi#l¢t 160 vV/cm: ~ Staten ~26 and its neighboring states. The weak HCP acts

(c) the calculated quantum carpet f); (d) the ionization signal O couple neighboring states and to produce interference
for " ~ 26 as a function of HCP delage) the calculated ionization between differenh manifolds in the Stark wave packet. The
signal for (d); (f) the Fourier transform ofd). two strongest frequency components are attributed to the en-
ergy differences of its neighboring statedE,s 57

in Fig. 1(a). In the presence of the static electric field, the=11.8 cm* and AE,5 5s=13.3 cn1’. The two weaker peaks
angular momentum of th@ manifold in the Stark wave correspond to the energy differences of its next-neighbor
packet precesses from lof to high ¢ and back over the StatesAEys,g=22.4 cmi' and AE,, ,=24.8 cmit. The de-
course of a Stark period of 27r/3Fn. The angular momen- Viation of AE,, ¢ from the zero-field value of 28.2 crhis
tum evolution is understood classically as a precession of thdue to manifold mixing afF=160 V/cm so that the HCP
electron orbit under the influence of the external electriccouples the Stark states at the edge ofrthe 26 manifold
field. instead of in the middle.

Figure 1b) shows the SSFI spectrum plotted as a function At low electric fields, thep andd states are completely
of the delay of the HCP kick relative to the creation of the separated in energy from the higher angular momentum com-
Stark wave packet for the case of an external electric field oponents of the Stark manifolds. The pattern fér
160 V/cm. The HCP redistributes the population in the dif-=80 V/cm in Fig. 3a) shows dominant population shifts
ferent manifolds depending on the instantaneous angular méom low-energy states to high-energy states as a function of
mentum composition and phase of the states in the wavéhe HCP delay. This “quantum carpet” pattern fits well with
packet. The spectrum at the bottom of the gréfom delay  the Kepler periods for correspondingstates in the wave
<0) corresponds to the initial population distribution in the packet[7]. The dark lines in the figure are plotted to repre-
Stark wave packet before the HCP interactifig. 2). For ~ sent the expected times for Kepler revivalgepie=2mn°)
the first 10—15 ps following the excitation of the wave for each state in the wave packet. These are found to corre-
packet, the HCP redistributes population predominantly intespond very closely to the observed maxima in the HCP-
low angular momentum states. The SSFI spectrum change&ssisted population redistribution in the wave packet. In Fig.
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a) b) [Wi(1)) = 2 e “nK). 3
Al so [N nk
251:%‘]', 70 : After the interaction with the HCP, th# becomes
2014 60 (W) = FWi(1) = X My € “KIn'K'), (4)
! L nk,n’k’
— 18] 8
» 0 g where
S | 400 |
& 10, ™ M = (n'K'|€9Fnk) (5)
2 30} ,

2ol 5 represents the HCP effect. The coupling matrix elements are
Wil g . B : calculated in the field-free¢m basis and subsequently trans-
g / » A formed into thenkm (Stark basis using the transformation
| ‘ il i o B matrix that diagonalizes the Stark Hamiltonigf=(p?/2)
‘3ﬁ i » ' OE@ o —-1/r+Fz The strongest HCP coupling occurs between the
i ] il A states in adjacent manifolds rather than between states within
3tp 30pT29p 2o T 20p BB B A the same manifold. For the HCP strengths used, the dominant
30s 285 coupling occurs for states separated by one or two manifolds.
FIG. 3. (Color online (a) The quantum carpet forF This explains the observed energy-level contributions to the
=80 V/cm. The dark lines represent the successive energydynamics in Fig. le). Multimode interference due to HCP
dependent Kepler periodsiepier=27n°%); (b) The quantum carpet coupling among neighboring manifolds enhances the Kepler-
for F=240 V/cm. The dark line represents the Stark revival timeperiod modulations in the observed SSFI spectra.
Tstark= 27/ 3FN. The calculations are performed over a range of energies
corresponding to 18n"<40. The state distribution in the
3(b), whereF =240 V/cm, a calculated line indicates the ex- final wave packet after the HCP interaction is mapped from
pected times for angular momentum revivalss,, It energyE, to the expected ionization fieltF;=E?/4), for
=27/3Fn). This matches the repetition of the extended fea-comparison to the experimental SSFI spectrum. The results
tures in the SSFI spectrum seen in the experiment. of our simulations with an external electric field of
Figure 3a) also demonstrates the use of a weak HCP tot60 V/cm is shown in Fig. (£) and the lineout correspond-
selectively populate particular low angular momentum statedd to then” ~ 26 state is shown in Fig.(&). The results of
by an intelligent choice of HCP delay. The HCP arriving atOur simulations are in excellent agreement with the experi-
the interaction region 11 ps after the creation of the Starknent.
wave packet in an external field of 80 V/cm selectively
populates the 28and the 38 states while removing popula- V. DISCUSSION AND CONCLUSIONS
tion from the other states.

An HCP acting on an electronic wave packet changes the
electron energy depending on its instantaneous linear mo-
IV. NUMERICAL SIMULATION mentum along the direction of the HCP. This feature has

We have performed numerical simulations to gain furtheren""b,led experiments in the past that have used directed
insight into our experimental results. We model the Hcp HCP's to map the time-resolved momentum distribution of
> . . . . the electron in its orbif13,14. When the Stark wave packet
F(t)] as an impulsive momentum kick to the electronic Starkevolves to high angular momentum, the corresponding clas-
wave packetB]_. I , . sical orbits of the electron are along the lines of constant

The interaction Hamiltonian of the HCP is written as longitude on the surface of a sphere where the poles are
H(t) :jj_(t) P (1) a_ligned_ in the directi_on of the electric field. In the semiclas-

' sical picture, the high angular momentum=0 electron
where we have used atomic units throughout. The result ovave packet is well localized radially and oscillates in lati-

the HCP interaction with the wave packet can then be writteriude between the pol¢$4]. Such a wave packet has a linear
as momentum aligned along the electric field at times separated

- by a Kepler period when it is localized at angles correspond-
|Wy(t)) = e‘Q'r|\Ifi(t)>, (2) ing to the equator on the sphere. The wave packet also has

. . the least linear momentum in the direction of the HCP at
where[W; 1(1)) are the wave packets in the basis of the Starkines when it is localized close to the poles of the sphere.
Hamiltonian before and after the interaction with the HCP.This maximal variation in linear momentum character and

The integralQ=—/Z(t')dt’ represents the total momentum therefore maximal variation in energy transfer to the elec-
transferred to the electron. Thepolarized HCP is modeled trons can be seen in our data and simulations to correspond

as a unitary operata#®? in the impulse approximation. Im- to the greatest contrast in FiggdLand 1e) at times around
mediately before the arrival of the HCW, is written as 33 ps.
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In summary, we employ a weak HCP as a coherent redisallow us to use SSFI as a single-shot detector for angular
tribution operator to probe the Stark wave packet. The quanmomentum states.
tum carpet that we obtain reveals three characteristic times:
the Kepler beats, the Stark revivals, and the fractional reviv-
als, and agrees well with their expectedlependence. Our
simulations using an impulse model for the HCP are in ex- It is a pleasure to thank C. Rangan and F. Robicheaux for
cellent agreement with the experimental results. The use of aseful discussions. This work was supported by the National
weak HCP to differentiate the instantaneous angular momerscience Foundation under Grant No. 9987916 and the Army
tum composition of a Stark wave packet could, in the future Research Office Grant No. DAAD 19-00-1-0370.
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