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Inner-electron ionization for wave-packet detection
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We describe the use of time-resolved inner-electron ionization as a method of detecting the time evolution
of Rydberg wave packets. The method is sufficiently sensitive that it can be used to monitor wave packets for
extended times, and its Fourier transform provides a cross correlation between constituent eigenstates, allowing
the phases of the constituent eigenstates at the core to be retrieved. These phases, and the easily determined
amplitudes of the constituent eigenstates, can be used to construct the wave function of the wave packet.
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[. INTRODUCTION differences in the detection efficiency for different constitu-
ent states of the wave packet. However, our method is sub-
Classical motion in atomic and molecular systems can bestantially more efficient than photoionization detection, al-
mimicked using electronic and vibrational quantum wavelowing wave packets to be monitored for longer tinfi9].
packets, which are time-dependent coherent superpositions In this paper, we first review the basic notions of IEI for
of stationary state$l—3]. For example, a Rydberg radial wave packet detection and provide a model for the process in
electronic wave packe¥ (r,t) can be written as Sec. Il. In Sec. Ill, our experimental approach is described.
Finally, in Sec. IV, we present typical data for Ssi5d'D,
wave packets, extract the relative phagedy analyzing our
results, and compare the synthesized wave-packet signals
from the extracted amplitudes and phases to the observed
where;;(r) is the radial wave function of thigh composite  signals.
eigenstate of the wave packdy; its energy,¢; its phase,
and the amplitude; is real and positive, WherEjaJ-z:l. II. INNER-ELECTRON IONIZATION OF A
The angular part of each of the stationary-state wave func- RYDBERG WAVE PACKET
tions is constant and the same for jalso we ignore it. ] ) ) )
For radial Rydberg wave packets of many-electron atoms 1€ general notion behind IEl is easily understood by
such as alkali and alkaline-earth atoms, the eigenenevgjes referring to the Sr energy level diagram of Figl2D,21]. In
of the composite states are accurately known, and it iQUr experiment, Sr is excited from the grounsf 85, state
straightforward to determine the amplitudes by using © the 56p "P, state by a frequelncy doubled 586-nm, 5-ns
state-selective field ionizatiofSSF) [4]. Determining the dYe Ialser pulse. Atoms in thes6p “P, state are excited to a
phase; is, however, more challenging. In general, it re- 5snd"D, wave packet by a pulse obtained from a 230-fs
quires a cross correlation between different constituent tanium:sapphire (Ti:AIO;) laser operated at 854 nm. Af-
eigenstates, and the most straightforward approach is to udgr @ variable delay time, the atoms are exposed to a 427-nm
time-resolved detection. It is possible, however, to use interPulse obtained by frequency doubling the 854-nm Ti@
ferometry between the unknown wave packet and a knowtfser pulse. To gn_derstand the _effect of the 427-nm pulse on
reference wave packd6]. Unfortunately, the simple ap- @ Sr Ssndatom, it is useful to think of the ator_n as a'Son
proach of interferometry using two identical wave packets@nd an outend electron. The 427-nm pulse is nearly reso-
the optical Ramsey methd®,7], does not give a cross cor- hant with the St 5s—5p and 5 — 6s transitions at 422 and
relation. As noted above, the most general approach to phaddé nm. Therefore, the Sr5s ion can be efficiently photo-
retrieval is to use time-resolved detection. Time-resolved delonized to produce Sr" by absorbing four photons of the
tection with isolated core excitatig8] and half-cycle pulses 427-nm light pulse. Consequently, if a Ssrsd atom is ex-
(HCP’s) [9,10] has been reported, and the relative phase oPosed to the 427-nm pulse, the glectron can be ejected
the constituent eigenstates has been deternfibgd It has  from the atom by multiphoton ionization. If the outed
also been demonstrated that time-resolved measurement wighectron is at or near its outer classical turning point when
an atomic streak camefa2] provides the relative phase in- the SF* 5s electron is ejected, the outer electron is projected
formation of a Stark wave packet in the vicinity of a saddlefrom a Sr 5nd state onto Sr n’d Rydberg states witin’
point [13]. Recently, a terahertz HCP, together with SSFI,~\/2n. On the other hand, if the outer electron is near its
has been used to retrieve phase information stored iinner turning point, the § electron can not be ejected with-
sculpted Rydberg wave packdts4]. Here we report an al- out disturbing thend electron, and no SrRydberg ions are
ternative method of time-resolved detection for phase reproduced. Detection of SrRydberg ions indicates that the
trieval, inner-electron ionizatioflEl) [15,16]. The method outer electron was far from the ionic core when the 427-nm
can be thought of as a variant of photoionization detectiorpulse arrived, and by scanning the delay of the 427-nm laser
[17,18. Like photoionization detection, frequency chirp or pulse relative to the 854-nm pulse we can detect the time-
related laser-pulse characteristics are unlikely to introducelependent motion of the Rydberg electron wave palck@it

\P(r,t>=;ajwj<r>exq—i<wjt—¢j)], (1)
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FIG. 1. Energy level of Sr, showing the excitation of the Sr
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F=JRf(r)2r2dr, (5)

0

in which R is the radius that defines “small’ or “near the
core,” Wy;=W,—W;, and ¢,;= ¢— ¢;, respectively.

To allow for the finite temporal width of the laser pulse,
assumed Gaussian, we averdd¢) over the laser pulse du-
ration, i.e.,

- t/2
B FJ@exp( —In 2;) P(t—t")dt
- t/2 ! (6)
f exp( —In 2—>dt’
o T2

whereT is the half width at half maximum of the Gaussian
pulse duration. Carrying out the integral yields

E(t)=r{; v %al+ 2jk2>j (vjm) ~*a;ay

WﬁjT2

4In2/ | @)

X cog — Wt + ¢yj)exp —

5sndwave packet by the first two laser pulses at 293 nm and 854 Combining Eqs(2) and(7) gives a compact description
nm. After the variable delay (<250 ps), the third laser pulse at of IEI. Of the parameters in Eq7), the spectroscopic values

427 nm multiphoton ionizes the S6s core electron.

v; andW,; can be determined using the quantum defgct
of the Sr Bnd!D, states, given byy=2.30. The values of

It is straightforward to construct a model of the detectionaj can be deduced experimentally by SSFI. As we shall
of the time evolution of the wave packet. We assume that thghow, it is possible to determine the relative valuessgfat
IEI signal S(t) at time delayt between the 854- and 427-nm the core by Fourier analyzing the time-dependent IEI signal

pulses is given by
S(t)=aPypl1-P(1)], )

wherea represents a normalization factéty,p, is the mul-
tiphoton ionization probability of Sr by the 427-nm pulse,

andE(t) is the probability of finding the outand electron

near the inner core, i.e., at smalturing the 427-nm pulse.

At smallr, the radial wave functio;(r) is given by
gy (r)=vi (1), (3

where the effective quantum numbey is defined byW,
=— 1/2vj2 in atomic units(a.u) [22]. Using Eqg.(3), we can
write the probabilityP(t) of finding thend electron near the
core at timet as

R 2
P(t)=f ‘E ajv; PP (r)exd —i(Wit—¢))]| radr
0|7
:F[Z Vj_3aj2+22 (Vij)_S/Zajak
] sy

XCOE(ijt_(ﬁkj)}, (4)

where

and to reconstruct the wave function of the wave packet.

IIl. EXPERIMENTAL METHODS

The fs laser system consists of a continuous-wave, mode-
locked Ti:AlLO; laser that is amplified by a regenerative
amplifier running at a 20-Hz repetition rate to produce 2-mJ,
230-fs pulses when operated at 854 nm. Each pulse is split in
two by a beam splitter. The ionization pulse at 427 nm is
produced by frequency doubling one of the split 854-nm
pulses by a 0.5-mm-long beta-barium bor@80) (Type |)
crystal, and its angle is set so as to maximize the IEI signal.
This 427-nm light is tightly focused by a 50-cm focal length
lens, and the peak intensity is estimated to be approximately
8% 10" W/cn? at the focal point. On the other hand, the
excitation laser at 854 nm, whose energy when it reaches the
interaction region is 150QuJ per pulse and only weakly fo-
cused with a 2-m focal length lens, is directed into a set of
polarizers to control its polarization. The polarizers reduce
the effective bandwidth of 854-nm light to approximately
40 cmi L. This pulse excites Srin thesbp 1P, intermediate
state, producing predominantly a Ssrbd wave packet with
an average effective quantum numbemhich can be varied
over the range 28 v=<35 by slightly tuning the wavelength
of the Ti:Al,O; laser. The relative time delay between the
two pulses is varied, up to 250 ps, by moving a roof prism on
a mechanical translation stage in the excitation laser path.
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FIG. 2. Diagram of the interaction region. We detect ions to
monitor the time evolution of the wave packets, whereas electrons
are detected when the squared amplitud%sof the constituent
states of the wave packets are measured by SSFI.
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Both fs pulses are recombined in front of the vacuum &
chamber with a dichroic mirror and collinerly introduced 5
into it. From the opposite side of the chamber, the 586-nm, c
5-ns dye-laser pulse is introduced counter propagating to the L

fs pulses, and all three laser beams intersect the Sr effusive 13 ~ " s " 75 o
atomic beam at nearly a right angle between a pair of capaci- TOF (us)

tor plates separated by 0.3 cm, as shown by Fig. 2. Approxi- H

mately 100 ns after the interaction of the laser pulses with F|G. 3. Typical TOF ionization spectra of Sr takém at the
the atoms, an adjustable positive pulsed voltézed kV) of  delay timet<0, and(b) at t>0. It is obvious the S* signal
1-us rise time is applied to the bottom plajn Fig. 2, to  appears significantly only at>0.

field-ionize the St Rydberg ions due to IEI. The same field

pushes all ions produced between the capacitor plates out of IV. RESULTS

the interaction region via a mesh in the upper pl&te Fig.

2, into a second field region defined by pl&eand a third
field plate,C in Fig. 2. After leaving the second field region,
the ions pass through a field-free region, inside the meta*
tube attached to plat€, on their way to the microchannel

In Fig. 4@ we show a typical IEI spectrum obtained by
setting a boxcar gate on the *3r signal and scanning the
ime-delayt between the 854- and 427-nm pulses. As shown,

ere are just a few recurrences at integer multiples of the

. recurrence timer,.~2.9 ps, before the clear oscillations in
plate (MCP) detector. We apply an adjustable constant volt- - signal almost disappear. From these recurrences alone it

age (typically a few hundred voltsto the plateC so as to 514 be almost impossible to determine a good value of

a_\chie_ve the optimum ftime resol_utior] of_ the signal. We dis-TrC_ Fortunately, the oscillating structure reappears at the
tinguish signals resulting from field-ionized Sr Rydberg at-

oms, multiphoton-ionized S, field-ionized St Rydberg
ions, and multiphoton-ionized S, which we denote 3r, (@)
Srt, Sr'*, and Sf*, respectively, by their different times-
of-flight (TOF), as shown in Fig. 3.

In addition to monitoring the time evolution of the wave
packet, we can separately measure the squared ampdifude
of each of the constituentshid!D, states of the wave
packet using SSFI. In this case, we apply ad-ise time,
negative-pulsed voltage instead of the positive pulse to the
bottom plateA of the capacitor plates defining the interaction
region and detect electrons with the MCP. Pl&esdC are
grounded. Electrons are ejected from each state in the wave 0 20 a0 20 0 60 70 80 90
packet when the strength of the ramped field between the
plates reaches its classical field-ionization threshold. Since t(ps)
the flight time of the electrons is negligible, the time depen-  £i5 4 The IEI signal from a Sr €nd wave packet withy
dence of the SSFI signal gives directly the squared ampli= 26 4 piotted against the delay(a) the experimentally measured
tudes or populations in the eigenstates constituting the waver = field-ionization signal, andb) the IEI signal calculated using
packet. Eq. (2) (see text, for details

(b)

IE| probability (arb. units)
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0.2} - FIG. 6. Discrete Fourier transform of the time-dependent IEI
signal shown in Fig. @). Note that the frequency components from
the states differing im by three or more are barely visible, so these

o peaks are not labeled in the figure.
o

01r . Given in Fig. 6 is a plot of the Fourier transform of the IEI
signal in Fig. 4a8). As shown, the frequency components
from composite states differing imby one are quite evident,
but the components corresponding to states differing tory

0.0 two are less evident and by three or more are at best barely

' 26 27 28 29 30 31 832 visible. Thus, we deduced the phase differegigefrom the

An=1 components in Fig. 6. It is useful to note that the
phase variation has two contributions. Firgs; changes

FIG. 5. Measured squared amplitudgsand phases; of the  monotonically withj as the point defined as=0 in the
constituent states of the Ssfd wave packet of»=26.4 shown in  analysis is moved relative to the time of the exciting laser
Fig. 4a); (@) aj2 determined from the SSFI measurement, éndp, pulse. This change i; has no physical content, it merely
retrieved from the Fourier transform of the time-dependent signal irallows us to shift the time scale. Second, there is a variation
Fig. 4(@. Note that we have set the phase of the26 state to zero  in ¢; due to the chirp, etc., in the excitation process. Using
as only phase differencef;; can be recovered by Fourier transform our freedom to choose the overall phase of the wave func-
of the time-dependent IEI signal. tion, we have set the phase of the= 26 state to zero. The

) _ ) _ _ resulting phases; of the constituent states are plotted in
revivals, at integral multiples of the revival timeg,, Fig. 5(b).
~24.6 ps. Note that the revivals occur exactly at half inte- The most Straightforward test of how well we have char-
gral multiples of7 in odd revivals, and at an integer mul- acterized the wave packet is to use the amplitudes and phases
tiples of 7, in even revivals, which is a consequence of ourextracted from the data set, together with paramet?md
defini_tions ofr,. and r,,, as described in detail in the Ap- W;, to reproduce the IEI signal shown in Figlat In this
pendix. case, we calculated time-dependent IEI signal using(Bq.

As mentioned in Sec. II, in our model the time-dependento achieve a nonlinear least-square fit to the experimental
IEI signal depends on the constituent states’ spectroscopigata in Fig. 4a) by adjusting the parametefs= aPyp, [See
parameters; andW;, and the amplitudea; and phases;  Eq. (2)], I [see Eq.(7)], and an additional parameter to
of the wave packet. To reconstruct the wave packet, we neegbmpensate for the background offset in the signal. In Fig.
to derive information on both; and¢; from the experimen-  4(p), we show the calculated results. The overall agreement
tal measurements. The amplitudgscan be obtained from petween the experimental and calculated signals is reason-
time-resolved SSFI signals of the wave packet, which givesble. Note that we use in this calculation the valueTof
peaks with areas proportional & for each states. In Fig. =200 fs. Thus 4, the full width at half maximum is nearly
5(a) we plot values ofaj2 of the wave packet whose time- 1.7 times as long as the pulse width of the fundamental light
dependent IEI signal is given in Fig(a}. It has been dem- at 854 nm. A possible cause of the pulse broadening of the
onstrated recently by Jones and Campbell that, to within afrequency-doubled light might be the slight phase mismatch
overall phase, the phaseg of the constituent states can be in the second harmonic generation by the BBO crystal.
obtained from the Fourier transform of the time-dependent From the calculation mentioned above, a value Iof
probability of finding the wave packet in a small volume =0.013 is obtained. With this value &f, by using Eq.(5),

[11]. As described in Sec. Il, since the IEI signal reflects theand approximating the radial wave functigrin Eq. (3) by a
time-dependent probability of finding the wave packet at thenydrogenic wave function, we can estimate the sizeRof
core, it is possible to perform a Fourier transform of the tracewhich defines the smatlregion in which photoionization of

in Fig. 4(a) to extract the phaseg; of the constituent states. the radial wave packet mainly occurs, as 1.8 a.u. This value

n
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is reasonably close to the radius of the" Ss,,, core, 2.5 _ 1 1
a.u., supporting the validity of our simple model. W= —==———, (A2)
pp g y p 5,2 2(n—5)2
V. SUMMARY —. . —. . -
wheren is an integer bub is not, in general. Heré reflects
In summary, we have demonstrated that IEI can be usebow far the average energy lies from a hydrogenic energy.
as an effective method for detecting the radial Rydberg wave The energyW; of each constituent state of the wave

paCketS in two- or many-electron atoms. As the IEI Signalpacket can be expressed as a Tay|or serie_sa'lboutw,
reflects the time-dependent probability of the wave packet’s

being at the core for long times, phase information for the . 1 d2W
constituent states can be retrieved by a Fourier transform of W, =W+ ' A vj+§ — (ij)2+ .o+, (A3)
the time-dependent IEI signal. Combining the phases from vy dv=|

IEl and the amplitudes from SSFI can define the quantum .
wave function of the Rydberg wave packet, which is crucialwhere Av;=v;—». For any eigenstate in the wave packet,

for the control of the quantum dynamics. the energy to second order Xw; is given by
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APPENDIX: EFFECTS OF NONINTEGRAL VALUE . —. i . )
OF » ON 7, AND 7,, where E=n;—n is an integer(different for each statg),

and é= 6— 6, defined modulo 1 such th&£|<1/2, we can
As mentioned in Sec. |, a nonstationary radial Rydbergrewrite the phase factor as
wave packet is a coherent superposition of stationary Ryd-
berg eigenstates, and ignoring the constant angular parts of exp(—iW;t)=exd —i(A+B+C)t], (AB)
the wave function, we can express its wave functibrby
Eq. (1) of Sec. I. The temporal periodicity of the wave where
packet, which resembles the classical motion of the atomic
electron, is determined by the time varying phase factors 1 & 3¢
exp(—iWjt), i.e., by the energie#/; of the constituent eigen- A= ﬁ ﬁ_ﬁ’
states. To show the quantum-classical connection most
clearly, it is useful to expand the energies of the constituent
states around the average energy of the wave packet. This 1 (1 35) -

(A7)

procedure has been used by several authors, beginning with 3 (A8)

Averbukh and Perelmafh23]. Usually the expansions are

done for hydrogen energies with the additional assumptiognd

that the average energy coincides with that of a hydrogenic

level. Walset al. extended the analysis to include either non- 3

hydrogenic energy levels or a nonhydrogenic average en- C=-—=E? (A9)

ergy, but not both simultaneous|24]. Here we present a

general development that shows that the latter two effects velv. Th . idl . h

enter in the same way. A similar conclusion was reached b)zespectwe y- ||T e term ﬁ!vﬁs. a very rapidly Vﬁrylng phase

Bluhm and Kostelecky using a supersymmetry-based ommon tp a statfs, which 1S ummportant. The second term

quantum-defect theori25). B, propornonal to=, gives a rapidly varying phase facjcor,
The energyW, of a Rydberg eigenstate of a non- which is equal to one for all states at the recurrence time

hydrogenic atom is given as Trc, 1-€., When

1 3¢
1 1 = . =
W, = S (A1) = ( 1- ;) = me=27N, (A10)

T2 2an- 92
where; is the effective quantum numbes,is the constant v_vhereN is an integer. Consequently we define the recurrence
quantum defect of the Rydberg series, ands an integral ~ UMe 7rc @S
principal quantum number. Atomic units are used throughout 1
the Appendix. The average energy of the wave-patiet Fe=2m3| 1— 3__5 ' (A11)
determined by the tuning of the exciting laser, is
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which is slightly different from the usual classical recurrence 274

=2

time 7.,=27v°. The third termC proportional to=?, gives

PHYSICAL REVIEW A 64 013415

v
3 =37 (A15)

Tro=

a slowly varying phase factor and determines the revival

time. It is defined by Averbukh and Perelmf23] as the

With our definition of 7, the full revivals in the wave-

time when this contribution to the phase factor is equal tgpacket signals are always observed at integer or half integer

one for all states, i.e.,

=2 —
— E°map=27N (A12)
2V4 AP
for all 2, giving a revival time of
4mv?
TAPT 3 (A13)

The more common definition of the revival tinmié,26] is
obtained by setting

(Al14)

yielding

values of r,.. In contrast, it is only true that the signals
occur at integer and half integer valuesgf if £=0, which

only occurs when the average eneiyyof the wave packet
coincides with the energy; of one of the constituent eigen-
states. Such a coincidence only occurs by chance, even in
hydrogen.

It is apparent that if the energy is expanded to higher
order inv;— v, the values ofr,; and 7, change slightly. For
example, adding one more term to the energy expansion in
Eqg. (A4) leads to

3¢ 6g2) "
Tre= rd( -2 +:§2) (A16)
14 14
and
v oag Tt
T, =T | 1—=]| . (A17)
3 v
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