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Control of angular momentum evolution in Stark wave packets
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Using techniques of ultrafast coherent control, we propose a method to produce high-puriy(aiggular
momentum states in Rydberg Stark wave packets. Two time-delayed phase-locked laser pulses excite the atom
from a low-lying “launch state” into a low¢ Rydberg wave packet, in the presence of a static electric field. By
choosing the time delays between the pulses, and the static electric field, we find thattaskégdwith high
purity can be created at the target time.
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[. INTRODUCTION (in atomic unit3. The static electric field breaks the spherical
symmetry of the Coulomb potential, and the angular momen-

Rydberg atoms are important model systems to exploréum € is no longer a good quantum number. The eigenstates
and elucidate aspects of quantum dynamics. Ultrafast las@f the Stark Hamiltonian are denoted hyk), wherek is a
excitation of a Rydberg atom generates an electronic waviabel for the Stark eigenstates in parabolic coordinpi&
packet composed of a coherent superposition of several A Stark wave packet is a coherent superposition of Stark
eigenstates. Studies of wave packet dynaniics4] have  eigenstates written as
revealed both their particlelike behavior such as localization
[5], and their wavelike behavior such as fractional revivals |q,>22 annk). 1)
[6]. The dynamics of wave packets can be enriched by ex- K
ternal fields that break the spherical symmetry of the Cou- L .
lomb potential. For example, Stark wave packets exhibit anltS time evolution is written as
gular momentum revivalf7,8], which have been explained ,
by simple classical mode[d.0]. Nonhydrogenic features of |W(t))=, ane Wnk|nk). 2
alkali-metal Stark spectra have been understood in terms of nk

semiclassical models of core scatteri®4 In this paper, We  £och of the Stark eigenstatésk) can be expanded in the
extend the study of angular momentum evolution in Star ném) basis of the field-free Hamiltonian a$nk)

wave packets and suggest a simple scheme for its control.”_ k ; ;

Wa\F/)e packet contr%? of the pri?mipal guantum number =Zq¢Cpe|n¢) and each carries different angl_JIar momentum
has been used for the storage and retrieval of information i@?}?’éﬁgggaﬁgebgz%get:ﬁ ?huea\?vtg\z n:?kkgr Isugﬂ?jrir\i/rigr-
Rydberg atom data registe[s1-13. In Stark wave packets, ¢ @ VO o T L eigenstates ?eads foqthe precession of
the parabolic quantum numbkrcould be used as a second

. . . ngular momentum.
degree of freedom for quantum information processing. Thé We start the discussion with the simplest atom, hydrogen.

control of both the radial and angular evolution would allow in-orbit counling is nealected throuahout this paper. be-
us to produce atomic wave packets correlated in two degree%p piing g 9 paper,

of freedomn andk, to facilitate more complex quantum in- gauie Fhe smaltlhspln-cl)rlilt S{c_)httmgf .C(t)ntrlbtuftestr?egllglble
formation processeid4]. ephasing over the evolution time of interest for these wave

In this paper we propose to use the angular momenturﬂaCkets' The energy of hydrogen in an electric fiElds

represented by the quantum numifeas the second degree 9iven to first order by

of freedom for a Stark wave packet. Even though angular 1 3nFk

momentum does not commute with the Stark Hamiltonian, W=— — + 3
and therefore is not stationary, we nonetheless find that we 2n? 2

can produce high-purityf states at a target time using a

series of ultrafast pulses. =wotKAE, (4)

A Tzis paper isforganlized as follows. In kSec. I, we StUdy\{vhere k is the state index that runs between(n—1)
the dynamics of an electronic wave packet in an external ,_ ~ _ _ : !
static electric field. In Sec. Ill, a pair of phase-locked laser (n=3),...,(1=3),(n~1). Since no quantum defects

pulses is employed to excite two electronic wave packetéi re involved, the first-order energy levals, are separated

with relative phaseS and delay timer. Specific angular mo- Symmerically around¥'=—1/21°. The eigenvectorsnk)

; . expanded in thgn¢) basis can be computed analytically
mentum states can be obtained by choosing the pulse paralﬂ-s] Assuming only onex manifold is excited, the expecta-
etersd and = appropriately. Further discussion and conclu-;. !

. . tion value of thel.? operator evolves in time as
sions are presented in Sec. IV.

Il. DYNAMICS OF ANGULAR MOMENTUM (W(O)[LAW(1)=D, a¥ ane! Vo~ Wnt
COMPONENTS IN STARK WAVE PACKETS K’k

A one-electron atom in a static electric fidhds described « 2 c* nk’an€(€ +1). (5)
by the time-independent Hamiltonidd=p2/2+V(r)+Fz 7 et
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FIG. 1. The dynamics of angular momentum evolution in the5 manifold of hydrogen atoms in an external dc electric fiEld
=500 V/cm. (a) The evolution of observablé.?); (b) the evolution of angular momentum composition for individéastates;(c) the
diagram to illustrate the quantum properties of the evolution. Arrows indicate the dipole coupling due to the electric field. The ellipses
indicate thef components that get population at half of the evolution period. Col@jris the plots where the initial state carries only pure
£ =0 component; columfii) is the plots where the initial state carries only pérel component.

For simplicity of discussion, we choose a5 wave packet ments on atomic Rydberg states in atomic be@m8]. The

in this section, but the arguments are generally valid for arfrequency of thgL?(t)) oscillation is governed by the en-
bitrary n as seen in the next section. The calculated evolutiorergy difference between the nearest-neighbor Stark states
of (L%(t)) is plotted in Fig. 1a)(i) and Fig. 1a)(ii), taking ~AE=W, ,—W,,_;=3Fn, leading to the angular momen-
pure s and p states as the initial states, respectively. Theirtum revival timer,,q=27/3nF.

periodic structures reveal the classical properties of the wave This periodicity can be seen explicitly in the time evolu-
packets. In a simple classical model, an electron bound to thigon of the wave packet as shown below. For compactness of
nucleus experiences a torqae: —r X F due to the external hotation, we drop the subscriptwhen we refer to a wave
electric field. In the first half of the revival perio&,- L>0, packet with states from the samemanifold.

and the torque increases the magnitudefofwhile in the
second half of the revival period;-L<0, and the torque
decreases the magnitude bf Therefore, the electric field

drives the magnitude of to its maximum value at time

tang2 and brings it down to the low angular momentum at

tang, Provided the initial state carries low-angular- ZE age e 9kTang k) @
momentum components. This has been observed in experi- K

|\P<trrang>>=§ age ™ eKt= 7ang| k) (6)
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o ‘ behavior is not always observed as shown in Figp)di)—
ZEK e “Kle™ (ot KAB)Tang|c) (8 when the initial¢ is odd, at half the revival time, thé=n
—1 component has zero population, even though the average
angular momentum is a maximum.
=, ae ' “ke¥©0Tange ™ KAETang k) 9) Alkali-metal atoms behave similarly to hydrogen, except
k for low-¢ components for which quantum defects are not
negligible. These low- states are separated from the rest of
— e 190%ang > age o127k k) (10) the Stark manifold. During an_gular momentum evolution, the
K low-¢ components are relatively “conserved.” As an ex-
ample, we calculated the wave packet evolution in a lithium
=e¥1@0%ang P (1)). (11  atom generated by exciting the atom from the ate to the
n=25 manifold using a Gaussian pulse. Since the pulse du-
So the classical revival of the wave function is good only upration is much smaller tham,,q, the angular momentum
to an overall phase, and, as shown in R&8], it is depen-  components of the wave packet are frozen during the excita-
dent on the energy level separations being roughly equal. tion; so the initial wave packet contains orgyand d com-

Now, we examine the evolution of angular momentum inponents. As Fig. @) shows, the probability of the low-
the Stark Rydberg wave packet. The evolution of a particulatomponents, which do not mix with the oth@istates, never
¢ component in the wave packet is given by goes to zero. The evolution of tHe= 10 component is illus-

trated separately in Fig.(B) and is representative of the
(12) intermediatef components. The evolution of highstates is
shown in Fig. 2c), and this shows the wavelike behavior
described in the previous paragraphs.
Figure Xb)(i) shows all¢ components of the wave packet  |n a wave mechanical view, each Stark eigenstate
with the initial P,_(t=0)=1 as a function of time. As the carries alll components. The coherent evolution of the wave
classical value ofL*(t)) increases from its initial low value, packet leads to the constructive interference between gome
the wave packet component distribution changes as well: components and the destructive interference of others, which
i.e., the dominant component goes from low to high¢ in  |eads to the evolution of angular momentum in Stark wave
a sequence that we call the strongest revival sequéHeee  packets. By a coherent superposition of the Stark eigenstates,
we define the revival sequence as a set of revival peaks of is possible to produce a high-purity highstate, which
different ¢ components in sequengélhe angular momen- |eads the discussion in Sec. IIl.
tum revival time is7,,4=27/3nF=104 ps forn=5 andF
=500 V/cm as already seen in the?(t)) plot.

The evolution of angular momentum components shows
other interesting properties. A weaker revival sequence start- General laser excitation schemes which excite from low-
ing after the first sequence is also evident. The presence ¢fing low-¢ states with only a few photons are limited to
two different sequences can be traced to the dipole couplingyw-angular-momentum states by angular momentum selec-
properties of angular momentum states. The external electrigon rules. Making high¢ Rydberg states is challenging. The
field couples eacli to its neighbors { = 1) according to the  key is to break the spherical symmetry of the Coulomb po-
dipole selection rule, except fat=0 and¢=n—1, which  tential, thus causing the evolution of angular momentum.
form ¢ “boundaries.” These coupling “paths” are shown Most schemes to make highstates are based on this prin-
schematically in Fig. (c). The strong revival sequence in ciple. For instance, the adiabatic rf dressing metHaf uses
Fig. 1(b) goes along the path on the bottom-most edge of the, rf field to break the symmetry and adiabatic passage to
graph in Fig. 1c). The weaker one goes along the path par-evolve the angular momentum to the desired value. The
allel with the previous path in Fig.(@). It is interesting to  crossed fields methodl8] employs both electric and mag-
note that there are im/2] such paths and hence [inf2]  netic fields to break the symmetry. In the strong-laser exci-
revival sequences for a Stark wave packet in a partiaular tation scheme, the fast oscillating laser field breaks the sym-
manifold. metry by causing ac Stark shifts and consequent angular

The value of¢ at the classical maximum, halfway through momentum evolutiofi19—21]. A recent report demonstrates
the angular momentum precession period, depends on seyentrol of low-angular-momentum composition, rooted in
eral factors. In general, through one full angular momentunsymmetry breaking by quantum defef®?]. These schemes
period there are Z(—1) changes in¢. Therefore, in half are not generally able to achieve a full control of angular
this period, there are— 1 changes i. Consequently, if the momentum composition, although some of them can produce
initial € is even(odd) andn is odd(even, the only populated particular states such as circular states with high probability.
€ att=7,,42 will be event’s; if the initial ¢ is even(odd) Here, we present a general scheme to nmeakérary angular
andn is even(odd), the only populated att=7,,4/2 willbe ~ momentum states within a certain range, even those with
odd ¢'s. Classically, we always expect that the highést nearly pure hight in particular circumstances, by a pair of
state {=n—1) should dominate at=7,,4/2 to maximize phase-locked laser pulses.

(L2(t)). This behavior is observed in a wave packet starting In Sec. Il, we saw that each component is significant
from a pures state as seen in Fig.(d)(i). However, this once or twice in a full revival periodsee Fig. 2 with rela-

2
Pe=ne|w ()P =| 2 ane"mch] .

Ill. PRODUCING ARBITRARY HIGH- € STATES
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FIG. 2. The dynamics of angular momentum evolution in the
n=25 manifold of lithium atoms in a dc electric fieldF
=150 V/cm. The initial state is the superposition ofs2&nd 25l
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tively low population. This can be understood using the fol-
lowing analysis. A particularf component dominates at
times 73,4+t and 7,,4—t. The time-dependent wave func-
tion at these times can be written as

| W (Tang=t))=€'“0mang W(£1)). (13
Also,

A( Tang=~ t)= <€|\I,( Tang=~ t)> = wOTangE C: eakeiiwkt
k
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0.10 4

0.05 +

0.00

T T T T T T T T T T T T
20 40 60 80 100 120 140

L=2 T(ps)

peak2 L=10

pm\ P

peak3

T 1
160

(14)

:ei“’OTangz C;fakeii(woJrkAE)t (15)
k

:ei “’O(Tang:t); CikcfakeiikAEt. (16)

For Stark states, the energies are symmetrically split around
wq. So for everyk term there is an opposite k term and
C_ equalsay since all the excitations we have considered
are Gaussian. Also, thé components of the downhill states
are equal to th& components of the uphill states, i.e?f,ﬁ
=c§€. This explains why we see a symmetric revivalfof
states within each angular momentum period. This also sug-
gests that the control scheme may not work in some cases in
which C_,a*{ is not equal taC,a; ‘.

High population for the target may be obtained by en-
hancing the probability of the targétat the expense of other
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160 ¢ components. We can do this via wave packet interference.
If the overall phase between two identical, time-delayed
wave packets is chosen properly, constructive interference
occurs for the target and destructive interference for other
{ states, leading to significant enhancement of the tafget
population. For maximum effect, the second laser pulse must
excite the second wave packet at a specially selected delay
time 7 such that the target dominates in both wave packets
at timet. We start with the initial state as

|\P<t>>=; Be(t)|ne), (17)

whereg,(t) = 2kcnke*“”nkta;§ek. After a delay timer, a sec-
ond wave packet is excited with an overall phase difference
6 from the first. Therefore, the final wave packet at a target
time t can be written as

T T f T T T T
20 40 60 80 100 120 140

160

W (t,7,0)=2 BuBIn€)+e2 Bi(t+7)Ine).
(18)
We assume that only a small amount of population is excited
to the Rydberg series and the ground state always has almost

unity population. Thus, up to a normalization factéfr, 5)
for Rydberg series, the probability of tHecomponent is

states after the excitation from the 3aunch state(a) The popula-

63 (t— |2
tion of low-¢ states where quantum defects are not negligitie; P.(t,7,8)= B+ e"B(t—7)| ) (19

the population off = 10 states{c) the population of high* states. N2
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00 Wl\ J‘”}.'mm'l ’ H“ Wl ! ! we performed a search for the optimal valuesp®, andt.
] &M}§M O L The conclusion is that for two pulses the optimal time delay
o % A 100 150 200 is indeed the one suggested by the revivals. The presence of
mmmmnm;;:;)e at least two revival peaks for the targétis critical. No
enhancement is possible for two pulses separated,Ry,
FIG. 3. The scheme to produce high populationfer10 state  since then the two wave packets are identical up to an overall
in lithium Rydberg wave packet$a) The single wave packet evo- phase. Therefore the normalized population of the tafget
lution; (b) the second wave packet evolution, which is generated atan only be the same as that in the single pulse case.

time delay = with relative phases; (c) the population of¢ =10 In this simple two-pulse scheme to produce higktates,
stands out compared with its neighbos<(8,9,11,12) at the de- the maximum probability for target states depends on the
signed observation time=81 ps. strength of the two revivals. Most of the higheomponents

in the lithium wave packets fon=25 can be enhanced to
We can illustrate this method with the previous example ofaround 0.5 probability; but the maximum population of the
an n=25 lithium wave packet consisting of onlyandd  €=24 “circular” state(i.e.,{=n—1) is only 0.17, since the
components initially. The target is a pufe= 10 state. Figure peak amplitudes in one wave packet are quite low. However,
2(b) shows that there are two peaks of #e 10 population this failure to produce a high-purit¢y=n—1 state is not a
within one angular revival period. We label the peak at timegeneral feature of this scheme. For instance, consider an ini-
t— 7ang @s peak and the peak at time+ 7,,4 as peak. tial n=7 state in hydrogen containing only a piseompo-

After generating the first wave packet, pgappears at nent excited at=0. The maximum probability for =6
t=81.76 ps. The second wave packet is excited after a delaguring the angular momentum precession is 0.63. When a
of 7=51.12 ps so that its peakan be expected at the same second wave packet is launched at delay 15 ps,F
time of t=81.76 ps. The two wave packets interfere with =500 V/cm, with relative phasé=1.6755 rad, we find that
each other to enhance or suppresstkel0 components at at observation timé=96 ps, the wave packét=6 compo-
this target time, depending on their relative phase. nent peaks with probability 0.97.

In the pulse-interference plpFig. 3(c)], the £ =10 com- This process of producing arbitrary angular momentum
ponent stands out from its neighbors with normalized probstates can be written in the formalism of wave packet inter-
ability 0.52 at target time. We can perform a search to idenference control. Our aim here is to start from a superposition
tify the value of § that leads to maximum constructive of Stark states that gives us the initial angular momentum
interference ford =10. In a three-dimension&BD) plot of  State and produce a specific superposition of Stark states that
t, 8, and P4, (Fig. 4), the probability of¢ =10 varies as a gives us a different angular momentum state. That is, the
function of 5. By changing the relative phas® we can initial stateW; ==, Cy|k) must be transformed to a different
achieve a good amount of control over generating highstateW=3,D,/k). The initial wave packe®; is normal-
angular-momentum states. ized to 1, i.e.,.2|C/?=1. When two such wave packets

In the discussion above, the delay timds fixed at the Wwith atime delayr and a relative phasé interfere with each
value suggested by the revival pattern for the designéted other, the wave packet at a target tiffiés written as
Is it possible to achieve better enhancement of the teffget
with a different delay timer? To help answer this question, | (T))=|¥(T))+€' ‘¥ (T—17)) (20)
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. T In the experiments described in RE22], arbitrary low<
=; (1+€/ i) C e MnkT| k). (21) (s andd) wave packets in alkali metals can be created since
they can be resolved spectroscopically, and their individual
The normalization constam is a function of bothr ands: ~ Phases can be manipulated. However, that scheme cannot be
used to produce arbitrary highérstates, which do not have
5 _ ) a quantum defect. In our scheme, we are able to produce any
N _<\Pf(T)|q’f(T)>_2% [1+cod &+ W) ]| Cy*. ¢ state, albeit not with 100% probability. This is a contrast
(22)  between coherent control in the frequency domain versus
wave packet interference control.
The normalized wave function at tinTeis written as

IV. CONCLUSIONS

1 . _
V(T))=< 1+ ' (o+ W) “WaT|nk). (2 . . :
¥(T)) N Ek: (1+e )Cni® Ink). (23 In conclusion, we have studied the dynamics of angular

_ momentum in Stark wave packets in alkali-metal atoms. We
The terme™""n«" is simply the phase evolution. The popula- propose an experimental scheme to control the angular mo-
tion in thekth eigenstate is given by mentum composition. Phase-locked laser pulses are em-
ployed to excite two Rydberg wave packets separated by a
delay timer, which interfere with each other constructively
to produce a targeft state at a desired time by choosing the
proper phase differencg& Using this technique, even high-
One necessary condition to produce the appropiiaie to  states can be created. It is well known that the measurement
make |C,|? equal to |Dy|? for every k. This is a of high-¢ Rydberg states is challenging. We are investigating
k-dimensional optimization problem, which does not have aseveral schemes to perform this measurement.
simple solution. However, we may set some limits on the
controllability of ¢ states. Whenr=mr,,q and 6=2mn,
then, as we said befor€,(T)=C,, and we get no enhance-
ment. |C(T)|? can take a range of values between 0 and Itis a pleasure to thank Joel Murray for useful discussions
(4IN?)|C,|2. If the populations of the componen®,|?> of  and help. C.R. gratefully acknowledges support from the
the target angular momentum state lie within this range, ther®lSF FOCUS Center. This work was supported by the Na-
is a possibility that the desired angular momentum state cational Science Foundation under Grant No. 9987916 and the
be produced. Army Research Office Grant No. DAAD 19-00-1-0370.

|Ck(T)|2=$ 2[1+cog d+wWpiT)]. (24
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