University of Windsor

Scholarship at UWindsor

Physics Publications Department of Physics

2000

Dynamics of diamagnetic Zeeman states ionized by

half-cycle pulses

Chitra Rangan
University of Windsor

KJ. Schafer

ARPRau

Follow this and additional works at: http://scholaruwindsor.ca/physicspub
b Part of the Physics Commons

Recommended Citation

Rangan, Chitra; Schafer, K.J.; and Rau, A.R.P.. (2000). Dynamics of diamagnetic Zeeman states ionized by half-cycle pulses. Physical
Review A - Atomic, Molecular, and Optical Physics, 61 (5), 053410-1-053410-8.
http://scholaruwindsor.ca/physicspub/11

This Article is brought to you for free and open access by the Department of Physics at Scholarship at UWindsor. It has been accepted for inclusion in

Physics Publications by an authorized administrator of Scholarship at UWindsor. For more information, please contact scholarship@uwindsor.ca.


http://scholar.uwindsor.ca?utm_source=scholar.uwindsor.ca%2Fphysicspub%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/physicspub?utm_source=scholar.uwindsor.ca%2Fphysicspub%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/physics?utm_source=scholar.uwindsor.ca%2Fphysicspub%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/physicspub?utm_source=scholar.uwindsor.ca%2Fphysicspub%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=scholar.uwindsor.ca%2Fphysicspub%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
http://scholar.uwindsor.ca/physicspub/11?utm_source=scholar.uwindsor.ca%2Fphysicspub%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarship@uwindsor.ca

PHYSICAL REVIEW A, VOLUME 61, 053410
Dynamics of diamagnetic Zeeman states ionized by half-cycle pulses

C. Rangan, K. J. Schaférand A. R. P. Rau
Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803
(Received 9 August 1999; published 18 April 2000

We study the dynamical evolution of diamagnetic Zeeman states in hydrogen and sodium atoms ionized by
half-cycle pulses. The eigenstates of the combined Coulomb-diamagnetic potential are determined by solving
the Schrdinger equation using a grid-based pseudopotential method. We study states with principal quantum
numbern between 15 20 in thel-mixing regime at a magnetic field of 6 T. Diamagnetic states that are
initially localized parallel and perpendicular to the magnetic field are subjected to the electric field of a
half-cycle pulsg HCP) and their time evolution is monitored. We calculate the total ionized fraction, and also
the spectrum of the ionized photoelectrons, keeping the total momentum transferred by the HCP constant and
varying the HCP width. We find differences in both the amount of ionization and the form of the photoelectron
spectrum for the two classes of localized states. In the impulsive limit, where the width of the pulse is much
smaller than typical time scales in the system, the differences are due to the different initial momentum
distributions of the parallel and perpendicular states. For longer pulse widths, we find that ionization is
supressed as compared with the impulsive limit. The states localized perpendicular to the magnetic field are
found to be much more sensitive to the HCP width than the parallel states, which reflects the fact that the two
classes of states interact with different parts of the diamagnetic potential during the HCP.

PACS numbd(s): 32.60+i, 32.80.Rm

[. INTRODUCTION problem[9]. Statistical distributions of energy level spacings
in hydrogen show a change in nearest-neighbor spacings
Diamagnetic effects for an atom in a magnetic field havefrom Poisson to Wigner, corresponding roughly to the
been of interest since the first observations of the diamagehange in the classical dynamics from quasi-integrahte
netic spectrum in 19391] and, later, of the quasi-Landau low energies and magnetic field® chaotic(at high energies
spectrum in 19692]. The study of the energy levels of hy- or magnetic fields[10]. In nonhydrogenic atoms, scattering
drogen as a function of magnetic field strenfhled to the  from the ion core can be expected to play a large role that
discovery of approximate symmetri¢4] at low magnetic may be investigated by studying the dynamics of Rydberg
fields and energieorresponding to low principal quantum \ave packets in strong magnetic fieldsi].
numbern). Since then, while experimental and theoretical ~ The motivation for our study is the recent development of
studies_have It_ad to g_reater understanding of Coulomb diag new spectroscopic method for studying the dynamics of
magnetisn{5], it remains a fundamental problem that is the gy qherg atoms—their ionization using nearly unipolar elec-
subject of mgch current researﬁt!sl]. i . tromagnetic pulses. These are referred to as “half-cycle
An atom in a sfrong magnetic field IS an e>_<ample of apulses” (HCP9 [12] since their electric field lies almost
system that exhibits competing s_ymmetr(ep_her!cal sym- completely in one half of the optical cycle. In traditional
metry due to the Coulomb potential and cylindrical symme- . . L :
try due to the magnetic field It is not separable in any §pe_ctroscop|c met_hc_>ds like phot0|o_n|zat|on, an e_Iectron 'S
. .H)mzed only when it is near the atomic core, which is needed

an electric field, which separates in parabolic coordinates. A absorp t_he recoil momentum. Therefore, the ionization
low fields and energiegthe “I-mixing” regime), the dia- characteristics reflect the state of the atom for only the very

magnetic eigenstates are divided into two classes, both showOrt time when the electron is near the atomic core. An
ing strong spatial localizatiofparallel and perpendicular to HCP, by contrast, can contribute linear momentum and thus
the magnetic fielg[7]. This type of localization is known to ionize an electron anywhere along its trajectpt@]. HCPs
be a general feature of perturbed degenerate systems wiffave been used to study the ionization of Rydberg eigen-
competing symmetrig8]. Previous resultf7] have success- states, Stark states, and Rydberg wave packets away from the
fully explained the principal static features of thenixing  core[13]. They have also been used to create wave packets
regime (such as the spatial localization, angular momentuni14]. If the pulse width of the HCP is much smaller than the
distribution in the eigenstates, and the energy eigenvaluescharacteristic time scale of the quantum state being studied
as well as the near-threshold quasi-Landau reffionSo the  (for example, the Kepler orbital period for a radial wave
spectroscopy of these states is well understood. At highgsacke}, then time-delay spectroscopy can be perforifiie].
energies and magnetic fields, a complex structure is seen Recently, this technique has been used to study the ioniza-
the spectrum, some of which can be explained by trajectorieon of Stark states, showing an asymmetry in the ionization
in the chaotic region of the classical diamagnetic Keplerprobability depending on the localization of the states that
are ionized[15,16. Since the diamagnetic system is also
characterized by localization of statgsarallel and perpen-
*Corresponding author. dicular to the magnetic fieJd ionization by HCPs may be
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expected to yield rich and interesting results in this system as
well.

In this paper, we show that the HCP ionization of diamag-
netic Zeeman states depends strongly on their spatial local-
ization. Our theoretical methods permit not only the accurate
calculation of the known static properties, but also a study of
the dynamics of these states under the influence of a time-
dependent external field. The technique facilitates the study
of different alkali atoms and the result®nization vs the
HCP width, for exampleare presented in a manner that they
can be explored immediately by an experiment.

Eigenstates of the Coulomb-diamagnetic Hamiltonian

The Hamiltonian for an electron in the combined potential
due to the Coulomb field of the nucleus and an external static

magnetic fieldB in the z direction, is given by17]

p? 2

H= L amLst 2B i B nery?). @
—7—F+ (r) . +T+ . +§(X +y ) ()

We use atomic units throughouk € m,=e=1, one atomic
unit of magnetic field=2.35x10° T). The decoupling of
the spin and angular momentum takes place at very low val-
ues of the magnetic field, so that the contribution of spin may
be ignored. The paramagnetic term, which is lineaBin
adds a constant energy to the Hamiltonian, yielding an over-
all phase factor in the time-dependent wave function, and
may also be ignored. This Hamiltonian also conserves parity;

thus, for the Coulomb-dlamagne_tlc problem, the magneyc FIG. 1. Electron probability distributions of=20 diamagnetic
quantum numbem, as well as parity, are conseryed quantl- Zeeman states of hydrogem=0, even parityB=6Tz. The low-
ties. For each value afn, the U”Pefturbed Ham'lton'an IS est energy stategop) are localized in the direction of the magnetic
(n—|ml)-fold degeneratéwheren is the principal quantum fieiq and the highest energy stat@siddle) are localized perpen-
numbej. The degeneracy of thestates|m[<I<n, is then  gicular to the magnetic field. A nonlocalized state around the sepa-
lifted by the diamagnetic potential which is quadratic in theratrix is shown at the bottom. The probability distributions are mul-
magnetic field. tiplied by r? to aid visibility.

The diamagnetic spectrum is characterized by two re-
gions: low energies and magnetic fields—thmixing re-  tron in an unperturbed atom is
gime, where the wave functions of the adjacemhanifolds
are not mixed; and higher energies or magnetic fields-rthe
mixing regime, with significant overlap of adjacemimani- HoW(r)=
folds. In thel-mixing regime, the electron probability densi-
ties exhibit strong angular localizatipé] as shown in Fig. 1. , , .
The lowest ener%y s?ate of a singlemanifold is Iocaliged In hydrogen, the potentiaV/(r) is Coulombic, i.e.,V(r)
along the direction of the magnetic field in the potential val-= — /r and the Hamiltonian is separable in spherical coor-
ley, while the highest energy states are localized perpendiciflinates. For alkali metal atoms, we use a nonlocal pseudo-
lar to the magnetic field on a potential ridge as seen in FigdPetential[18]:
1(a) and Xb), respectively. The highest energy “ridge”
states are the diamagnetic counterpart of the “uphill” states
in the Stark system. States with intermediate energies, the
“separatrix” states shown in Fig. (&), are not localized.

Both the highest and lowest energy states have dominantlyherev(r) is anl-dependent short-range contribution and
low angular momentum contributions< \n, and the few Vpoi(r) is a polarization term. The solution is found by ex-

V2

7+V(r) W (r)=EW¥(r). 2

1
V(N =2 VIO Viol(1) = )

separatrix states have all the high angular momgsita panding the wave function in a mixed basis of discretized
radial functions times spherical harmonics, retaining a finite
II. CONSTRUCTION OF COULOMB-DIAMAGNETIC number of spherical harmonics:
EIGENSTATES
We begin by finding the eigenstates of the unperturbed W(r, ,0,¢>=2| ‘1)|(fj)Y|m(9,¢), (4

atomic Hamiltonian. The Schdinger equation for an elec-
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wherej is an index corresponding to a radial grid point. The
resulting equation forb(r;) is then solved. Following the E(t) =
method in Ref[19], the numerical solution is found on a (1=
nonuniform radial grid. The grid is closely spaced near the 0 t>Thuises

nucleus, with the spacing increasing to a constant value to- ) . ) . . . .
wards the outer edge. This makes it possible to represeMfNereEwnce is the maximum field amplitude in atomic units
Rydberg wave functions accurately. Both positive and nega@nd Tpuise 1S 1.5 times the full width at half maximum
tive energy states are represented on the same grid, thus H-WHM) of the electric field. The_momentum transferred by
lowing us to study the dynamics of bound states as well a_§uch a_pulse to a free electron in the absence of any other
ionization problems. The unperturbed eigenstates, which witeractions is
label as®,(r;), are eigenstates of a real, symmetric, tridi-

2

ZE Cpsin( t), O<t<1pyise,
H pulse (7)

27'puls:e

agonal matrix. Q=- JTp“'seth(t)_ ®)
We next construct the matrix elements of the diamagnetic 0
potential o ) ] )
In the limit that the pulse width is very small, no other in-
B2 teractions are possible during the pulse, and the effect of the
VBzg(Xzﬁ-yz), (5 HCP is to boost the electron by a moment@m
Wi(r,t)=e W (r,t). 9)

in a restricted unperturbed basis, with n ranging from
Nmin 10 Npmax. The only nonzero matrix elements are thoseThis is the impulse approximation of an HCP. We study the
that connect states of angular momentuwith those ofl or ~ excitation and ionization between two limits—when the
| +2. Since the total potential conserves parity, we can fingoulse width is much smaller than typical time scales in the
odd and even parity statéahich contain odd or evehcon- ~ system(the impulse approximatiorand when it is so large
tributions independently. The diagonalization of the dia- that the impulse approximation is invalid.
magnetic Hamiltonian thus reduces to finding eigenvakles ~ The time evolution of a state in the combined Coulomb-
and eigenvectori) of a real, symmetric, pentadiagonal ma- diamagnetic potential under the influence of an HCP is
trix. We vary the number of basis states to check the convertreated by the Peacemann-Rachford metf2fl. In the total
gence of the energy eigenvalues. Typically, we use a basis dfamiltonian H=Hy+H,, Hy connects adjacent radial
220 states around=20. The eigenstates points of functions with the samevalue, whereas the inter-
actionH,=Hg+ Hycp couples functions of differertvalues
(I—=1,1£1]1£2) at the same radial point:
k=2 al(nlh), (6) |
! W(r,t+t)=e Ho(r,1). (10)

are again products of radial and angular functions; therefora/Ve expand the propagator as
the dynamics and the symmetry of the problem may be sepa-

rated easily. Our calculations of the localization of the prob- . -1 i ot
ability distributions and contributions to the eigenstates are ¥ (I1+00)=|1+iHo=| | 1+iH;7 11-iH, =
in excellent agreement with previously published calcula-
tions[8]. .ot
The excitation and ionization properties of the combined X 1—|H0?}\If(r,t). (12)

Coulomb-diamagnetic eigenstatds may be studied indi-
vidually by examining the time-dependent dynamics whenThe Peacemann-Rachford propagator agrees with the full
starting in a single diamagnetic state. It is also possible t@ropagator up to the third order ift. The first two opera-
make a coherent wave packet by promoting an electron initions onW¥(r,t) are straightforward, the next two require
tially in a deeply bound statéhat is not affected by the finding the solution to five-term and three-term recurrence
external magnetic fie)dwith a laser pulse to a superposition relations inl andr, respectively. The computational com-
of higher diamagnetic states. In this paper, we focus on thelexity of this operation is of first order iN, X N,. The HCP
HCP ionization of the eigenstates. The HCP ionization offield exerts a torque on the electron and consequently many
wave packets will be treated in a subsequent paper. It may beigher| values are mixed in during the time evolution. Al-
noted that the HCP itself creates a wave packet when it acthough our initial state may have only low angular momen-
on an eigenstate. tum components, we use up lte- 100 during the time evo-
lution of a state under the influence of an HCP in the
combined Coulomb-diamagnetic potential. Since the com-
mutator[Hy,H,]# 0, the Peacemann-Rachford propagator is
We next examine the ionization of an electron in the com-not unitary. Therefore, the time stép must be small enough
bined Coulomb-diamagnetic potential by a half-cycle pulseto insure that the higher order terms in the expansion of the
The HCP used to ionize the electron is modeled as a timeexponential in Eq(10) are negligible. We monitor the norm
dependent electric field of the form: of the wave function at every time step as a check on this

IIl. IONIZATION BY A HALF CYCLE PULSE
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property. We can perform 120 000 such space-time stepsin 1 100

CPU second on a DEC-alpha workstation.

After an HCP has been applied to an electron initially in — 80l
an eigenstaték), the energy spectrum of the ionized photo- &
electrons is obtained by projecting the final state wave func- S g0l
tion (at any time afterr, s onto the eigenstates of the final g
state HamiltoniarH;=Hy+Hpg as in Ref.[21]. The prob- % 40
ability of finding an electron of energk; in the final state B
with a resolution of % is 2 20

A %00 005 o010 o015
P(Equ)—<‘I’f (H—E)%+ f> (12 Qa.u)

FIG. 2. Calculated ionized fractions of photoelectrons as a func-
The total ionized fraction is also given by the area under thigjon of total momentum transferre@mpulse approximation Solid
curve: ;P(E;). Since the applied magnetic fielé T) is  |ine: lowest energy state. Dashed line: highest energy state. Dot-
very small compared to the magnetic field that an electromashed line: a separatrix state.
experiences due to its motion in the field of the nucleus
(10° T), we can simplify this calculation by setting; To ionize an electron, this change in energy must exceed the
=Hy, which makes Eq(12) separable im andl. The valid-  binding energy{E|. Since the electric field of the HCP is in
ity of this approximation is checked by finding(E; ,H;), thez direction, the initialz momentum of an electron that has
using the method of alternating direction iteratiGADl)  threshold energy after the pulse is given by
[20,22 with the full Hi=Hy+Hg. This method uses the
unperturbed photoelectron ionization probabilRyE; ,H) Q?
as a first guess and iteratively determines the final photoelec- Poz=| [Eol — o / Q. (14)
tron ionization probabilityP(E; ,H;) to successively higher
orders in the perturbatiotwhich is of second order in the The probability that an electron is ionized in this classical
magnetic field. The photoelectron ionization probability jmpulse approximation is just the probability that its initial
P(E; H;) differs from the first gues®(E; ,Ho) by a small  momentum in thez direction is greater thap,, [23]. In this
amount of the order of 1—05 and converges rapldly There is approxima’[ion, the S|0pe of the curve in F|g 2 is propor-
also no discernable change in the photoelectron spectra ggnal to the dispersion in thecomponent of the momentum
compared to those calculated by projecting onto the unpergf the state. If a state has a largeomponent to its momen-
turbed states. To our knowledge, this is the first time that theum it does not require mud@ to be ionized and vice versa.
energy window method has been used with a nonseparabighe highest energy state has a much steeper threshold than
potential. the lowest energy or separatrix states. One can see that the
highest energy state, which is localized perpendicular to the
IV. RESULTS AND DISCUSSION magnetic field, has very little momentum in theirection so
that there is little likelihood of ionization foR less than the
We begin with hydrogen in a magnetic field &  threshold value of 0.052 a.u. The dispersion inzmeomen-
=6 T (=2.55<107° a.u.) along the direction. The states tum is also very small. The lowest energy and separatrix
corresponding to the=20 (m=0) manifold are within the states have significant probability densities and momenta
I-mixing regime. Choosing the lowest energalley), high-  along thez direction and therefore show similar ionization
est energy(ridge), and separatrix states of even parity from curves with appreciable ionization even at lov@gr
this manifold, we study their ionization behavior. The ioniz-  Figure 3 shows the ionization spectra obtained in the im-
ing HCP is linearly polarized with its electric field vector in pulse approximation for the three staigilge, valley, and
the z direction. separatrix ionized by an HCP. We compare soft kick,
Figure 2 shows the ionized fractions of these three stateghich transfers energy just above threshold, ahdral kick,
as a function of the momentum transferred by the HCP in th@vhich completely ionizes the Rydberg electron. At threshold,
impulse approximation. For a classical electron of momenonly those parts of the electron probability distribution that
tum p;, the final momentum after its interaction with an have positivez momentum get ionized. The distribution for
HCP isps=p;+ Q, whereQ is the momentum transferred by the soft kick is therefore peaked at zero energy. For a hard

the HCP. The change in its energy is equal to kick, the spectra are symmetric and peaked at the energy
corresponding t@Q?/2—|E,|, whereE, is the energy of the

pf2 pi2 bound state. From the discussion in the previous paragraph,
AE= 277 this implies that the averagemomentum is equal to zero.

Such a feature is also seen in the total ionization cross sec-

5 (13 tion for charged particle collisions that are peaked about the
—p-Q+ Q_ energy-momentum conserving val[@4]. The ionization of
Py 2 an electron by an HCP, an electromagnetic pulse, shows

053410-4
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o 4 i ', — netic stategcircles, lowest; squares, highest; triangles, sepajatrix
2% o The total momentum transferreé@lis kept constant at 0.052 a.u.
0 L ) ol I 1 I | ]
0 02 04 06 08 show that the energy gained by the photoelectron decreases

as the pulse width is increased, thus decreasing the ionized
fraction. We now discuss the dynamics of this “energy loss”

FIG. 3. Calculated differential ionization probabilities of dia- @S @ function of pulse width.
magnetic Zeeman states of hydrogen ionized by an Ki@Pulse In the impulse approximation, the electron does not have
approximatiof as a function of photoelectron energy fay lowest, ~ time to move during the pulse and interacts only with the
(b) highest, and(c) separatrix states. Solid linenard kick, Q electromagnetic field of the HCP. In the opposite limit, when
=0.2 a.u. Dashed linesoftkick, Q=0.052 a.u. The area under the the pulse width is long, the electron may interact with the ion
curve yields the total ionized fraction. core and the diamagnetic potential, as well as the electro-
magnetic field during ionization. The change in energy of an

characteristics of collisional ionization by charged particlesg|ectron due to the HCRreating the electron as a classical
when the pulse width of the HCP is very smétie impul-  particle is given by

sive limit). The spectrum of the lowest energy state in Fig.

3(a) shows an oscillatory structure corresponding to the two

possible zzmomentum directions—along and opposite the AE——prmsedtv E (15)
HCP field. The highest energy stdteig. 3(b)], which has ) " —HCP:

very little z momentum, does not show this structure. The

separatrix state seen in Fig.cB shows a complex structure

Energy (eV)

in its spectrum. 18— A S0p==T o) o o

In Fig. 4, we study the ionized fractions of the lowest, 7;‘ er ] :g 1 er ]
highest, and separatrin=20 states as a function of the 2 8&f 1 ok 1 8 1
width of the HCP while keeping the total impul€g con- £ at 0 1 1oL 0 1 4r 0 4
stant. Q is chosen to be 0.052 a.u. such that the energ'® o=+ of>—4——t—+ 0t T=ei]
Q?/2—|Ey| is just above threshold. In all three cases, the‘g 12/ 1 of 1 &l ]
ionization is suppressed as the HCP width becomes compi g ] % 1 &f ]
rable to the Kepler period (2n°=1.2 ps). Clearly, the na- T i ] 20 w1 el i
ture of this decrease in ionization depends on the localizatio g AN 12' ] N L]
of the state. The lowest energy states, localized in the direcg R T
tion of the magnetic field, show a sharp suppression of ion 5 2r 1 sl ] ]
ization when the HCP width becomes approximately equal t« @ 8 1 2 ] ]
one-half of the Kepler period. The highest energy states, lo3 4 (i) 1 10& (i) ] (i)

calized perpendicular to the magnetic field, show a smootl 9,
decrease in ionization with increasing pulse width and are

the most sensitive to deviation from the impulsive limit. The
separatrix states show the least loss of ionization. This su- F|G. 5. Photoelectron spectra o 20 diamagnetic states when
pression of ionization by using longer HCPs is in contrast tahe HCP width is(i) O (impulse approximation (i) Tkepled2, (iii)
optical ionization where ionization of Rydberg atoms is sup-r. ., for (a) lowest, (b) highest, andc) separatrix states, respec-
pressed by using shorter laser pulE2S|. The photoelectron tively. The decrease in the total ionized fraction is accompanied by
spectra atrpyise=0, Tkepied2, and Tgeper S€€N IN Fig. 5 a smaller photoelectron energy.
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states of hydrogenn=20 (circles, n=18 (squarel and n=16 FIG. 7. Plot of ratio of ionized fraction at finite HCP width to
(triangles. Open points: lowest energy states. Filled points: highesthat in the impulse approximation for the same momentum trans-
energy states. ferred vs the ratio of HCP width to the Kepler orbital periogh?.

n=20 (circles, n=18 (squares andn= 16 (triangles; (a) lowest,

wherev is the velocity of the electron. When interacting with () highest energy states.
the ion core, the electron changes its direction of motion thus
gaining less net energy than it would have otherwise. Théhe value ofnincreases. This suggests thandacreases, the
ionization dynamics may be expected, therefore, to show &ystem approaches classical behavior wherein an electron
dependence on the pulse width of the HCP at time scalestarting from a point in the orbit furthest from the ion core
corresponding to the interaction of the electron with the ion(i.€., near the classical turning pojirtan interact with the
core, that is, the Kepler orbital period. The lowest energycore at timesrxepied/2 and again at 3¢epjed2.
state is localized along the direction of the magnetic field and We have repeated many of the hydrogen calculations us-
can interact with the ion core on a time scale of one half théng a pseudopotential appropriate for describing valence or-
Kepler period[since the initial electron probability distribu- bitals in sodium. In sodium, the quantum defect in $rend
tion is peaked near the classical turning point as seen in Fig2 channels causes two states, ons oharacter and one @f
1(a)]. This is reflected in the sudden drop in the ionizedcharacter, to split off in energy from the rest of the unper-
fraction asr,uise™ Tkepled2. The highest energy states are turbed hydrogenic states of a singtemanifold. When a
localized perpendicular to the magnetic field and interact difnagnetic field ofB=6T is applied, these degenerate states
ferently with the core. The separatrix states do not lose ago not contain significant contributions from the0 or |
much energy as the lowest or highest energy states. =1 angular momenta but retain all the other features just as

These results may be understood better by studying th#& hydrogen. We choose the lowest energy, separatrix, and
localized states of different manifolds. Figure 6 shows cal-highest energy states of the remaining20, m=0 even
culations performed for three manifolds=20, 18, 16, at parity manifold and thes split-off state nearest in energy.
B=6 T. This is still within thel-mixing regime. The ion- When ionized by an HCP in the impulsive limit, the highest,
ization probability(in the impulsive limi} as a function of lowest, and separatrix states of the 20 manifold show the
Qn, the product of the momentum imparted by the HCP andsame behavior as in hydrogen, as shown in Fig. 8. The near-
the principal quantum numbeithe classically scaled mo- ests split-off state, which has mainly=0 character, shows
mentum, is seen to be universal for the states of the saméignificantly different behavior. Its photoelectron spectrum is
localization. Figure 7 shows the ratio of the ionized fractionalso very different from that of the localized diamagnetic
at a finite HCP width to that in the impulse approximation states as shown in Fig. 9. But, for the localized states, the
for thresholdQ plotted against the ratio of the HCP width to quantum defect does not change the HCP ionization charac-
the classical Kepler periodepie~27n? for both the low-  teristics qualitatively.
est and highest states. These are also calculated=fdi6,
18, and 20, with Kepler periods 6f0.6 ps, 0.9 ps, and 1.2
ps, respectively, ionized by pulses wifhvalues correspond-
ing approximately to the threshold energies of the states. The In summary, we have presented an efficient theoretical
curves lie on top of each other, indicating that the Keplertechnique for studying the dynamical evolution of atomic
orbital period is a significant time scale for each of thesesystems in external fields. We have shown that the HCP
localized states. The drop in the ionization probability of theionization dynamics of Zeeman states in thmixing regime
lowest energy states at approximately. /2 is steeper as depends strongly on the localization of the initial diamag-

V. CONCLUSIONS
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FIG. 8. Calculated ionized fractions of photoelectrons as a func-
tion of total momentum transferre@mpulse approximationin n
=20, m=0, even parity diamagnetic states of sodium. Solid line:  FIG. 9. Calculated ionization spectra of diamagnetic states in
lowest energy state. Dashed line: highest energy state. Dot-dasheddium ionized by HCRimpulse approximationfor (a) lowest, (b)
line: separatrix state. Filled circles:split-off state. separatrix,(c) highest, andd) s split-off states. Solid linehard

kick, Q=0.19 a.u. Long-dashed linsoft kick, Q=0.05 a.u.

Energy (eV)

netic state. In the limit of very short HCPs7{se
<Tkepler), the determination of the ionized fraction as a
function of the momentum transferred by the pulse is a direc}.|e
measure of the momentum of these states.

As the width of the HCP increasékeeping the total mo-
mentum transferred a constgrthe ionization of the diamag-
netic states is suppressed. The decrease in ionization is al
accompanied by a decrease in the energy gained by the R
dberg electron during ionization, as seen in the calculate
photoelectron spectra. The decrease in the ionization fraction
is also sensitive to the localization of the initial states. We
find that the states that are localized perpendicular to the Itis a pleasure to acknowledge helpful comments from L.
magnetic field are more sensitive to the increase in HCHD. Noordam and A. Guertler. We acknowledge support from
width than the states localized parallel to the magnetic fieldthe National Science Foundation Grant No. PHY-9733890.

This effect is understood only qualitatively at present.
Similarities in the HCP ionization of localized diamag-
tic states in hydrogen and sodium point to the features of
ionization being a general characteristic of localized diamag-
netic states of atoms in tHemixing regime. These measure-
ments may be made at reasonable laboratory magnetic fields.
ﬁ?deed, our preliminary results have prompted plans for such
xperiments that will soon be underwgg6).
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