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nuxiof the 5, poleitial oneigy sulace apparontly
proceeds via two processes.  Within 50 1s alter
ahsarption, sguilibeatton of lagh hespioney vilna

Honal iedea vecus. Doy this tiet tenclion the
molecule does nol have time to move along tho
coordinaten of the low-hagquoncy 10active modes,
The lollowing slower renctive molion of the retinal
is relaled to a 180-13 gain kinetic. In this process
part of the isomerlzation of the retinal iom the ali-
trans to the 13-cis contiguration lakes place, and
the molecule arrlves at the bottom of the S, poten-
tial energy surface In level S'. The systems
leave this area via Internal conversion with a time
constlant of 500 Is. Two decay paths are used
here. More than 60% of the molecuies form the
intermediate photoproduct J, while the rest returns
to the original ground state of BR. Subsequently,
the first ground-state reaction (in the active branch)
proceeds with a time constant of 3 ps, leading to
the inlermediate K which Is stable on the picosec-
ond time scale. {Invited paper, 25 min)

1. J. Dobler, W. Zinth, W. Kalser, and D. Oester-
helt, Chem. Phys. Lett. 144, 215 (1988); W.
Zinth, Naturwissenschalten 75, 173 (1988).
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8:30 AM  Trapping and Cooling: 1

David J. Wineland, U.S. Nationali Institute of
Standards & Technology. Presider

TUCCt1 Order and chaos In laser cooled
trapped ions

RALPH G. DEVOE, J. HOFFNAGLE, L. REYNA, R.
G. BREWER, IBM Almaden Research Center, 650
Harry Rd., San Jose, CA 95120.

Several groups have recently used laser cooling
to produce ordered arrays of lons (lon crystais) in rf
quadrupole traps. Wae discuss two physical mech-
anisms which underlie and explain the behavior of
ion crystals. First, we show that deterministic
chnos can be responsible for phase transitions
belween the ordered (crystal) state and the disor-
dered (cloud) state.! The crystal—cloud transition
is explained as an order—chaos transition. Cha-
os arises Irom the nonlinear interaction of Cou-
lomb reputsion with the oscillating trap potential.
Numerical integration of the resulting Mathieu
equation with a Coulomb termy shows an abrupt
transition to a chaotic state as the trap voltage is
raised above a threshold value. Trajectorles in the
disordei ed slate display a positive Lyapunov expo-
nent and satisly three other tests for chaos. Ex-
periments on two trapped Ba' ions show a crys-
tal—cloud transition at the predicted value of trap
voltage.

Second, we discuss an unexpecled laser cool-
ing instabllity that limits the size of lon crystals In rf
traps and can also Inltiate an order—chaos transi-
tion. Previous laser cooling theories assumed a
static harmonic trap potential and ignored the mi-
cromotion arising from the osclllating rf trap field.
This Is valid for single lons but not for crystals,
where micromotion typically exceeds several wave-
lengths of light. The resulling Doppler shifts fre-
quency modulate the cooling radiation and can
transform laser cooling into laser heating. This
mechanism explains the complex dependence of
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(Invited paper, 28 miu)

1. J. Holinagle, 1, G. DeVoo, | . Roynn, ind 11, Q.
Biewor, Phys. Rov. Lell. 81, 265 (1080).

TUCC2 Ruadllotrequency spectioscopy of trapped
neulral aloms

D. E. PRITCHARD, KRISTIAN HELMERSON, MIN
XIAO, KE-XUN SUN, Massachuselts Institute of
Technology, Cambridge, MA 02139.

We have recently demonstrated r{ resonance
experiments on Na atoms contained in a magnetic

trap.? Sequential rf pulses with approfriate fre-

quencies were applied to a sample.of ~2 X 10"
Na atoms (contined in an ~100-cm® volume) lo
transfer population between the four trapped mag-
netic substates. The relative populations of the
magnetic subslales were delecled by sending a
weak narrowly collimated probe laser beam along
the axis of the trap and monitoring the induced
fluorescence with a photodiode {placed along the
wall of the trap enclosure) located at the longltudi-
nal magnetic fleld minimum. Hence we are sensi-
tive only to light emanating from the small fraction
of atoms near the magnetic field minimum.

To diagnose the energy distribution of the
trapped atoms, we measured the rf resonance
curve for the [F = 2, M= 2> 10 IF=2, M= 1>
transition by measuring the relative peak heights in
the fluoresence spectrum for the two states as a
function of the frequency of the applied rf pulse.
Figure 1 Is such an rf resonance curve for both hot
atoms alter the inillat loading of the trap and cold
atoms after the application of 1-D Doppler ceoling.
Doppler cooling of the sample was achleved with a
standing wave laser beam, detuned ~80 MHz red
of the rappad atom ransition, appliod for 608, It
was iecossary 1o reduce tho intonsily of tho slisd-
ing wave to ~ 102 saturation Intensity to make the
transverse heating rate slow compared with the
coupling rate of transverse to longitudinal motion
provided by the trap.

The energy dliference between the two levels
Increases monotonically with the magnetic fiold
| AE/h)/dB ~60 kHz/G]. Hence the rf frequency
Is resonant only with atoms at one value of the
magnetic fleld. The applied rf puises were of
sufficlent power and duration (number of Rabi
flops: 58 X {/2x ~1 X 10*) so that equilibiium
was reached In the transfer of population botween
the two states. The height of the resonance curve
at each frequency Is, therefore, determined by the
fraction of aloms energetic enough to reach the
corresponding magnetic field, and the line shape of
the high-frequency tall, in the collisionless regime,
becomes a direct measure of the energy dislribu-
tion of the atoms In the trap. Since our population
ratio measurements of atomic density occur in a
small-volume element located at the magnstic
fleld minimum of the trap, there Is no coordinate-
space density of states dependence, making the
shape of the spectrum a direct measure of the
energy distribution, Independent of the trap poten-
tlal. Thus It Is possible lo extract the energy
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gost that the hot atom distiibulion 1s o buncated
Boltzimann distitmtion with a lempeaturo of 6o 'Y
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poraturn of ~ 2 i, (invitod papor, 25 min)

1. V. S Boagneto, GoI° Lalyatis, AL G Martin, L
Raab, R. N, Alwoad Ditw, and D E. Pritchard,
Phys. Rov. Lolt. 58, 2194 (1987).

2. A.G. Martin, K. 1 lohnerson, V. S. Bagnato, G P,
Lafyatis, and D. E. Pritchard, Phys. Rev. Lelt. 61,
2431 (1988).

TUCC3 Meoasurement of fluoiescence along the
deceleration path of an atomic heam

V. S. BAGNATQ, S. C. ZILIO, U. Sao Pavlo, Insti-
tute of Physics & Chemiistry of San Carlos, Depart-
ment of Physics & Science of Materials, C. P. 369,
13560 Sao Carlos, SP, Drazil.

The production of doceleratad atomic boams of
alkalines Is now routine in several laboratories,
Usually, the observalion s carried out by using a
socond woak lasor 1o porform a velocity analysis
on the boam altar the docoloration proce.s. We
report the observation of the laser cooling process
In an atomic beam ol sodium by monitoring the
fluoresconce of the atoms along the deceleration
path, using for this purpose a single laser 1o both
decelerale and probe the cooled atoms. A sirmple
theoretical model describes very weil tho experi-
mental results.

An experimenial setup somewhat similar 1o the
one presented in Refs. 2 and 3 Is schematically
showninFig. 1. The 130-cm long solenuid has an
axial magnetic llold of 8= B, 1 B, {1 ~ iz - 2,),
where B, ~300 G, 0, ~1000 G, and / = 0.01
cn”!. The laser bean Is provided by a ring dye
laser with the light citcularly polarized and tuned to
a ot bansition from the F == 2, M, = 2 nublovel of
he *Syu ppound stito 1o thg I = 3, M, = 3 nablovel
of the *Py,; excited state.

A set of Si photodiodes Is localed around the
atomic beam which runs Inside a glass tube con-
centric with the solenold.  This detoctor assembly
can be moved along the whole extension of the
magnotic liold and collects light coming hom the
lluorescence of the atoms during the deceleration
process. A small porlion of the laser light crosses
the atoric heam at a right angle belore it enters
the solenoid, and the fluorescence arising Irorn this
Interaction is used as arefetence for the frequency
correspondingto v=0and B = Q.

Fiuoraescence as a lunction of the hoquency is
shown In Flgy. 2 for different posilions of the dotec-
tor assombly. Wae arbitrarily chose the 2 = 0
position at tho solanoid entrance close 1o the sodi-
um source. The arnows Indicalo tho lrequencies
corresponding to v = 0 for atoms subjected o the
magnalic field at that z position.  The fit<t thing to
be pointed out Is that as z increasas the curves
shift loward the v = 0 frequency. This is evidence
that the beant has been deceleratod.  Tha shape
of these curves does not reflect the velocity distri-
bution directly.

A simple analytical model gives the fluores-
cence signal as

S, 2 .V"(Z) - V'J’
S2) = ﬂd— Bb {,,,pl—\/"(z)/u |[ o +1 —oxp('-vﬂh.’) W i1 '

distribution of the trapped atoms from the reso-
nance curves of Fig. 1. Figure 2 Is a plot of the
logarithm of the energy distribution as a function of
energy for the data of Fig. 1. If the energy distribu-

where « = {2k, T/M, and v, is the maxinum veloc-
ity which can be decelerated for a given value of
B,. A plotof S(z) as a function of the laser detun-
Ing gives a curve with a shape similar to the one in
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TUCC2 Fig. 1. Radio-frequency resonance
curve lor aloms after Initial loading of the trap
(open circles) and application of Doppler cooling
(solid circles). The dashed and solid lines are
theoretical fits of 3 and 60 mK, respectively.
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TUCC2 Fig. 2. - Logarithm of the energy disiri-
bution AE) vs energy. The solld and dashed lines
represent Boltzmann distributions of 60 and 2 mK,

respectively.
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TUCC3 Fig. 1. Schematic diagram of the apparatus used In the laser

cooling experiment with a plot of B(z2) vs z.
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TUCC3 Flg. 2. Fluorescence intensity as a
function of laser detuning for several positions of
the detector assembly.

TUCC3 Flig. 3. Fluorescence intensity of the
detector assembly position for A = 0. The back-
ground scattered light Is already subtracted.
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Fig. 2.- On the other hand, for A = 0 we can plot
the amplitude of the fluorescence as a function of
the position. This Is shown In Fig. 3 together with
the experimental poinis. The good agreement
between the model and experimental points means
that the main physical aspecis have been taken
into account in the model. The signal observed Is
consistent with an atomic flux of 5 X 10'3 atoms/s
in contrast with the initial Hux estimated to be of the
order of 10'% aloms/s. (12 min)

1. A similar procedure to observe deceleration of
an atomic beam has also been used at MIT, and
& paper by V. S. Bagnato, G. Lalyatis, A. Martin,
K. Helmerson, and D. Pritchard is being pre-
pared for publication.

2. W. P. Philiips and H. Metcalf, Phys. Rev. Lett.
40, 596 (1982). .

3. J. V. Prodan, W. Phillips, and H. Metcalf, Phys.
Rev. Lett. 49, 11.49 (1982).

TUCC4 Application of quanium jumps: the ac-
curate delerminstion of quenching rates for a
single trapped barlum lon

A. A. MADEJ, J. D. SANKEY, Natlonal Research
Council of Canada, Time & Length Standards, Otta-
wa, Ont. K1A OR6, Canada.

Recent experiments on single trapped lons'-3
show the quantum nature of the system through the
observation of what Is popularly called quantum
Jumps. By monitoring the emitted light from the
trapped lon subject to excitation by laser radiation,
the presence or absence of fluorescence indicates
whether the ion exists in a nonlluorescing metasta-
ble slate. We have observed the quenching of the
2Dy, siate I Ba' under the Influence ol a number
of atomic and molecular gases at ultrahigh vacuum
(107%-10"¢ Pa) by the observation of changes in

" the quantum jump statistics. A number of gases

were studied which typically make up the residual
background gas environment of ultrahigh-vacuum
systems. In ow experiment, accurate residual
gas analysis and absolute quenching gas pressure
were provided with callbrated mass spectrometer
and lon gauge measurements. This enabled us to
Include the elflects of residual Impurity gases
which can severely alter the measurements of a
particular quenching gas. Also, the arrangement
of an otherwise unpertwbed single trapped laser
cooled lon (T < 1 K) suftering collisions from a
well-characlerized background gas provides an
experimentally simple and direct system for analy-
sis of collislon events. the present work also
allows us the abllily 10 characterize completely the
environment of the single trapped lon in the back-
ground gas which exists in our vacuum chamber.
This is important in owr work toward establishing an
accurate error analysis In the use of a single
trapped lon as an optical frequency standard.*
{12 min)

1. W. Nagourney, J. Sandberg, and H. Dehmelit,
Phys. Rev. Lett. 58, 2797 (1986).

2. Th. Sauter, W. Neuhauser, R. Blatt, and P. E.
Toschek, Phys. Rev. Lett. 57, 1696 (1988).

3. J. C. Bergquist, R. G. Hulet, W. M. itano, and D.
J. Wineland, Phys. Rev. Lell. 57, 1699 (1986).

4. D. J. Wineland, Sclence 228, 395 (1884).
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. 10:30 AM - Joint CLEO/QELS Symposlum
i on High Field Effecls: 2

§. E. Harrls, Stanford University, Presider

- JC1 Al high Inlensity muitiphoton lonlzation Is
necessarily resonant

RICHARD R. FREEMAN, AT&T Bell Laborataiies,

At high intensities, the excited states of aloms
are shifted by the ponderomotive potential of the
. laser fleld and come into resonance with some

harmonio of the laser. The energy spectia of the
- photoslectrons and the lonic spatial distributions
. are dominated by three resonances.

(Invited paper, 25 min)
. JC2 Above thweshold lonization: a controlled
_ plasma heating mechanism

" PAUL B. CORKUM, N. H. BURNETT, F. BRUNEL,
. Natlonal Research Council of Canada, Division of
Physics, Ottawa, ON K1A OR6, Canada.

Understanding muitiphoton lonization of alams
or molecules Is of fundamental importance n
atomic and molecular physics. However, it is
rarely noted that it Is oyually important for plasma
physics. Laboratory plasmas are normaily ionized
* and healed by electron collisions. Plasmas pro-
" duced by photons will have very diflerent charac-
- teristics.

it is easlest to understand mulliphoton ionlzation
in the long wavelength limit because In this limit
classical physics can be applied to much of the
i problem. Consider an electron released at time
from rest Inlo a strong laser field. The electron
. will experience a force which in the novelativistic
*limit Is proportional to the electric fleld E = &
cos{whe, + aE sinfwle, where a < 1 allows for
| arbltrary polarization.

! The electron molion In the fleld of the laser Is
v given by

§ Vv, ™ Vo sinfwh) + vo,, ¥, ™ —(uvy) coslwil} + v,
| where v ™ gEo/mw and vo, and vy, can be evalunl-
i od from the ! dilal conditions.  vo, = = v, shywl’)
and vg, = av, cos(wl) ls the drlft eneryy of the
| electrons produced by nwitipholon lonization.
! Tne probability of lonization as a function of tive
; can be calculated In the quasistatic limit using dc
i tunneling theory.! Thus tunneling deteimines the
" distribution of drlft velocities.

} We show that experiment confirms these pre-
i

g

!

b

3

!

dictions. In particular, using a 10-um pulse to

ionize xenon we demonstrate that by the simple

procedure of changing the laser polarization, the

electron temperature (drift energy) can be deter-

mined anywhere between 50 and 800 eV. It we
. were to change the lonizing laser wavelength, the
- drift velocity would change even furthor. Finally,
the lonlzation potential of the atom or ion can also
be considered a variable thus glving even greater
tiexlbliity In selecting electron temperalures.

This control over the electron temperatuie of an
underdense inertlally confined plasma has many
Important Implications. Plasmas produced by
multiphoton lonization are not in thermal equitibri-
um.. Using practical lasers, plasmas can be pro-
duced where the electron temperature Is much
4:-less than the lonization potential of the ion from

& which the. last electron was exiracted. Such a
- situation shouid lead 10 transient (x-ray) gain during

s

the recombination phuse of tho plasma.  Even
ground state Insers are predictad.  In the other
exireme, energatic electrons produced using lang
wavelength lasers and high lonization potential
fons will represent an extremely high specific pow-
er dapusition.

Belore concluding, we point out other iinplica-
tions of multiphoton loslzation for plasmia physics,
(1) New nonlinear phenomena are introduced by
the process of plasma formation.  (2) The pros.
once of evon relatively low fovels ol radiation can
Inhibit the recombination piocess. (3) It should be
possible to produce eneorgetic ions by removing a
number of molecular electrons In rapid succes-
slon. This process, known as a Coulomb explo-
sion,? will 1equire pulses with a duration of the
order of the vitnatonal {ime of the malacule,
Such rapid electron removal is possible in atomic
systems® and should be possible with molecules,
(4) Using large molocules or clusters, micioplas.
mas can be producad which will exhibit suine of
the charactoristica of lasor-nolid targetl inlorace
tions and soinw of the charactaristics of goinous
targels,

{Invited papear, 2% min)

1. L. D. Landau nnd E. M. Litshilz, Quantuin Me-
chanics (Pergarmion, New York, 1965), p 276.

2. K. Codiing, L. J. Frasinki, P. Hatherly, and J. R.
M. Barr, J. Phys. B 20, L525 (198/).

3. S. L. Chin, C. Rolland, P. B. Corkum, and Paul
Kally, Phys. Rev. Lett. 61, 153 (1988).

JC3 Molecular bonds In Intense laser ficids

P. H. BUCKSBAUM, A. ZAVRIYEV, D. W. GCHY-
MACHER, AT& T Bell Laboiatorles, Muniay Hill, NJ
07974,

Above-threshold lonlzation (ATl) and dissocla.
tion of moleculnr hydrogen in Inlense laser beams
show tho interplay hotweon etectrostatic and radi-
ation fleids in molocules at intensities above 109
W/cm?.  in those experiments, 1, was irradiated
by intense 100-ps light pulses at 532, 355, ur 1064
nm.  Both election and ion energy spoctia ware
oblained using a fiold-lree angle-1esolving tinme-of-
flight spectrometer. Angular distributions were
also measured lor eloctrons and protons.  Consig-
erable precautions ware taken to eliminate spiace
charge distortion ol the specla.

The photoelectron spectra at 355 and $32 nm

contain ATI peaka that display the vibrational fine.
structure of the H) ground stale (Figs. 1 and 2).
Thia suggonts that photolonization oecurs poon 1o
dissoclation mnd thal the H) lon romalas stablo tor
at loast several vitnational poriods prior to double

lonization or dissociation.  In addition, tho lon
spectra do not contain the high energy connponent
that would accompany direct two-alectron ioniza-
tion from the ground state followoed by Coulomb
tepulsion.  Those observations lead us 1o con-
clude that direct double ionization dues nut uccur
for these Intonsities and wavelengths.

The vibrallonal levels In the visible and UV ATI
spectra change thelr relative strengths and angular
disiributions with puise energy. As the peak inten-
sity increases, the vibrational levels gradually
broaden and ullimately merge inta a broad peak.
At the same lime, the amount of above-thrcshold
fonlzation Increases with intonsity as It doos lor
atoms.

The alouiron spoctra at 1064 nim do not show g
vibrational structwre, Neithar thoir shapo nor in-
tensity dependence has foatures commonly atlrib-
uled to ATI (Fig. 3). Instead, tha electrons forma
continuous spactrum with a maximum near 10 eV,
This nearly featureless distribution can exiend to
more than 70 eV. The high energy tail increases
about linearly with intensity.

. (Invited paper, 25 min)
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