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We have studied the optical collisions of cold, metastable helium atoms in a magneto-optica
We have detected the rate of Penning and associative ionization of two metastable helium atom
temperature of 1 mK with and without nearly resonant light. We find that the associative ioniz
rate is increased with more than a factor 20 due to the presence of the light field. We present a
semiclassical model, which accounts for all the observed features, and which agrees, also on an a
scale, with our experimental results. [S0031-9007(98)06429-1]

PACS numbers: 32.80.Pj, 33.80.Eh, 34.50.Rk
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Because of the breakthrough of laser cooling techniqu
it is nowadays possible to study collision processes
ultralow temperatures [1]. The study of optical collisions
where during the collisions of two cold atoms a photo
is absorbed, has been very successful. It has lead t
wealth of experimental data on the long range interactio
in these systems and has been shown to be complemen
to molecular spectroscopy [2]. While in the latter case o
probes the molecular structures at short range, in the form
case one obtains information on the interaction taking pla
at long range and is able to observe the molecular comp
during the reaction.

Optical collisions can be induced by irradiation of ligh
detuned below atomic resonance. The transition energy
long range is lowered due to the dipole-dipole attractio
C3yR3 in the first excited state and the excitation pointRc

can be selected by the detuning of the light. The stu
of the ionization rate as a function of the detuning pro
vides information on the dynamics and ionization of th
molecular excited states involved. In general, the io
ization rate will increase if the laser is tuned closer
resonance, since the number of atomic pairs that can
excited will increase by increasingRc. However, once the
detuning becomes too small the ionization rate will d
crease for two reasons. First of all, the atomic pairs a
excited at such a large distance, that spontaneous em
sion during the time the molecular system reaches sm
internuclear distances leads to a “switching off” of the a
tractive1yR3 potential, thus prohibiting a close collision in
which ionization can occur. Second, the attractive pote
tial becomes too weak compared to the relative kinetic e
ergy, so that absorption does not lead to a close collisio

We have studied optical collisions using cold, meta
stable Hes23Sd atoms. Although optical collisions have
already been studied experimentally in several syste
[3], the Hes23Sd system is in many aspects different from
all other systems. Hes23Sd is a prototype system with
only one electron active and no hyperfine structure. Th
makes it possible to obtain accurate potential curves
the Hes23Sd-Hes23Sd system, which have been publishe
recently [4]. It is therefore possible to obtain a direct com
0031-9007y98y80(25)y5516(4)$15.00
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parison on anabsolutescale between experiment and th
ory for this system. Another difference becomes clear
one considers two important parameters in optical co
sions, which identify the reaction dynamics. The first p
rameter,Rt  yt, is the average distance an atom wi
velocity y travels in the excited state with lifetimet, be-
fore it decays spontaneously. The second parameter,Rl 
ly2p , is the characteristic distance at which retardation
fects in the molecular complex become important. In
cold collision systems studied so farRt is 2 orders of mag-
nitude smaller thanRl. However, for the Hes23Sd system
at 1 mK,y  3 mys, t  98 ns, andl  1.083 mm, so
Rt  5600a0 andRl  3300a0. SinceRl is of the same
order of magnitude and even larger thanRt, one expects
that the reaction dynamics will be different compared
the other systems. Finally, if the atoms react on theS-S
potential, only the lowest order partial wave (,  0) is ex-
pected to contribute to the scattering cross section, si
the kinetic energy in the reaction is insufficient for atom
to cross the rotational barrier for, fi 0. In the opticalS-
P collision, where the atoms react on theC3yR3 potential,
ø10 partial waves contribute to the cross section and
reaction can be described as semiclassical. By absorp
of a photon we are thus able to switch from the quantu
mechanical regime to the classical regime without cha
ing the collision energy.

In the experiment metastable helium atoms are produ
in a discharge source cooled by liquid nitrogen follow
ing the design of Kawanakaet al. [5]. The atoms are
slowed down over a distance of 2 m using the techniq
of Zeeman-compensated slowing [6] and loaded into
magneto-optical trap (MOT). The light for both slowin
and trapping is produced by diode lasers manufactured
pecially for the23S ! 23P transition at1.083 mm [7].
Since the loading rate of the metastable atoms in the t
is small compared to typical rates for alkali metals, t
trap is operated in a regime, where the capture veloc
is large. This has been realized by using a large det
ing (d  225 MHz) and a high intensity of the trapping
laser (saturation parameters0  50 per beam). Typical
values for our trap are1 3 105 for the number of atoms
© 1998 The American Physical Society
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and2.5 3 107 atomsycm3 for the density. The tempera-
ture of the atoms is 1.1 mK, as determined by a tim
of-flight (TOF) technique. Here the atoms are releas
from the MOT and the time of arrival of the atoms on
a set of microchannel plates is detected. The trap de
sity and temperature are in agreement with a simple mod
for the operation of the MOT at such large detunings ta
ing into account only the Doppler theory for cooling an
trapping [8].

Ions produced in the MOT are accelerated with a sma
voltage towards a quadrupole mass-spectrometer, wh
selects the ions on their mass. We find that most of the io
are produced by Penning ionization (PI) of background g
atoms on Hes23Sd. Since Hes23Sd has a high internal en-
ergy, it can Penning ionize almost all atoms and molecule
We have identified that the major inelastic trap loss is b
PI of H2O on Hes23Sd, even at a background pressure o
4 3 1027 Pa. This is due to the large PI cross section fo
this process of70 Å2 [9]. Ions created with mass 4 (He1)
and mass 8 (He12 ) are also produced and these ions ca
only be created in intra-MOT collisions, since the densi
of Hes23Sd atoms in the background is orders of magn
tude smaller than the density in the trap. Thus by ma
selection we can uniquely discriminate between collision
of Hes23Sd with the background gas atoms, which occu
at thermal energies, and intra-MOT collisions, which tak
place at 1 mK. The detection efficiency of the mass spe
trometer is calibrated by detecting the total number of ion
produced, irrespective of their mass, with a second det
tor mounted opposite to the mass spectrometer, where
ions are detected with a larger efficiency by microchann
plates.

To detect the ion rate as a function of the detuning
the laser from atomic resonance we change the frequen
of the MOT laser during a period of60 ms. This period
is sufficiently short, such that the spatial distribution o
the atoms in the MOT is not altered by the absence of t
trapping laser light, but still long compared to the lifetim
of the Hes23Pd state. In this period the laser is first detune
to resonance and then ramped with a fixed rate far bel
resonance by changing the current through the diode. T
He1

2 signal as a function of time is recorded and afterward
converted to laser detunings by using the scan rate and
known position of the laser frequency for trapping. Note
that since we are switching the frequency of the MOT las
beams, the saturation parameter of the laser inducing
ionization is very high, namelys0  300 (50 per beam).

Data recorded for several different runs are shown
Fig. 1. One observes that the ionization rate increas
dramatically if the laser is tuned close to resonance. Wh
the laser is detuned slightly below resonance we obse
a maximum in the ionization rate. The overall increase
the ionization signal due to the presence of the laser lig
is about a factor of 20.

In a second experiment we have detected the fracti
of ions produced as He1

2 compared to the total number of
ions produced in intra-MOT collisions. In the PI proces
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FIG. 1. Ionization signal of He12 ions produced in optical
collisions as a function of the detuning of the trapping lase
The saturation parameter of the laser beams iss0  50 per
beam. The symbols refer to the experimental results, whe
we used a different symbol for each run. The solid line is th
result of our semiclassical model.

the excess of internal energy of the two metastable ato
is carried away by the ejected electron. The outcome
the process for the heavy particles depends on the amo
of energy carried away by the emitted electron. If th
electron energy is more than the excitation energy of th
two metastable atoms minus the ionization potential, the
the heavy particles become bound and a molecular ion H1

2
is formed. Otherwise, an atomic He1 ion is produced.
Because of the mass selection in our experiment we c
discriminate between these two reaction channels.

The fraction of He12 ions is measured by changing the
trapping laser in a period of20 ms, but the detuning of the
laser frequency was fixed during this period. By switchin
the mass spectrometer between mass 4 and 8 we can ob
the He12 fraction as a function of frequency and we find
close to resonance a fraction of0.16 6 0.02, whereas far
from the resonance the fraction becomes0.030 6 0.003,
where the error bars refer to the statistical uncertainty.
the latter case we have mainly Hes23Sd-Hes23Sd collisions
and the measured fraction is in agreement with the the
retical value of 0.028 calculated using the potential an
width function of Müller et al. [4]. The vastly different
fractions on- and off-resonance is a clear indication th
PI for the S-S and S-P reactions occur through different
potentials, which is to be expected due to the long lifetim
of the excited state. One complication in the analysis
that the detection efficiency of He1 and He12 ions is not
identical, since the molecular ions are produced with near
zero kinetic energy, whereas the atomic ions obtain kine
energy in the fragmentation of the reaction complex. W
have estimated this reduction of the detection efficiency b
calculating trajectories of the atomic ions through the setu
and corrected the fractions for this effect.

Using the values for the density and the volume of ou
trap and the measured fraction of He1

2 ions we find a
5517



VOLUME 80, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 22 JUNE 1998

n

-
e
-

e

he
ne
is

e

er
r

l-
)
i-

t
ll
e
e
l
n
f

-

al
t
e
y-
the
ls

-
e

e

total ionization rate for large detuning ofs2.7 6 1.2d 3

10210 cm3ys. Since we operate the MOT with a large
intensity of the trapping laser the excitation probabilit
Pe of the atoms close to resonance becomesPe  0.5.
From this we can derive a total ionization rate for Hes23Sd-
Hes23Pd or S-P reactions ofs1.9 6 0.8d 3 1029 cm3ys.
The last value is a factor 100 smaller compared to the val
of 1 3 1027 cm3ys reported by Bardouet al. [10].

To compare our value for Hes23Sd-Hes23Sd ionizing
reactions with theory we have carried out quantum
mechanical scattering calculations using the potentials
Müller et al. [4]. We carried out calculations for the11S1

g

and 13S1
u state and find a total ionization rate at 1 mK

(ø100 neV) of 7.3 3 10211 cm3ys. From the com-
parison between this value and our experimental resu
we can infer that we have made a reasonable estim
of the density and volume of our trap, although fo
large detuningS-P collisions may still contribute to the
ionization signal. Since the lowest partial wave for th
uneven13S1

u state in this boson system is,  1 and we
are in the regime ofs-wave scattering, the elastic cros
section in the13S1

u state nearly vanishes. However, th
ionization rate corresponding to this state does not vani
which is to be expected for an inelastic process [11
and contributes in our case forø1y3 to the total ioniza-
tion rate.

In order to explain the measured absolute rate forS-P
collisions and the measured line shape, one has to desc
the optical collision process. Although several theoretic
models exist [12], we will describe our own model here
since it reveals in a simple way the essence of the proc
without having to rely on a complex analysis. In ou
model we assume that a pair of atoms becomes excited
the Condon pointRc  sC3yh̄dd1y3, where the excitation
probability Pexc is given by the Landau-Zener transition
probabilityPexc  1 2 exps2pLd, with [13]

L 
h̄V2

2ayrad
.

Here V is the Rabi frequency,a  3C3yR4
c is the gra-

dient of the potential atRc and yrad the radial velocity.
The Rabi frequency is related to the known saturation p
rameters0 by s0  2V2yG2. The number of atomic pairs
ÙN crossing the Condon sphere is given by the classic
pair distribution ÙN  4pR2

cnyrad [14], with n the den-
sity of the atoms andyrad the radial velocity. The clas-
sical trajectory of the molecular complex in the excite
state is calculated for the different, thermally distributed
initial velocities. For each trajectory it is determined i
the reaction proceeds to short range, where the react
takes place, and only these close collisions are cons
ered. The survival probability of the complex become
Psurv  exps2Gtd, wheret is the elapsed time between
excitation and reaction. Note, that our model becom
identical to the Gallagher and Pritchard (GP) model [1
for the case of large detuning and low intensity. How
ever, we extend on it by including a dynamical excitatio
5518
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probability for our case of high intensity and by including
a numerical calculation of the trajectory including differ-
ent initial conditions. Also Suominenet al. [15] have ex-
tended the GP model to include the dynamical excitatio
probability into the model. However, their model does
not include the calculation of the trajectories, which is es
sential to obtain agreement for small detunings, where th
attractive potential is of the same order as the kinetic en
ergy of the molecular complex.

The result of our analysis is given in Fig. 1. In this
analysis we have averaged the results over all attractiv
molecular states, that asymptotically connect to the23S-
23P2 asymptote. For each of these statesb we have
determined theC3,b coefficient and the decay rateGb

[16]. In addition, we have determined what fraction of
these states connects to the11S1

g and13S1
u state at short

range, since only these two states can Penning ionize. T
agreement between the measured and the theoretical li
shape is very good over the whole range of detunings. Th
shows that our simple model applied to the Hes23Sd system
completely describes the dynamics of the reaction. On
important aspect of this system is that, sinceRt is so large,
the survival probability does not play any significant role,
and the correct line shape is already obtained by a prop
description of the excitation process of the molecula
complex by the Landau-Zener transition probability and
by taking into account the evolution of the system in the
excited state.

In order to compare our model with theoretical models
already discussed in the literature we have carried out ca
culations based on the modified Julienne and Vigué (JV
model [16], where we have replaced their quasistatic exc
tation probability by the dynamic Landau-Zener probabil-
ity. The result of this analysis is shown in Fig. 2 together
with the result of our semiclassical model. The agreemen
between the two models is excellent, apart from a sma
range around zero detuning. The good agreement is to b
expected if one considers that both models describe th
same dynamics of the molecular complex. In our mode
this is done semiclassical, whereas the JV model relies o
a quantum-mechanical description. Since the number o
partial waves in the optical collision is large (ø10), both
methods should work. To show that the quasistatic ap
proximation does not work in our case of high intensities
we have calculated the line shape based on the origin
JV model and indicated the results in Fig. 2. Already a
detunings of the order of 100 MHz one can observe th
discrepancy between the quasistatic models and the d
namical one. Since the agreement between the data and
dynamical models is excellent, it is clear that these mode
describe the excitation process most accurately.

Both our semiclassical analysis and the quantum
mechanical analysis based on the JV model provid
absolute rate constants. For the semiclassical analysis w
find a rate constant forS-P collisions close to resonance of
4 3 1029 cm3ys. This value is consistent with the experi-
mental result ofs1.9 6 0.8d 3 1029 cm3ys. Therefore,
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FIG. 2. Comparison between our semiclassical model (so
line), as discussed in the text, and the models published in t
literature. In the plot we have included the results for the J
model (dotted line) and the modified-JV model (dashed line
where we have replaced the quasistatic excitation probabil
with the dynamical Landau-Zener transition rate.

we must conclude that the rate constant measured
Bardouet al. [10] of 1 3 1027 cm3ys is more than one
order of magnitude too large. In their experiment the
have probably underestimated the density, which the
have determined by detecting the image of the MOT clou
with a CCD camera. Our density is based on a dire
detection of the number of atoms in the TOF analys
combined with an estimate of the trap radius from mod
calculations, which is closely related to the temperature

The special situation of detecting reaction products wi
light-on and light-off allows for a direct comparison be
tween the rate constants forS-P andS-S collisions. Note,
that the first type of reaction can be described semicla
sical, whereas the second type calls for a fully quantum
mechanical treatment. This is one of the special featur
of ultracold collisions in the presence of a light field and i
a valuable asset for testing theoretical models. Since t
ratio does not depend on the density and volume of the tr
it is determined with a much higher accuracy than the a
solute rates separately. In the experiment we find a ratio
7.2, whereas the models predict a ratio of 15.0. Regardi
the uncertainty of theS-S rate, which is very sensitive in
the case of ultracold collisions to the detailed shape of t
potential, the agreement is satisfactory.

The large ionization rate at resonance is due to the lar
distance the Hes23Sd system can travel in the excited state
In all other systems studied so far this distance is small a
in these systems the rate goes to zero close to resonan
This is not the case for the Hes23Sd system and atoms ex-
cited at large internuclear distances are still approachi
each other in the excited state. The Hes23Sd system is
therefore the ideal system to study the transition from th
molecular regime, where the excitation is localized at th
Condon radius, to the atomic regime, where the excitatio
is spread over a very large range of internuclear distanc
At these large distances retardation effects play an impo
lid
he
V
),
ity

by

y
y
d

ct
is
el
.
th
-

s-
-

es
s
he
ap
b-
of
ng

he

ge
.
nd
ce.

ng

e
e
n

es.
r-

tant role and a careful study of the ionization rate close
resonance should reveal such retardation effects directl

In conclusion, we have investigated optical collision
of cold, metastable helium atoms. The dynamics of th
Hes23Sd system is different compared to other system
studied so far, since the lifetime of the excited state
rather large and the mass is small. We show that t
results obtained can be satisfactorily described by a simp
semiclassical model, which accounts for all the feature
observed. Since Penning ionization can take place bo
from theS-S andS-P potential, it is possible to compare
the ionization rates for these two channels. In the fir
case the reaction can only be described fully as quantu
mechanical, whereas is the second case a semiclass
description is sufficient. The agreement between theo
and experiment for the ratio between the rates forS-P and
S-S reactions is rather good.
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