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Photo induced collisions with laser cooled He* atoms

H.C. Mastwijk, M. van Rijnbach, J.W. Thomsen, P. van der Straten®, and A. Niehaus
The Debye Institute, University of Utrecht, P.O. Box 80.000, 3508 TA Utrecht, The Netherlands

Received: 9 February 1998 / Revised: 4 May 1998 / Accepted: 14 May 1998

Abstract. This paper presents an experimental investigation of cold collisions between metastable helium
atoms in an optical trap at 1 mK. Penning (PI) and associative (AI) ionization reactions are distinguished
using a mass spectrometer and studied under influence of near resonant laser light. Dramatic enhancement,
by more than a factor 15, of the ion rate is observed when the laser is tuned close to resonance. Experimental
findings are well-described, on an absolute scale, by model predictions.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 33.80.Eh Autoionization, photoionization,
and photodetachment — 34.50.Rk Laser-modified scattering and reactions

1 Introduction

The ability to trap and manipulate neutral atoms by
means of laser light have created new fascinating environ-
ments for studies of atomic interactions at low temper-
atures [1,2]. With the invention of the magneto-optical
trap (MOT), dense and cold samples of atoms are now
produced routinely and studied under controlled condi-
tions. Collision dynamics of cold atoms have recently at-
tracted considerable attention experimentally as well as
theoretically [3-9]. When a near resonant light field is
introduced into the cold atom cloud the rate coefficient
for collisional processes can be dramatically modified [9].
As two slowly moving atoms approach they form a quasi
molecule which can be excited during the collision. If the
molecular complex is excited to a repulsive energy state
the atoms will be pushed apart thus preventing them from
reaching small internuclear distances where reactions may
take place. This effect is called optical shielding of col-
lisions and has been observed in several systems [6,10].
In the case of a light field detuned below the atomic reso-
nance, excitation to an attractive potential curve will take
place. Note, that the interaction potential will depend crit-
ically on the electronic state of the atoms involved. When
the two atoms are in the ground state we have a van der
Waals interaction which scales as 1/R®. With one atom
in an excited P-state, the potential energy arises from an
induced dipole-dipole interaction scaling as 1/R3. Since
the excited state potential reduces the centrifugal barrier
more partial waves will contribute in the collision process,
exemplified for the He*~He* system in Figure 1. Typically
only zero or one partial wave come in play for colliding
atoms in the ground state at mK temperatures while usu-
ally 5-10 partial waves will contribute for the excited state
potential.
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Fig. 1. Lowering of the centrifugal barrier in the excited state
for the He*~He* system. The ground state S—S potential
scales as 1/R® and has a centrifugal barrier, which is already
for £ = 1 too high to overcome. The excited state S—P poten-
tial scales as 1/ R3, which for a temperature of 1 mK allows 12
partial waves to reach short internuclear distances.

Interaction with the light field, leading to excitation,
spontaneous emission and stimulated emission of the quasi
molecule, is an intrinsic part of the cold collision dynamics
and offers additional room for influencing the outcome of
a collision event. Here the lifetime of the atom in ques-
tion is important as well as the power and polarization
of the light used to probe the collision. This situation is
in sharp contrast to collisions with laser prepared atoms
at thermal or higher temperatures. Here light is used to
excite an independent, isolated atom which then collides
with another particle.

The present experiment addresses optical collisions be-
tween cold metastable triplet atoms in an optical trap at
1 mK. The atoms may be in the He(22S) ground state
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Fig. 2. The quasi molecule formed by two metastable atoms
in the S—S ground state is excited to the S—P state at the
Condon point R., where the laser frequency equals the dipole-
dipole interactions energy. If the laser detuning is negative,
as shown in figure, the molecular S—P complex is accelerated
towards small internuclear distances where ionization reactions
may take place, indicated by the shaded box.

or the He(23P) excited state and will spontaneously Pen-
ning ionize if their internuclear distance becomes suffi-
ciently small

He™ + He(1! -
He(2°S) + He(2°5,2°P) — {Hig :te_e( Site
Depending on the energy transferred to the electron the
ion products may end up as an atomic ion (He™) or a
molecular ion (Hey ). Monitoring this ion yield as a func-
tion of the light field frequency provides detailed infor-
mation on the long-range interaction between two slowly
colliding metastable atoms. This is illustrated in Figure 2.

A red detuned photon transfers the He*-He* com-
plex to the attractive part of the excited state potential
at the Condon point R.. Here it is accelerated towards
small internuclear distances where ionization may occur.
Inevitably spontaneous decay of the S—P complex will re-
duce the chance of reaching small distances on the excited
state potential. Depending on the absolute value of the
detuning, i.e., the location of R., the chance of decaying
varies. This can be controlled by adjusting the frequency
of the photons.

The He* collision system possesses several attractive
features compared to other systems investigated so far.
Having no nuclear spin the He atoms do not suffer from
the presence of hyperfine structure. This facilitates con-
siderably interpretation of data and offers the possibility
of accurate and detailed modeling on an absolute scale.

Yet another property of the He* system is interesting.
Two distances characterize an optical collisions: R, = vT,
the average distance traveled by an atom during one life-
time, and Ry = \/2m, the characteristic length where re-
tardation effects become important. Although R is in the
same order of magnitude for all systems studied so far,
R, is two orders of magnitude larger for the He*+He*
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Table 1. Critical distances R, of molecular excitation that
have been accessed in optical collision experiments. Reactions
are studied for molecular excitations in the He*+He* system
far beyond the point of Rj.

system A T (v) R. R Ref.
mm] [os] [m/s]  [A] - [A]
He*+He* 1083 98 2.0 2744 1724  [14]
Na+Na 589 16 0.3 65 940  [3,7,8]
Kr*+Kr* 811 31 02 87 1200  [5]
Rb+Rb 780 27 01 45 1240  [4]
Xe*+Xe* 882 33 01 42 1404 6]

system compared to the other systems, as seen from Ta-
ble 1. Therefore we expect the He* system to be different
from other systems and, in addition, retardation effects to
become important.

2 Experimental setup

The experimental setup consists of three main sections
separated by differential pumping stages; a metastable
helium source, a Zeeman slower, and a magneto-optical
trap, shown schematically in Figure 3. Metastable atoms
are produced in a high pressure DC discharge expanding
through a small 0.5 mm nozzle hole. To reduce the ini-
tial atom velocity the source unit is cooled with liquid
nitrogen and operated at a low discharge power (700 V,
3 mA). Under these conditions we have a He(235;) out-
put yield of 10** sr—'s~! with a mean beam velocity of
900 m/s. Before the metastable atoms can be loaded into
the MOT they must be slowed down sufficiently. In the
Zeeman slower the atoms are decelerated by a counter
propagating laser beam tuned close to the He(23S;)-
He(22P,) transition. A spatial varying magnetic field
along the beam axis provides a Zeeman detuning which
keeps the atoms in resonance through the slower unit. By
optimizing the current in the Zeeman coils, and the laser
detuning, final velocities in the range of 50—100 m/s can
be obtained. Even lower velocities are attainable but at the
expense of a significant transverse expansion of the beam.
Ultimately the beam will fan out and this results in a poor
beam intensity at the trap position. In the MOT section
the atoms are further decelerated and finally trapped. The
MOT is composed of three pairs of counter propagating
laser beams crossing at right angles in the center of a
quadrupole magnetic field. The quadrupole field is gener-
ated by two circular coils mounted in an anti-Helmholtz
configuration. Typical field gradients are 7.5 G/cm in the
plane of the coils and 15 G/cm along the center axis per-
pendicular to the coil plane.

A detailed picture of the optical setup is given in Fig-
ure 4. Both slowing and trapping lasers are operated on
the He(235;)-He(22P,) transition of metastable helium.
The 1083 nm laser light required for this transition is pro-
vided by two SDL single mode diode lasers, each capable
of giving an output power of 50 mW. For trapping, we
use a single laser beam. T'wo telescopes optimize circular
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Fig. 3. Schematic view of the experimental setup from above. A beam of metastable atoms is produced in a DC discharge.
After being decelerated in a Zeeman slower by a counter propagating laser beam the atoms are loaded into a magneto-optical

trap. Here the atoms are further cooled and studied.

beam shape and diameter while a Glan-Thomson polar-
izer, followed by a A/4-plate, ensures the right circular
polarization state of the light before it enters the trap re-
gion. First the trap beam traverses the symmetry plane
of the MOT coils, then mirrored out of the plane and
directed along the center axis of the coils, and finally re-
flected back by a mirror placed under the MOT chamber
(not shown). A A/2-plate changes the helicity of the laser
light just before it is mirrored out of the symmetry plane
while a \/4-plate on top of the back reflecting mirror en-
sures correct polarization state for the back going light
beam.

To acquire an optimal loading rate of the MOT it is
operated at a large negative detuning of 151" (natural line
width I" = 1.6 MHz), a high trap laser power of 50 I (sat-
uration intensity Iy = 0.16 mW/cm?), and with a large
trap beam diameter of about 35 mm (full width at 1/e%-
height). The latter increases the capture velocity and cap-
ture area of the MOT. With a background pressure of
3 x 1072 mbar we typically trap about 10° atoms in a
volume of 1 mm? yielding an average density of about
108 atoms/cm?®. The lifetime is typically 3—4 s.

For diagnostics of the trapped atom cloud we have in-
stalled a mass spectrometer and a micro channel plate,
both mounted in the symmetry plane of the two circular
coils but opposite to each other, as shown in Figure 4. A
plate mounted in front of the mass spectrometer is biased
by a small negative voltage (typical —150 V) in order to
extract ions originating from the MOT volume. The ions
may be formed in collisions between slow helium atoms in
the MOT (see Eq. (1)) or in Penning ionization with back-
ground gas atoms. In particular, mass selective detection
allows a discrimination between Penning and associative
ionization reactions, taking place between the cold atoms,
as well as ionization with “hot” background particles. A
grid mounted in front of the microchannel plate (MCP)
can be biased negative (typical —400 V) when the total ion
yield is measured, or positive (typical +100 V) when only
metastable atoms are detected. When the MOT is oper-
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Fig. 4. Detailed picture of the optical setup used for trapping
and slowing. Two diode laser systems are used, one for initial
slowing of the atoms and the second for trapping of the atoms.
A mass spectrometer and a microchannel plate is mounted
close to the MOT center for diagnostics of the cold atoms.

ating, we observe a total ion yield of about 25 kHz mainly
due to Penning ionization with the background gas.

The temperature of the atom cloud was measured by a
time of flight technique. Biasing the MCP grid by a posi-
tive voltage and releasing the atom cloud to expand freely
in the gravitational field we could measure the flight time
to the MCP located 70 mm from the MOT center. Fig-
ure 5 shows the result of such a measurement. The time of
flight distribution is peaked at about 30 ms correspond-
ing to an average velocity of about 2 m/s. By fitting a
Maxwell-Boltzmann distribution to the measured data we
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Fig. 5. Time of flight distribution of cold metastable atoms
after being released from the MOT. The temperature is found
to be about 1mK which corresponds to a mean velocity of
2 m/s.

obtain a temperature of 1.1 mK in good agreement with
prediction of standard Doppler theory using our MOT pa-
rameters [11]. In addition, we obtain an estimate for the
total number of atoms in the MOT. Knowing the exact
area of the MCP we can correct for the solid angle and
obtain about 10° atoms, consistent with the total ion rate
measurement.

3 Results and discussion

This section presents results on optical collision experi-
ments with cold metastable triplet atoms at 1 mK. Colli-
sions between the slow atoms in the trap and background
atoms produces an ion rate

R=aN + g/n(r)er (2)

where N = [ n(r)dr is the total number of atoms in the
trap, « is characterizing the production of ions in collisions
with background gas atoms and @ the PI and Al rate as
defined in equation (1). The « coefficient is related to the
cross-section by

o= ZUinig"Di (3)

with o; being the ionization cross-section of metastable
helium colliding with the background atoms of type i, n} .
the density and v; the average velocity of the background
atoms. For the 8 coefficient we have

B = 040y (4)

where the o, is the cross-section for PI and Al ionization
and v, the average relative velocity between metastable
atoms in the MOT. The density profile of the MOT is
given by n(r) and is well-approximated by a Gaussian
distribution function.

Figure 6 shows results of a mass spectrum taken when
the trap was in operation. Two remarkable features are
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Fig. 6. Ton mass spectra from the MOT. The He™ and Hej
peaks are produced in collisions between cold metastable atoms
in the MOT. The H>O" is produced in Penning ionization with
water molecules on trapped He* atoms.

observed. Firstly, two clear peaks appear at mass 4 amu
and 8 amu which we identify with the formation of He™
and He;' ions produced in collisions between trapped he-
lium atoms. They cannot be produced in collisions with
the background gas or the loading beam, since the den-
sity is several orders lower compared to the MOT density.
The two peaks have different height indicating different
reaction rates of the PI and AI process defined in equa-
tion (1). Unfortunately the ions are not detected with the
same efficiencies. The He2+ ion is produced with a very low
velocity and is detected with a high efficiency. The He™
ion is produced with a significant higher velocity due to
the dissociation of the molecular ion. This reduces the ex-
traction efficiency of the He™ ions. In order to correct for
this we simulated the extraction of the ions by calculat-
ing the trajectories for different initial velocities, obtained
using the potential in [12]. This gave correction factors
for the measured ion yield. Secondly, the large peak at
18 amu is associated with Penning ionization with water
on cold He* atoms. This peak is due to a cross-section
of this process of more than 70 A2 [13]. Using the mass
spectrometer we are able to distinguish collisions taking
place in the MOT, between slow metastable atoms, and
collisions with the background atoms. In the following we
will concentrate on intra MOT collisions, i.e., the peaks
with mass 4 amu and 8 amu.

In the mass spectrum shown above we have a mixture
of atoms with about 80% in the ground state (23S7) and
20% in the excited state (23P). It is desirable to separate
the signal contributions arising from collisions between
atoms in the ground state and the excited state. Figure 7
presents results from an experiment in which we detected
Hej ions. The MOT laser is detuned far below resonance
in a short time interval and then returned to normal trap-
ping operation. The time interval is chosen to be of the or-
der of 20 s, which is long compared to the natural lifetime
of 100 ns but short compared to the expansion time of the
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Fig. 7. Optical modulation of the Hej ion yield. The laser is
first detuned far below resonance, then ramped to resonance
and finally returned to the normal trapping frequency. No-
tice the dramatic effect when the laser is shifted off resonance
and only atoms in the ground state is present. Close to the
He(2%S1)-He(2? P,) resonance a fraction of the cold atoms are
in the excited state enhancing the ion production significantly.

atom cloud. The scan cycle is repeatedly integrated until
satisfactory statistics is obtained. We observe a dramatic
drop in the He2+ ion production as the laser is shifted off
resonance. Since the laser is detuned about 350 MHz below
the atomic transition frequency only ground state He(239)
atoms are present. The ion production thus takes place
via interaction on the potentials 1' XF, 1°XF and 1° 27,
connecting asymptotically to He(23S)-He(23S) manifold.
The quintet state, however, will not contribute due to vio-
lation of the total spin conservation in the ionization pro-
cess. When the laser is shifted to resonance the ion yield
increases strongly. Now the MOT contains, in addition
to atoms in ground state a fraction of atoms in the ex-
cited 23P, state. Considering the high powers used for the
trapping laser we assume the number of excited atoms to
be 50% on resonance. The significant enhancement of the
ion yield at resonance we ascribe to an increased ion rate
when atoms react via the excited state He(22S)-He(23P)
potential. The reason is twofold. Firstly, the attractive na-
ture of the S— P dipole-dipole interaction “captures” more
partial waves compared to the S—S potential (see Fig. 1).
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Fig. 8. The frequency dependence of the He; ion yield. The
solid line represents the our semi-classical model calculation
and the dashed lined is predictions of a modified JV-model.
Both are in very good agreement with the absolute rate mea-
sured.

The number of contributing partial waves for the S—P po-
tential is about 10 while only the | = 0 wave contributes
for the S—S potential at 1 mK. Secondly, the lifetime of
the S—P complex is very long so once excited, even at
large internuclear distances, it will survive until it reaches
small distances where ionization occurs. This is in con-
trast to all other systems investigated. The characteristic
distance, R,, traveled for these systems is, as seen from
Table 1, more than one order of magnitude less compared
to the He* system. As the laser frequency is tuned close
to resonance the ion rate drops rapidly for these systems
since the excited quasi molecules do not live long enough
to reach small internuclear distances.

We have measured the ratio of He; /He™ on and off res-
onance. Corrected for the transmission efficiency we find,
on resonance 0.16 +0.02 and off resonance 0.03 £ 0.003,
where the error bars refer to statistical uncertainties. Us-
ing our known MOT parameters for the number of atoms
and the trap volume we deduce the rate coefficient for
S—S collisions to be (2.7+1.2)x1071% ¢m3/s and for
S—P collisions (1.940.8)x107% ¢cm?/s. The S—P rate
is noted to be a factor of 100 less than previous values
reported for this system [14]. Based on the ground state
He(235)-He(239) potentials [12] quantum mechanical cal-
culations of the §—S rate coefficient have been carried out,
yielding 7.3x 107! cm? /s in very good agreement with the
measured rate [15].

To explore further the dynamics of the collision at long
internuclear distances we measured the He ion yield as a
function of the trap laser frequency. In a time interval of
about 50 ps the trap laser is linearly shifted to —300 MHz
while the He;' ion signal is monitored. Figure 8 shows re-
sults of several such measurements. Near resonance the
ion signal increases considerably and then drops gradu-
ally to the S—S rate as the laser detuning increases. At
larger detunings, (< —50 MHz), the excitation of isolated
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He* atoms is completely negligible but we still observe
a relatively high ion rate. This is attributed to resonant
excitation of transient molecules, i.e., when two atoms
approach to an internuclear distance close to the Condon
point at which the laser frequency equals the dipole-dipole
interaction energy.

4 Theoretical modeling

To describe the data as shown in Figure 8 we have de-
veloped a model based on semi-classical considerations.
In this model we describe the excitation in the region of
the Condon point Rc = (C3/hd)*/? within the dressed
atom picture, in which a crossing between the potentials
for ground and excited state of the quasi molecule arises.
The flux of atoms crossing the Condon radius is given by
the classical distribution function [16] F = 47 R2n%v,q4,
with v,qq the radial velocity. The excitation probability at
the Condon radius is calculated using the Landau-Zener
expression [17]

P,=1- exp(—ﬂ/l), (5)

with the Landau-Zener parameter A given by

 2h(2°
N av

A

(6)

Here (2 is the Rabi-frequency and v the velocity of the
atom. Furthermore, the parameter « is the slope of the
interaction potential at the Condon point, which in this
case is given by

av
dR

3C
- R—g . (7)

a =

RC

After excitation the two atoms are attracted towards each
other due to the induced dipole-dipole interaction and
they have a probability of Penning ionization at small in-
ternuclear distances. However, there are two constraints.
Firstly, the quasi molecule has to reach small internuclear
distances, where the ionization takes place. Secondly, the
flight time may not be too large, since the lifetime of the
quasi molecule in the excited state is in the same order
as the atomic lifetime. Therefore the molecule can deex-
cite before reaching small internuclear distances by spon-
taneous emission.

In order to evaluate these constraints we have cal-
culated classical trajectories for the quasi molecule. The
trajectory of an atom, crossing the Condon radius with
an initial velocity v, is calculated and its “fate” is indi-
cated with the parameter w. If the atom reaches small
internuclear distances, we have w = 1, whereas we have
w = 0, if not. From the calculation we extract the time
interval 79 between the excitation at R. and the arrival
at small internuclear distance. The survival S(7p) of the
atom in the excited state is described by an exponential
decay S(70) = exp(—I'10). If we combine all four steps
(flux inwards, excitation, reaching close distances, in the
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excited state) we arrive at our final expression

/2
Rin =V / F(Ro)Pow (Re)w(R)S(70) sin 0 d6,/2,
—m/2
(8)

where the integration over the angle 6 runs over all angles
of the initial velocity v with respect to the internuclear
axis and V denotes the MOT volume.

Our model becomes identical to the model of Gallagher
and Pritchard [16] in the case of low excitation rate and
large detuning. However, we extend on it by including a
Landau-Zener excitation probability instead of a quasi-
static approximation, which does not produce correct re-
sults for high excitation rates. Furthermore, we explicitly
calculate the trajectory of the atom, in order to deter-
mine, if under the initial conditions the atom can reach
small internuclear distances. Our model becomes identi-
cal to the model proposed by Julienne and Vigue [18],
when we replace their quasi-static excitation rate with the
Landau-Zener expression. However, the model of Julienne
and Vigue is based on a quantum-mechanical description
of the dynamics, whereas we rely on a classical description.

The results of our calculations is shown in Figure 8
together with the measured data. The agreement between
theory and experiment is satisfactory. In the calculation
we have taken into account, that for the He*~He* system
we have, due to the fine structure interaction, 10 attrac-
tive curves from which 9 can contribute to the ionization.
For each of these curves we have carried out the calcula-
tion and finally performed the statistical weighted sum.
Furthermore, we have averaged the calculation over the
distribution of incoming velocities, which is determined by
the temperature (1 mK) of the trap. There are some de-
viations at small detunings, but these are to be expected,
since at small detunings the two dressed states come close
together and the quasi molecule starts no longer from the
lowest state. Then we expect that describing the excita-
tion rate with the Landau-Zener expression becomes in-
accurate. Also indicated in the figure by a dashed line
the result of the Julienne-Vigue model, where we have
replaced their quasi-static expression with the Landau-
Zener expression. The agreement between the two models
is excellent, indicating that both a classical and quantum-
mechanical description of the dynamics work for our
system.

5 Conclusion and outlook

We have studied collisions between slow metastable triplet
He atoms in an optical trap. Characteristic for this
system is its ability to ionize at short distances to
atomic Het or molecular Hegr ions. Using a mass spec-
trometer we have been able to distinguish these two
fundamental reaction channels. Significant enhancement
of the ion rate is observed for both channels, when
laser light is tuned close to the He(23S;)-He(23Ps3) res-
onance. This increase takes place as a result of the
relative long distance the helium atoms can travel in
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the excited state. From detailed measurements we ob-
tained a rate coefficient (2.7 +1.2) x1071% cm?/s for col-
lisions between ground state atoms He(22S)-He(22S) and
(1.940.8)x1072 cm?/s for collisions between atoms in
the ground state and excited state He(23S)-He(23P).
Theoretical prediction of the S—S rate coefficient, 7.3 x
107 c¢m?/s, is in good agreement with the measured
value. Experimental results involving the excited state are
well-accounted for using a intuitive semi-classical descrip-
tion while ground state results requires full quantum treat-
ment.

Future experiments will concentrate on optical shield-
ing effects where the laser is tuned to the blue of the
atomic resonance. Here the He* system takes a prominent
place due to it simple level structure.
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