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Research in Ultracold Hydrogen

Research in the Ultracold Hydrogen Group centers on studies of atomic hydrogen as a quantum
gas, the atomic physics of hydrogen, and ultra high precision spectroscopy. Principal activities
during the past year were a theoretical and experimental study of the growth dynamics of a Bose-
Einstein condensate in hydrogen, and a study of collisions between metastable hydrogen atoms.
The work is being prepared for publication. Moving in a new direction, work has been started on
ultrahigh resolutions spectroscopy of hydrogen. The initial goal will be to advance the precision
on two-photon 2S -(8-12)S transitions. In a separate experiment carried out by members of the
group, a new value for the Rydberg constant was measured by millimeter wave spectroscopy on
Rydberg states of hydrogen. The results are consistent with current values obtained by optical
spectroscopy, and are being prepared for publication.

Reports on Research

THE PHYSICS OF HYDROGEN 2S - 2S COLLISIONS

Introduction

Detecting atomic hydrogen optically is experimentally challenging because its principal transition,
L-a (121 nm) lies in a UV region where lasers are not practical and the optics offers special
problems. Consequently, in our studies of ultracold hydrogen and Bose-Einstein condensation in
atomic hydrogen we have used laser excitation of the two-photon 1S -2S transition (243 nm) as
the principal diagnostic tool. In these experiments the density of trapped hydrogen can be
greater than 10" cm™, and the laser excitation rate can be greater than 10° atoms/s. The natural
lifetime of the 2S state is 0.12 s, and in consequence the density of 2S atoms can become
significant. The cloud of 2S atoms can provide an unprecedented source for precise optical
spectroscopy of hydrogen. In addition, it is also of intrinsic interest because of the unusual nature
of the 2S state: the simplest excited state of an atom.

At high densities, 2S - 2S collisions can limit the 2S population through inelastic processes.
Those processes could never be directly observed in the past because of the lack of 2S atoms.
We describe here the results of the first study of 2S - 2S collisions.

Experimental approach

After preparing a cold, dense sample of ground state H in our magnetic trap, it is possible to
excite clouds of more than 10" metastable H atoms with a 2 ms pulse of UV laser. This cloud
quickly thermalizes with the surrounding ground state sample, and it can last for times
comparable to the 122 ms natural lifetime of the 2S state. Since the magnetic moment of the 2S
atoms produced is almost identical to that of the trapped 1S atoms, the metastable clouds
produced by 1S - 2S excitation are also trapped. By generating trapped metastable H in this
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way, we have been able to perform the first measurements of 2S - 2S inelastic rate constants at
low temperatures. [1,2]

Our metastable hydrogen clouds are also interesting spectroscopic samples in their own right.
Much work has already been completed in the MIT Ultracold Hydrogen group towards developing
diode laser systems to probe transitions originating in the 2S state. The two-photon transitions to
higher-lying S states are of particular interest. Taking advantage of advances in optical frequency
metrology [3], our group plans to measure the absolute frequency of one or more of these 2S - nS
transitions with unprecedented accuracy. In combination with the recent exquisitely precise
determination of the 1S - 2S transition frequency [4], these measurements will not only test the
state-of-the-art of quantum electrodynamics (QED) theory for the hydrogen atom [5,6] but will
also provide a new value for the Rydberg constant [6], which relates several fundamental
constants.

Inelastic Collisions

Metastable H atoms excited from a gas of trapped ground state atoms can participate in several
types of inelastic collisions. The physics of these interactions is potentially very rich. Stimulated
by our experimental investigations, a body of theoretical work on metastable H collisions [7,8,9] is
developing. In particular, R. Forrey and collaborators have made the first calculations of 2S - 2S
collisional rate constants extending to T = 0 [8].

The inelastic collisions of metastable hydrogen in a background gas of ground state hydrogen fall
into three categories: excitation transfer collisions, ionizing collisions, and hyperfine-changing
collisions. In an excitation transfer collision, at least one 2S atom undergoes a transition to the
2P state and subsequently decays by emission of a Lyman-a photon. lonizing collisions come in
at least two flavors: associative ionization, in which two 2S atoms collide and form an H,"
molecule, and Penning ionization, in which the internal energy of one 2S atom causes the
ionization of another 2S atom. Hyperfine-changing collisions, mediated by weak magnetic dipole
interactions, are predicted to have rate constants which are orders of magnitude smaller than the
other inelastic processes. Nevertheless, 1S - 2S hyperfine-changing collisions may occur
frequently in our samples due to the large 1S density.

From measurements of metastable number decay, it is possible to distinguish between loss rates
due to 28 - 28 and 1S - 2S inelastic collisions. The former are two-body processes, which the
latter, like collisions with a background gas, are one-body metastable loss processes. (Three-
body loss is not expected to be significant at the densities in our experiments.) By fitting decay
data to a model incorporating both one- and two-body loss terms, we can determine total rate
constants for loss due to inelastic collisions.

Decay Measurements

The decay of the metastable cloud has been studied systematically in four different trap
configurations, each with a different sample temperature and peak ground state density. We
label these samples W, X, Y, and Z, and their location in phase space is depicted in Figure 1.
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Figure 1; Temperature and peak density of ground state H samples in which decay studies of
metastable clouds were performed. The solid lines roughly indicate the trajectory of the samples
during magnetic saddlepoint evaporation, originating from higher temperatures at right. A dashed
line denotes the approximate rf evaporation trajectory of trap W. A longer dashed line marks the
boundary between the BEC and normal phase of the gas.

By varying the wait time between the excitation pulse and the quenching detection pulse, we
mapped the decay behavior of the metastable cloud. The number of Lyman-a photons detected
at each quench pulse is proportional to the number of metastable atoms remaining in the trap. In
a typical measurement of a single decay curve, eight different wait times were used, and an
excitation pulse occurred every 100 ms. Thus, a decay curve was recorded every 800 ms, and
approximately 100 decay measurements were made before the ground state sample was
depleted. The laser frequency was swept back and forth across the 1S - 2S5 resonance, and a
wide range of different initial metastable numbers were excited in each trap.

In the colder, denser samples (W and X), where the largest metastable populations were
generated, the decay behavior was found to be qualitatively different depending on how many
metastables were excited (see Figures 2). A simple model which can be used to fit the decay
curves at both high and low metastable numbers is the “one-plus-two" model:

s(t) = aiA, €™ as + ap Ag (1-e7%%) ], Q)

where s(t) is the metastable signal as a function of time after excitation, and A, = s(0). If the
relative spatial distribution of metastables is approximately static as the cloud decays, then a4 and
a, are simply related to the rate constants for one-body and two-body loss. Equation 1 is the
solution to the differential equation

ds/dt =-ay s - 0, s> (2)
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Figure 2: Semi-logarithmic plots of decay data at two different signal levels in trap W. In plot (a),
which is the average 60 decay curves with approximately the same initial metastable signal, a
simple exponential describes the decay well. For (b), which is the average of two decay curves
with an initial signal more than 6 times as large, the data is better described by a “one-plus-two"
model which includes terms corresponding to both one- and two-body loss.

In the limit of small metastable signal, the one-plus-two model reduces to a simple exponential
decay. When fitting the decay data, a; was first determined by extrapolating the decay behavior
to the limit of zero metastable number. Individual decay curves could then be fit using only two
free parameters: a, and A..

Determination of Rate Constants
It can be shown that, in the approximation of a static 2S cloud shape, the total two-body loss rate
constant K; is related to observations by

Kz = eay (3)
where ¢ is a geometry factor, dependent on the shape of the metastable cloud, and ¢ is the
detection efficiency for metastables. The geometry factor ¢ can be calculated numerically based

on the known magnetic trap shape and the location and size of the laser focus. The detection
efficiency can be calibrated to within 30-60% by depleting a ground state sample by 1S - 2S
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excitation and recording the total number of signal counts. To account for the fact that the
metastable distribution along the trap axis tends to flatten because of density-dependent loss and
diffusion of the 2S atoms in the background 1S sample, a dynamic simulation of the metastable
cloud was developed. The simulation yielded a correction factor to multiply the expression in Eq.
3.

The experimental results for K, in the four different traps are compared with the current theory in
Fig. 3. For traps Y and Z, the experimental results for K, were consistent with zero, total
systematic uncertainty was used to establish upper bounds. The theoretical curve is given by

KZ =2 (Ret + Rion) ’ (4)
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Figure 3: Theoretical and experimental values for K, as a function of temperature. The solid
curve is the sum of theoretical loss rate constants for 2S - 2S excitation transfer and ionization
processes, calculated by R. Forrey and collaborators. Experimental values are indicated by
circles. At the temperatures where only upper limits were determined, dashed lines indicate the
range of possible values for K,

where Rg and Rig, are the theoretical rate constants for double excitation transfer and ionization,
respectively. All other two-body loss processes are assumed to be negligible relative to these.
Since the current theory does not yet include hyperfine interactions or the effects of the magnetic
trapping fields, the theoretical curve is considered to be an order-of-magnitude calculation.
Theory and experiment are thus well in range of one another.

From the variation of a; with ground state density in each trap, it is possible to set an
experimental upper bound on the 1S - 2S loss rate constant for metastables, Ki,. The upper limit
was found to be a few times 10> cm®/s in traps W, X, and Y, and about 10" cm®s in trap Z. Itis
possible that K1, is much larger than the total 1S - 1S inelastic constant, gex =1 X 107° cm¥s. If
this turns out to be the case, it would suggest that 1S - 2S excitation transfer collisions are much
more probable than hyperfine-changing collisions.
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THE GROWTH AND DECAY OF A BOSE-EINSTEIN CONDENSATE IN
HYDROGEN

Introduction

In the period immediately preceding the 1995 observation of Bose-Einstein condensation (BEC)
in trapped atomic gases, theorists debated the likely rate of condensate formation. The
experimental observation of condensates in Rb [10], Na [11], and Li [12] proved that condensates
form in a relatively short time, and the excitement surrounding the discovery of BEC shifted most
activity into the investigation of the equilibrium properties of these novel systems.

Hydrogen condensates share many characteristics with condensates of alkali metal atoms, but
there are several notable differences. Among these is the anomalously small s-wave scattering
length, a. Consequences of the small scattering length include large condensate densities and a
low elastic scattering rate. The low scattering rate retards evaporative cooling and complicates
the production of H condensates, but it also increases the time scale for formation of the
condensate, simplifying the task of studying condensate growth in detail.

In the past year we have performed detailed experimental and theoretical studies of the formation
and decay of a Bose-Einstein condensate of atomic hydrogen. In this report, we will briefly
describe the experimental techniques used to observe the formation of a hydrogen condensate.
We will then examine a sample of the experimental data. In the final section of this report, we will
make a quantitative comparison between theory and experiment.

Experiment:

RF Evaporation

A central technique for carrying out condensate growth experiments is radio frequency (rf)
evaporation. To reach temperatures below 200 uK we apply an rf field that causes transitions to
an untrapped magnetic sublevel wherever the trapping magnetic field satisfies the resonance
condition. To perform forced evaporation and cool the trapped sample, we slowly reduce the
frequency of the rf field. This has the effect of removing only the most energetic atoms from the
trap while allowing the remaining atoms to redistribute energy. In this way the temperature of the
sample is reduced. During rf evaporation the rf frequency is reduced slowly so that the trapped
atomic sample remains in thermal equilibrium.

RF Cut Experiment

In order to make quantitative comparisons with theory, manipulated the trapped sample with rf
magnetic fields. We stimulated the formation of a condensate by rapidly changing the applied rf
frequency. RF evaporation was used to cool the thermal cloud to a temperature just above the
transition temperature. The final frequency of the rf evaporation sweep, €qt, controls the
temperature of the sample, allowing the thermal cloud to be prepared in a well-defined initial
state. A nonequilibrium situation was then created by rapidly lowering the rf frequency from ggt
to a final value, &4, and holding it fixed. This rapid rf sweep, or “cut”, had the effect of truncating
the high-energy tail of the energy distribution, leaving the sample unstable against condensate
formation. We monitored the 1S-2S spectrum from the end of rf evaporation through the rf cut
and hold. In this way, we recorded the formation and decay of a single Bose-Einstein
condensate. This differs from many alkali atom experiments in which the detection process
destroys the condensate and the experiment must be repeated many times for nominally identical
initial conditions [13, 14].

We performed rf cut experiments in which the ending rf frequency, &+, was kept constant while the
starting rf frequency, &g, Was varied. This procedure allowed us to prepare the noncondensed
sample at various points in phase space away from the Bose-Einstein transition and then truncate
the thermal distribution with an rf cut, making the system unstable against condensate formation.
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The scheme for varying the trap depth is shown in Fig. 4. Three separate rf cuts were performed.
The ending frequency of rf evaporation took values of 8.1, 7.7, and 7.3 Mhz. Anrfcutoft rf=1s
was carried out with an ending frequency of ¢; = 4.5 MHz. These cuts resulted in initial trap
depths of 5.35(2) MHz (257 pK), 4.95(2) MHz (238 pK), and 4.55(2) MHz (218 uK); and a final
trap depth of 1.75(2) MHz (84 pK).
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Figure 4: Trap depth versus time for experiments in which & is held constant and eg,,t is varied.
By changing the frequency at which the rf cut begins, the noncondensed sample is prepared at
various distances in phase space from the Bose-Einstein transition. After the rf cut the trap depth
is held constant, and the condensate formation is monitored spectroscopically.

During the rf cut experiment the condensate signal was monitored by rapidly sweeping the laser
frequency across the Doppler-sensitive 1S - 2S spectrum. The recorded spectrum has two major
components: a relatively narrow, strong signal due to condensed atoms and a broad, weak signal
(the Doppler profile) due to noncondensed atoms. The cold-collision frequency shift causes the
condensate signal to appear to the red of the center of the Doppler profile. By recording the
signal to the blue of the center, the Doppler profile can be subtracted from the total signal, leaving
only the condensate signal.

Figure 5 presents the total condensate signal versus time after the counts due to the Doppler
profile and background fluorescence have been removed. The end of the ty = 1 s rf cut is
delineated by the vertical dashed line in each panel, and the final trap depth is the same in each
case: 1.75(2) MHz. The salient feature of these traces is the relative delay between the end of
the rf cut and the onset of condensate formation. The open circles (o) represent the sample that
was prepared closest to the Bose-Einstein transition prior to the cut. Following the cut the sample
cooled for less than a second before a condensate began to form. In contrast the sample
represented by the open triangles (A) underwent significant cooling following the rf cut prior to the
appearance of a condensate. The delay is understandable since this sample was prepared
further from the transition in a deeper trap.
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Figure 5: Time evolution of the condensate signal for experiments in which & is held constant and
Estart IS varied. For each time point the condensate signal is summed over frequency and the
Doppler profile subtracted. The resulting signal is passed through a smoothing filter and plotted
versus time. The open circles (o) represent the sample with 4.55(2) MHz initial trap depth, the
open boxes 4.95(2) MHz, and the open triangles 5.35(2) MHz. The sample prepared closest to
degeneracy (o) results in the largest and earliest condensate. The sample prepared furthest from
the Bose-Einstein transition (A) cools significantly following the rf cut and results in a smaller,
delayed condensate. An intermediate case is given by the open boxes. Interestingly, after about
6 s the signals are indistinguishable, indicating that a dynamic equilibrium has been reached
between the normal gas and condensate at this particular trap depth, 1.75(2) MHz. The lines
connecting the data points serve as guides to the eye.

The physics underlying this experiment is relatively simple to understand. For a condensate to
form, a significant number of atoms need to be present in the lowest energy eigenstates of the
trap. For the same magnetic trap and sample preparation procedure, a deeper trap will contain a
warmer sample, and the warmer sample will contain fewer atoms in low energy states. Swift
removal of atoms in the highest energy states, i.e. an rf cut, initiates a change in the energy
distribution of the sample as it attempts to find an equilibrium temperature in the suddenly
shallower trap. The larger the change in trap depth, the longer the time required for the sample to
find its new equilibrium.

Figure 5 makes the different condensate sizes apparent in the amplitudes of the three signals.
Intuitively it is sensible that the sample prepared closest to the transition results in the earliest and
largest condensate. After t = 6 s, however, the three signals become indistinguishable. The
history of how early the condensate formed or how large it became seems to be unimportant.
Most likely the system finds a new equilibrium for a particular condensate size and trap depth.
Once this equilibrium is found, the system can evolve in only one way.

Comparison with Theory

In atomic hydrogen decay of the trapped gas due to inelastic two-body collisions has a significant
influence on the formation of the condensate and must be included for quantitative comparison of
theory with experiment. Previous theoretical work was devoted primarily to understanding the
“Na experiment [15] and did not require a description of the decay of the gas [16, 17, 18]. In
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collaboration with Professor Henk Stoof ' we have extended the work of Bijlsma et al. [16] to
include decay processes and the effects of rf evaporation on the thermal cloud.

Figure 6 shows the condensate growth data and the results of simulations for experiments in
which the starting point of the rf cut, €, was varied. The agreement is good, and the trends in
the initial atom number, Ng.p, initial temperature, Tg.t, are reasonable. Recall that in these
experiments the noncondensed sample was cooled to just above the Bose-Einstein transition
temperature before a ts = 1 s;; cut lowered the trap depth to just 84 uK. The end of the rf cut is
shown in each panel. The upper panel shows the time evolution of the condensate number for
the sample that started furthest from the transition with an initial trap depth of 257 pK. As
expected this sample had the largest initial number of atoms, Ngat = 2.92 times 1010, and the
highest temperature, Tg.t = 36 PK. In the other two panels, the rf cut begins with the sample
closer to the transition. The trap depths are shallower, and the corresponding initial atom number
and temperature are lower. The middle panel shows the growth of the condensate with Ngit =
2.81 X 10" and Tstart = 35 uK with an initial trap depth of 238 K. In the lower panel, Ngi = 2.81
X 10" and Tgr = 35 pK for an initial trap depth of 218 K.
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Figure 6: Comparison of calculations with experiments in which eq,t was varied. The initial atom
number and temperature are indicated in each panel.

™ Ingtitute for Theoretical Physics, University of Utrecht, The Netherlands
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The sensible values of Ngar, Tstart required to obtain good agreement between calculation and the
experiments presented above give us confidence that we have determined the condensate
population as a function of time. More broadly, we have gained insight into the dynamics of a
system near a second-order phase transition
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