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Abstract. Scientific interest in ultracold hydrogen arises from its properties as a Bose-
Einstein condensate, its unique roles as a testing ground for atomic theory and a target
for ultra high resolution spectroscopy. We describe major developments since the last
hydrogen meeting.

1 Introduction

In the twelve years since the meeting The Hydrogen Atom [1] (now known as H-
1) there have been dramatic advances in the field of ultracold trapped hydrogen.
The primary goal, the quest for Bose-Einstein condensation (BEC) in hydrogen
[2], has been achieved, and the foundations have been laid for ultrahigh reso-
lution spectroscopy of hydrogen with applications to atomic theory- including
both fundamental structure and atomic interactions- and to a possible optical
frequency standard.

The traditional technique for monitoring trapped hydrogen– monitoring the
flux of atoms dumped from a trap by the recombination energy deposited on
a bolometer – is poorly suited to searching for BEC. At H-1 a new technique
was described based on 1S-2S two-photon spectroscopy. The Doppler sensitive
signal from absorption of two co-propagating photons reveals the momentum
distribution of the atoms, while the narrow Doppler free signal, from absorption
of counter-propagating photons, provides a strong calibration signal, and can
reveal small perturbations. Work on this commenced in 1989 and some years
later the two-photon signal was observed. [3].

With the new “eyes” of two-photon spectroscopy we continued toward BEC,
but discovered that at low temperatures the evaporation lost efficiency. The
atoms are trapped in a long Ioffe-Pritchard trap and allowed to escape by lower-
ing the confining field at one end of the trap (”saddle-point evaporation”). The
fall in efficiency was analyzed by Surkov et al. [4]. They showed that mixing of
radial and longitudinal motion decreases at low energy, causing the total energy
flow to be blocked. One possible solution to the problem is to release the atoms
optically over a larger effective area, using a Zeeman-sensitive Lyman-α tran-
sition. Furthermore, the Lyman-α transition can also be used for laser-cooling.
Temperatures of a few millikelvin were achieved by that technique [5]. However,
due to limitations of Lyman-α sources, the method could not fully overcome the
cooling problem.

To overcome the limitations of saddle-point evaporation, we finally imple-
mented the method which had been standard in all BEC experiments. This is
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Fig. 1. Hyperfine diagram for the ground state of atomic hydrogen. The ’high field
seeking’ states a and b can be stabilized in a high magnetic field, while the ’low field
seeking’ states c and d are trapped in the minimum of a magnetic field

“rf evaporation” [7], in which a Zeeman transition to a non-trapped state is in-
duced by an applied rf field. Because the atoms escape over the entire surface
where the resonance condition is met, the evaporation is fully three dimensional.

Implementing rf evaporation required an apparatus redesign, but the method
opened the way to rapid progress. The atomic density grew to the point that the
cold-collision frequency shift of the 1S-2S transition became visible [8], providing
an in situ measurement of the density. With this tool, the BEC transition was
soon achieved [9]. We shall describe our BEC studies below.

The antecedent of ultracold hydrogen is spin-polarized hydrogen in which
atoms in the high field seeking states (states a and b in Fig. 1) are confined in
a liquid helium coated cell. As described in a review article by Walraven, [10],
the hydrogen-helium system provides is close to ideal for studying atom-surface
interactions, including the phenomenon of quantum reflection [11]. Furthermore,
the gas phase of a spin-polarized hydrogen system is in equilibrium with a quasi
two dimensional phase in which the surface density can approach quantum de-
generacy. Observation of quantum effects have been reported by [12,13,14].

To return to optical studies, two-photon Doppler-free spectroscopy of the 1S-
2S transition in hydrogen is technically challenging because of its small transition
amplitude. This problem can be ameliorated by employing resonance enhanced
two-photon spectroscopy of the 1S-3D/3S transition [15], using 122 nm and
656 nm radiation. The transition rate is enhanced by tuning the Lyman-α source
close to resonance. With a narrow bandwidth Lyman-α source this scheme is
potentially useful for studying the momentum distribution, and determining the
temperature, using Doppler spectroscopy.
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As described in H-I, ultracold hydrogen has great potential for ultrahigh
resolution spectroscopy of hydrogen [16]. In particular, it holds the promise of
providing a resolution close to the natural linewidth, 1.3 Hz. As documented by
presentations at this conference, this transition is a touchstone for spectroscopy,
studies of fundamental theory and determination of fundamental constants [17].

Since the conference H-1, progress in the study of the 1S-2S transition has
been spectacular. In particular, one of the most precise measurements of an op-
tical transition has been achieved with this transition, using a cooled hydrogen
beam [18]. Nevertheless, the spectral resolution so far achieved is about three
orders of magnitude larger than the natural linewidth, so that significant im-
provements are still possible. The lifetime of the 2S state in a gas of ultracold
hydrogen has been observed to be essentially the natural lifetime [3], which
suggests that a resolution comparable to the natural linewidth can one day be
achieved.

In order to extract the QED or nuclear effects from the 1S-2S frequency, a
second frequency must be known. The present uncertainty in the Lamb shift
and Rydberg constant is determined by the accuracy of such a measurement.
The most precise measurements have been made on transitions from 2S to higher
levels in a super-thermal beam of metastable 2S atoms [19]. As will be described,
ultracold hydrogen offers possibilities for significant improvements.

The enormous difficulty of making optical frequency measurements has been
a major obstacle to progress. The optical frequency comb generator devised by
Hänsch overcomes these difficulties, and promises to revolutionize spectroscopy.
The technique, based upon a mode-locked laser, makes it possible to connect
microwave and optical frequencies, or to determine relative optical frequencies
[20,21]. In particular, it allows to transport the stability of optical transitions into
the microwave frequency range. A report by J. Hall about these developments
can be found in these proceedings.

Finally, we note that ultracold hydrogen holds enormous potential for the
study of atomic interactions. For instance, scattering lengths can be determined
directly from spectral line shifts [8]. Furthermore, photoassociation spectroscopy
can be used to investigate the potentials for excited H2 potentials, as in a recent
investigation of the molecular triplet a3Σ+

g potential [13].
In the following we will describe work on ultracold hydrogen at MIT, and

suggest some of the new opportunities.

2 Ultracold Hydrogen Research at MIT

2.1 The Road to Bose-Einstein Condensation

Trapping and Cooling

With only one exception, every experiment on BEC has employed laser cooling
and trapping methods to create a gas of cold atoms. The exception is hydrogen.
The recoil energy of hydrogen is so large that the gas cannot be cooled below a
few millikelvin, with densities far from the transition. (The Amsterdam group
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Fig. 2. Schematic diagram of the apparatus. The superconducting magnetic coils create
trapping potential that confines atoms near the focus of the 243 nm laser beam. The
beam is focused to a 50 µm waist radius and retro-reflected to allow for Doppler-
free excitation. After excitation, fluorescence is induced by an applied electric field.
A small fraction of the 122 nm fluorescence photons are counted on a microchannel
plate detector. Not shown is the trapping cell which surrounds the sample and is
thermally anchored to a dilution refrigerator. The actual trap is longer and narrower
than indicated in the diagram

has actually demonstrated laser cooling into this regime [5]. Consequently, evap-
orative cooling [22]. is used exclusively for trapping the gas and cooling it to
the quantum transition. Only with hydrogen is such an approach possible. A
magnetic trap can only capture atoms in the sub-Kelvin regime, and only hy-
drogen can be initially cooled to sub-Kelvin temperatures by cryogenic methods.
If the atoms are spin-polarized, they can be thermalized in this regime simply
by colliding with a liquid helium surface. (The binding energy is 1K, which is
anomalously low.) This fact, added to the recognition that spin-polarized hydro-
gen remains a gas to T=0, inspired the initial search for BEC in an atomic gas
[23].

Atoms are provided from an rf discharge source, at cryogenic temperatures.
After thermalization on the cold cell walls, typically 250 mK, the “low field
seeking” states, c and d (Fig. 1) are attracted to the center of a Ioffe-Pritchard
trap, a linear quadrupole trap with a coil at each end to confine the atoms axially.
The trapping field is initially about 0.9 T, sufficient to capture atoms with a
temperature of about 0.5 K. Once the temperature of the walls is reduced, the
temperature of the trapped gas rapidly falls by evaporation, the escaping atoms
being trapped on the helium surface. At about 60 mK, the gas becomes isolated
from the wall and evaporation ceases.
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Dipolar Decay and Density Measurement

The stability of the trapped gas is a crucial factor in the subsequent cooling
scenario. Both the c and d states can be transferred to lower lying hyperfine
states through collisions, and lost from the trap. The c state decays quickly
by spin-exchange collisions. However, d state collisions occur in a pure triplet
molecular potential, and there is no spin exchange. Nevertheless, the atoms can
move to lower-lying states by the process of dipole relaxation. In this process,
the electronic spin-spin interaction causes internal spin angular momentum to
be transformed into external orbital angular momentum, transferring potential
energy into kinetic energy. Dipole relaxation is the principal mechanism by which
atoms are lost from the trap, causing the sample to decay by two-body relaxation.

The density and the number of trapped atoms can be inferred from the
decay of the sample. Atoms are dumped from the trap by lowering one of the
axial confining fields. The emerging atoms recombine rapidly on the walls of
the cell, releasing an energy of 4.6 eV per recombination. A fraction of this
energy is collected on a small quartz bolometer [24]. The total integrated power
is proportional to the total number of atoms in the trap.

The sample decay curve, N(t), is obtained by measuring the number of
trapped atoms after various holding times. The local decay n decreases due
to dipolar decay according to ṅ = −gn2, were g = 1.1×1015cm3/s is the dipolar
decay constant, which is known from measurements [25,26] and theory [27,28].
Integration over the trap volume yields Ṅ = −κgN2, where κ ≈ 0.2 results
from the distribution of densities. The result is N(t)/N(0) = 1/(1+κgn0t), thus
determining the peak density n0 (Fig. 3). Typically, at a density of 1014 cm−3

Fig. 3. Determination of the sample density by observing decay due to dipolar re-
laxation. Five identically prepared samples were held for different times before being
dumped from the trap. The integrated recombination signal on a bolometer is pro-
portional to the number of atoms trapped. The straight line fit indicates a density
of 6.0 · 1013 cm−3. There is a 20 % error on the density determination due to the
uncertainty in g
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the characteristic decay time is 40 s. Using the known geometry of the trapping
field, the number of trapped atoms can be found from n0. Typically, we load
1014 atoms at 40 mK. After evaporative cooling to 100 µK, the number of atoms
is about 1011.

Limits of Evaporative Cooling

Initially the atoms are evporatively cooled by lowering the magnetic field strength
at one end of the trap, thus reducing the trap depth. This method becomes in-
efficient at about 100 µK when atoms promoted to high-energy states have a
high probability of undergoing a collision before escaping from the end of the
trap. Temperatures of 100 µK at densities of 8× 1013 cm−3 were achievable [6]
but the Bose-Einstein phase transition line could not be crossed. The dynamics
are discussed in detail by Surkov et al. [4]. In principle this merely retards the
cooling process, but in the presence of a loss mechanism such as dipolar decay,
it limits the minimum attainable temperature.

A solution to this problem is the use of rf induced hyperfine transitions [7] to
release atoms from the trap. The rf frequency is tuned to be in resonance with
a particular magnetic field, Be. Because the trap potential V (B) is proportional
to B, only atoms with energy equal to V (Be) can escape. Consequently, all the
atoms that pass across the potential energy surface V (Be) can leave. this process,
inherently three-dimensional, is much more efficient than the one dimensional
evaporation over a saddle-point at the end of a long and thin trap. Implementing
rf evaporation into the cryogenic apparatus was a crucial step in achieving BEC
of hydrogen.

2.2 Two-Photon 1S-2S Spectroscopy

To witness BEC a more sensitive probe of the gas is needed than the relatively
crude bolometric method described above. Direct spatial imaging of the atoms
with a CCD camera, widely used in experiments with alkali metal atoms, is
impractical because of the lack of VUV optics and light sources. High resolution
spectroscopy of the 1S-2S transition, however, provides an excellent diagnostic
tool for ultracold trapped hydrogen. Excitation takes place in a standing light
wave tuned to one-half the transition frequency. Both Doppler-free and Doppler-
sensitive excitation can be observed. The density can be found from the the cold
collision frequency shift [8] of the narrow Doppler-free excitation line, and the
temperature can be deduced from the width of the Doppler-free transition at
low density [3] or the broadening of the Doppler-sensitive absorption line [9].

Laser System

To provide the 243 nm radiation needed for the 1S-2S transition, a laser at
486 nm is stabilized to a reference cavity that reduces the linewidth to less than
1 kHz. The frequency is doubled in a BBO-crystal to produce 243 nm radiation.
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Fig. 4. Cold collision frequency shift observed in the spectra of a single 120 µK sample
with initial maximum density of 6.6×1013 cm3. The farthest red shifted spectrum
corresponds to the largest density

The laser beam is introduced parallel to the axis of the trap and retro-reflected
by a mirror at the bottom of the trapping cell (Fig. 2.) A mechanical chopper
pulses the laser at typically 1 kHz. The 2S atoms are in the same hyperfine
state d and therefore remain trapped. After excitation for a brief period, the
population of the 2S level is measured by detecting the Lyman-α fluorescence in
an applied electric field. A microchannel plate detector is used to permit single
photon detection. Due to the small optical collection efficiency for our geometry,
the detection efficiency is limited to 10−5. Nevertheless, signal rates as high a
few hundred thousand counts per second laser time have been observed.

At low density (< 1012 cm−3) and temperatures > 100 µK the two-photon
lineshape is a double exponential, exp(-|ν|/δνo) [3], as expected for Doppler-free
two-photon excitation by a Gaussian laser beam of a thermal gas [29]. Here ν
is the laser detuning from resonance and δνo is the linewidth due to the finite
interaction time of the atom with the laser beam. At low temperature, lines as
narrow as 3 kHz (FWHM at 243 nm) have been observed. A detailed discussion
of this lineshape in the trap and the appearance of sidebands due to coherence
effects for repeated crossing of the laser beam can be found in [30].

Cold Collision Frequency Shift

Interactions between neighboring atoms shift and broaden the line. This can be
described from a many-body picture as a result of the mean field energy shift,
∆Ee = (4π�

2ae,g/m)ng, where ae,g is the s-wave scattering length of atoms in
state e and g, m is the atomic mass, and ng is the density of g-state atoms. From
the an atomic standpoint it is equal to a cold collision frequency shift which we
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get as the sum of the mean field shifts of the atomic states involved, when we
sum over all partial densities. For the hydrogen 1S-2S transition this is simple
since the most of the atoms remain in the 1S state.

The cold collision frequency shift is important in precision frequency mea-
surements and has been observed in hydrogen maser [31] and fountain clock
[32,33] experiments. From the point of view of precision measurements, the cold
collision shift is an obstacle. However, in BEC experiments, the shift provides a
helpful diagnostic for the density.

For hydrogen, the 1S-1S interaction is extremely small and the 1S-2S inter-
action is the dominant source of the observed frequency shift (Fig. 4). We have
measured a1S−2S=-1.4(3) nm [8], which is in fair agreement with a theoretical
calculation of a1S−2S=-2.3 nm [34]. We use this shift for measuring the density
of the sample on our way to the Bose-Einstein phase transition.

2.3 Bose-Einstein Condensation

We recall that Bose-Einstein condensation is the macroscopic occupation of the
ground state of a system at finite temperature. For a weakly interacting gas, this
phase transition occurs when the inter-particle spacing becomes comparable to
the thermal de Broglie wavelength Λ =

√
2π�2/mkBT , where kB is the Boltz-

mann constant and T is the temperature. A rigorous treatment for the ideal
Bose gas yields n ≥ 2.612Λ−3, where n is the density [35]. At a temperature of
50 µK, for instance, the critical density for hydrogen is 1.8× 1014cm3.

Bose-Einstein condensation of an atomic gas was achieved first with alkalide
metal atoms [36]. The experiments employed laser cooling and trapping tech-
niques. However, the initial search for BEC in a dilute atomic gas was done
with spin-polarized hydrogen, and was motivated by the realization that only
hydrogen would remain a gas at zero temperature [23]. Now it is understood that
laser cooling allows to cool atoms to temperatures for which they would form a
solid in thermal equilibrium, but the relaxation time into the ground state is far
longer than the time required to cool the atoms below the critical temperature
for the Bose-Einstein transition. The early experiments with hydrogen employed
the high field seeking states where the atoms were confined in a helium coated
cell at low temperatures. A review of this work can be found in [2].

An overview on the vast experimental and theoretical work on BEC recently
we refer to the BEC-homepage [37]. Most experimental BEC research is carried
out with alkali metal atoms and the main topics are to characterize the quantum
fluid.

The fundamental differences between hydrogen and the other condensed
species arise from its low mass, which allows a higher critical temperature for
a given density, and its anomalously small elastic scattering cross section σ =
4πa2

1S−1S = 0.053 nm2, which limits the evaporative cooling rate. The low cool-
ing rate limits both the ultimate temperature and the condensate fraction [38].
(The elastic cross sections for the alkali metal atoms are typically larger by a
factor of 103 to 104. Another difference is that the ratio of scattering length
to de Broglie wavelength a/Λ. It is much smaller for hydrogen than the alkali
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metal atoms. This ratio is often used as a perturbation parameter that describe
departures of a Bose-condensate from ideal behavior.

Signatures of Bose-Einstein Condensation

The two-photon spectroscopy described above had made it possible to study
three characteristic features of Bose-Einstein condensation: condensation in real
space, condensation in momentum space (Fig. 5) and the mapping the phase
boundary (Fig. 6) [9].

When the transition temperature is achieved, a finite fraction of the atoms
fall into the lowest energy quantum state of the trap. The spatial extent of the
condensate is much smaller than the thermal radius of the cloud. Only a small
fraction of the atoms are required to create a narrow region of very high density
at the bottom of the trap. This high density region is readily observed because of
its large cold collision frequency shift. The spectrum arising from the condensate
can be seen in (Fig. 5), red-shifted up to 0.5 MHz from the Doppler free line.

The shape of the spectrum is determined by the density distribution in the
condensate [39,40]. The ratio of the signal strength of the condensed and the
noncondensed part allows us to estimate a condensate fraction of a few percent
in agreement with predictions from a balance between evaporative cooling and
heating due to dipolar decay [38]. The condensate population is about 109 atoms.

The Doppler-sensitive two-photon spectrum of hydrogen is normally unde-
tectable due to the combination of weak excitation rate and broad linewidth.
However, at very low temperature the line is narrow enough to be visible. In
Doppler-sensitive excitation the atom absorbs two photons moving in the same
direction. Consequently, the spectrum is shifted by the photon recoil energy,
(hν)2/4mc2 = h× 6.697 MHz (as measured at 243 nm). The shape of the spec-
trum is Gaussian (except near the transition, where it is determined by the Bose
distribution) with width of

√
kBT k2/2π2m, where k is the wave vector of the

laser beam. A measurement of the linewidth yields the temperature. The mini-
mum temperature in optical cooling is generally limited by the recoil energy. As
can be seen in Fig. 5, however, the Doppler width of the evaporatively cooled
hydrogen sample is significantly less than the recoil limit.

The Doppler-sensitive line gives a second clear signature for Bose-Einstein
condensation. Because the lowest energy state is the lowest momentum state, the
condensate appears as a relatively narrow peak at the center of the Gaussian
spectrum. Its width is given by the cold collision frequency shift and is the same
as in the case of Doppler free spectrum.

Because of the large density contrast between the condensed and noncon-
densed fraction, we are able to study the density of the noncondensed fraction
even in the presence of the condensate. We determine the peak density from
the cold collision shift of the Doppler free line. Reducing the trap depth by
lowering the rf-frequency reduces the temperature while increasing the density.
However, when the critical density is achieved, as observed by the onset of the
far red-shifted signal, the peak density in the noncondensed cloud decreases with
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Fig. 5. Composite 1S-2S two-photon spectrum of trapped hydrogen after condensa-
tion. ◦–spectrum of sample without a condensate; •–spectrum emphasizing features due
to a condensate. The high density in the condensate shifts a portion of the Doppler-free
line to the red. The condensate’s narrow momentum distribution gives rise to a similar
feature near the center of the Doppler-sensitive line

decreasing temperature (Fig. 6). The density follows the phase boundary pre-
dicted by the theory of the transition. No bosonic thermal gas at can exist at
densities higher than boundary.

Current experimental efforts at MIT are focused on the dynamics of the
growth and decay of the condensate. The dynamics are governed by the balance
between evaporation and dipolar decay, mainly from the dense condensate [41].
Condensate growth has been observed with a Na condensate [42]. Because of
hydrogen’s small elastic scattering cross section, condensation takes place in
what might be described as slow motion [44], and the system seems to be well
suited for testing theory [43].

2.4 High Resolution Spectroscopy in Ultracold Hydrogen

There are two lines of interest in the spectroscopy of ultracold hydrogen. The
first is in the precise determination of the 1S-2S transition frequency. The second
is in the many new opportunities made possible by exciting ultracold atoms from
the 2S state to higher states.

1S-2S Transition

The 1S-2S transition frequency is so well known [18] that further precision at this
time will not yield a better value for the Lamb shift and nuclear shape correc-
tions. Nevertheless, further precision is desirable both for advancing the frontier
of optical metrology, and because the transition has potential applications for
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Fig. 6. Density of non-condensed fraction of the gas as the trap depth is reduced along
the cooling path. The density is measured by the optical resonance shift, and the trap
depth is set by the rf frequency. The lines (dash, solid, dot-dash) indicate the BEC
phase transition line, assuming a sample temperature of (1/5th, 1/6th, 1/7th) the trap
depth. The scatter of the data reflects the reproducibility of the laser probe technique
and is dominated by alignment of the laser beam to the sample

an optical frequency standard. As mentioned above, the experimental resolu-
tion achieved with a cooled atomic beam is far short of the ultimate resolution
permitted by the natural linewidth. Thus, major improvements are possible.

The major advantage of ultracold trapped hydrogen is that one may be able
to achieve a coherence time comparable with the natural lifetime, 122 ms. As
described in H-1, [16], The magnetic trapping fields can be reduced to a level
where the residual Zeeman shift of the transition is on the order of the natural
linewidth of 1.3 Hz. The light-induced shift and the photoionization rate can be
reduced to the same level.

It is now recognized that cold collision frequency shifts [32] is a crucial issue
for every high precision atomic frequency standard, microwave or optical. For
hydrogen at a density of 109 cm−3 the shift of the 1S-2S transition is about
0.4 Hz, [8], or a fractional shift of 1.7×10−16. For a rubidium hyperfine standard
operating at the same density, the shift is about 6 ×10−14 [45,46].

Ultrahigh resolution spectroscopy requires ultrastable lasers. Fortunately,
there has been major progress in this areas. A laser locked to an external refer-
ence cavity [47] has yielded a resolution of a few parts in 1015 for an Hg+ ion in
a trap [48].

2S-nS Transitions

The spectrum of hydrogen is composed of a major structure, determined by the
Rydberg constant, QED corrections like the Lamb shift and finally nuclear shape
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Fig. 7. Possible setup for a frequency measurement of the 2S-10S transition relative to
the 1S-2S transition utilizing the new developments with frequency comb generation
by mode locked lasers. The measurements are done at the same time in the same trap.
The 1S-2S transition is used as the frequency reference (A). The 2S-10S transition is
driven by a diode laser (B). The frequency difference between ν1S−2S/8 and ν2S−10S/2
is measured with the help of an optical comb. The scheme can be applied to other
2S-nS transitions as well

contributions. More than two transitions must be measured to unscramble these
contributions. The 1S-2S transition, which is most sensitive to the nuclear effect,
measured by the Munich group provides one of these. However, the ultimate
precision is limited by the second transition, currently one of the two-photon
2S-nS/nD, n=8, 10, 12, transitions that have been studied extensively by the
Paris group since the mid 80’s [17,19]. These experiments employ a metastable
hydrogen beam. The accuracy is about 8×10−12 or 5 kHz. Cold trapped hydrogen
holds the potential for improving the accuracy of two-photon 2S-nS transitions
by an order of magnitude.

We want to outline such an experiment. The precision of the metastable
atomic beam experiments is fundamentally determined by the short interaction
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time of the metastable atoms. For a beam of length 0.6 m and a mean velocity
of the atoms of 3000 m/s the interaction time is only about 200 µs. An efficient
excitation rate requires laser intensities of typically 5 kW/cm2. This intensity
causes AC-Stark shifts of a few hundred kHz. The accuracy of the measurement
is limited by uncertainty in this shift.

Because ultracold trapped 2S atoms can interact with laser light for extended
times, laser intensities as low as 100 W/cm2 are sufficient to drive the two-photon
transition. Thus the primary systematic effect of the beam experiments is greatly
reduced.

The cold collision frequency shifts of 2S-nS transitions are a potential source
of uncertainty. There are no theoretical predictions, and so they will have to
be measured. However, if the scattering lengths are comparable to the 1S-2S
scattering length the cold collision shift will not be a limiting factor.

The starting point for the proposed experiment is a cloud of cold 2S atoms.
The numbers for this look favorable, for more than 1010 2S atoms/s have been
produced in the experiments at MIT. A measurement of the metastable lifetime
sets an upper limit on the electric fields of in the trap of 20 mV/cm.

A possible setup for the frequency measurement is depicted in Fig. 7. A
frequency doubled diode laser at 972 nm is locked to the dye laser at 486 nm,
which is the primary laser for driving the 1S-2S transition. A frequency comb
generated by a mode locked laser is used to measure the frequency difference
between the 972 nm diode laser and the 759 nm laser needed for the 2S-10S
transition. Note that this experiment provides its own frequency standard, for
the 1S-2S transition serves as the optical frequency reference.

This simple approach to the frequency measurement should allow us to ob-
serve other transitions 2S-nS, n=4 and higher. Measuring a series of these tran-
sitions should allow sensitive cross checks.

In addition to precision frequency metrology, 2S-nX spectra can provide a
wealth of information about scattering lengths for excited atoms. Metatable col-
lision processes, and photoassociation processes, should also be observable. In
summary, there are lots of scientific opportunities for trapped ultracold hydro-
gen.
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