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Abstract. We analyze several possibilities for precisely measuring electronic transitions in atomic helium
by the direct use of phase-stabilized femtosecond frequency combs. Because the comb is self-calibrating and
can be shifted into the ultraviolet spectral region via harmonic generation, it offers the prospect of greatly
improved accuracy for UV and far-UV transitions. To take advantage of this accuracy an ultracold helium
sample is needed. For measurements of the triplet spectrum a magneto-optical trap (MOT) can be used to
cool and trap metastable 23S state atoms. We analyze schemes for measuring the two-photon 23S — 438
interval, and for resonant two-photon excitation to high Rydberg states, 23S — 33P — n3S, D. We also
analyze experiments on the singlet-state spectrum. To accomplish this we propose schemes for producing
and trapping ultracold helium in the 1'S or 2'S state via intercombination transitions. A particularly
intriguing scenario is the possibility of measuring the 1S — 2'S transition with extremely high accuracy
by use of two-photon excitation in a magic wavelength trap that operates identically for both states. We
predict a “triple magic wavelength” at 412 nm that could facilitate numerous experiments on trapped
helium atoms, because here the polarizabilities of the 1S, 2'S and 23S states are all similar, small, and
positive.

PACS. 42.62.Fi Laser spectroscopy — 42.62.Eh Metrological applications — 39.25.+k Atom manipulation

1 Introduction

As the simplest two-electron atom, helium has long been a
favorite testing ground for fundamental two-electron QED
theory and new techniques in atomic physics, both exper-
imental and theoretical. A good summary of the overall
status of its energy level spectrum is provided in a recent
publication by Morton et al. [1]. Overall, experiment and
theory are in reasonable agreement, although for many en-
ergy levels the theoretical uncertainties are smaller than
the experimental ones. In a few important cases significant
discrepancies arise, most notably for the fine structure of
the 23P state [2-9]. Of special interest is the ionization
energy (IE) of the ground 1'Sy state of “He, which pro-
vides a sensitive test of QED corrections for a two-electron
system. It is known experimentally to about 45 MHz, a
fractional accuracy of 9 x 10™°, and the most recent the-
oretical calculation has surpassed this with an estimated
uncertainty of 36 MHz [10]. The ground state poses unique
experimental challenges because of the huge gap of about
20 eV to the lowest excited states, and the most recent
measurements [11-13] are starting to approach the funda-

# e-mail: eyler@phys.uconn.edu

mental limits of nanosecond far-UV laser technology. The
best accuracy so far attained in any system with nanosec-
ond lasers is about one part in 10° for two-photon transi-
tions near 200 nm [14], and about six parts in 10° for one-
photon transitions below 100 nm [15]. Even for transitions
between excited states of helium in the visible and near-
UV spectral region, the accuracy of recent experimental
measurements cannot easily be improved using conven-
tional laser spectroscopy with room-temperature samples.

In this paper we propose several new approaches for
these measurements and evaluate their feasibility. All
would use direct frequency comb spectroscopy (DFCS),
together with an ultracold *He sample, to greatly im-
prove the accuracy of selected UV and far-UV transitions.
Because narrow natural linewidths are required for high-
resolution spectroscopy, all of the experiments involve ei-
ther the ground 11'S, state or one of the two metastable
states, 21Sg and 23Sy, which have lifetimes of 1/51 s and
8000 s, respectively [16,17].

The DFCS technique, which takes full advantage of the
extremely accurate pulse-to-pulse coherence of a phase-
stabilized femtosecond frequency comb [18], combines the
power of high spectral resolution and broad spectral cov-
erage in spectroscopy. The self-calibrating capability of
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the comb has permitted accurate determination of atomic
structure in alkali and alkaline earth atoms [19-24], as
well as the investigation of multiple molecular transi-
tions [25]. Furthermore, high-resolution quantum control
can be achieved via spectral manipulation of frequency
combs [26,27].

Here we discuss in detail some of the considerations
that would arise in applying DFCS with continuous pulse
trains to precision UV spectroscopy. For the case of
near-resonant two-photon excitation we perform numer-
ical modeling that predicts unusual lineshapes caused by
power-dependent shifts, saturation, and two-photon exci-
tation in a counterpropagating pulse geometry with dis-
similar wavelengths. In Section 3 of this paper we discuss
possible applications of this experimental scheme and oth-
ers to measuring the triplet spectrum. These experiments
would serve a dual purpose: in addition to the intrinsic
physical interest of improving the helium energy levels, the
excited-states spectrum of helium can serve as an excellent
testbed for developing and evaluating DFCS spectroscopy.

In Section 4 the emphasis shifts towards the singlet
spectrum. We propose methods for efficiently produc-
ing ultracold helium atoms either in the singlet ground
state or in the 2'Sy state, and for optically trapping
them. We explore prospects for DFCS measurements of
singlet-triplet intercombination transitions between ex-
cited states. Finally, in Section 5 we explore prospects
for using DFCS to achieve self-calibrating measurements
of the ground-state energy. This would be accomplished
by exploiting the recently developed ability to generate
far-UV harmonics of the comb that preserve most of the
pulse-to-pulse phase coherence [28-31], a technique that
could bring to the far-UV region the same spectacular
improvements in frequency metrology that the comb has
enabled in the visible region. A particularly exciting pos-
sibility is to use the comb harmonics centered at 120 nm
in conjunction with “magic-wavelength” optical trapping
to excite the 1'S — 2'S transition with a linewidth as
small as 300 Hz.

2 DFCS and UV frequency combs

The concept of using a coherent pulse train for high-
resolution spectroscopy dates back to the 1970s [32,33],
and two-photon spectra with a mode-locked laser were
observed in ultracold rubidium in 1996 [34]. However, it
was only in 2004 that high-quality DFCS results were ob-
tained using the modern generation of phase-stabilized
femtosecond frequency combs [19]. These systems exhibit
remarkable pulse-to-pulse phase coherence and frequency
stabilities better than one part in 10'*. Both one- and
two-photon transitions have been demonstrated in DFCS
between low-lying states of alkali atoms [19-22]. Although
a typical frequency comb has 10*-10° frequency-domain
teeth spanning a wavelength range from 750-850 nm or
more, usually only a single tooth of the comb is useful
for exciting one-photon transitions (an exception is the
case of room-temperature Doppler-broadened spectra, for
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Fig. 1. (Color online) Selected energy levels of helium, showing
three of the processes described here, with wavelengths in nm:
(1) DFCS of the far-UV 1'S — 2'S transition (left, blue). (2)
Production of ultracold 1'S ground-state atoms by a four-step
process using an intercombination transition to the 3 D, state
followed by radiative decay steps R1 and R2 (center, red). (3)
Near-resonant DFCS of 2°S — 7 ®S transitions (right, green).

which several teeth can contribute to coherent velocity-
selection effects [22,35]). In the two-photon case there are
two quite distinct limiting cases. If there is a near-resonant
intermediate state as sketched in the right-hand portion
of Figure 1, then the two comb frequencies closest to the
intermediate-state resonance provide the dominant contri-
bution to the transition amplitude, as the comb spacing
is normally much larger than a typical atomic transition
linewidth. Furthermore, contributions from other nearby
comb components tend to cancel in symmetrically detuned
pairs due to the opposite phase between them on either
side of the resonance, although this can be altered by ap-
plying spectral phase shaping to the frequency comb [36].
A near resonance can always be arranged, because the
frequency of the nth mode of the comb depends on two
parameters, v, = f,+ nf., where the pulse repetition fre-
quency f, and the carrier envelope offset frequency f, can
be adjusted independently. The other limiting case occurs
if the entire comb is far from intermediate-state resonance.
Then many different pairs of teeth can add to give the
same total transition energy, and in favorable situations
all can contribute constructively [37,38].

Some of the measurements proposed here require UV
or far-UV wavelengths. It is not difficult to produce wave-
lengths down to 200 nm by generating the second or third
harmonic in nonlinear crystals such as 3 barium borate
(BBO). Although the limited phase-matching range spec-
trally narrows the resulting UV comb, this is usually an
advantage, because it reduces the likelihood that when a
given atomic transition is studied by scanning f,., a dis-
tant comb tooth will inadvertently excite an unrelated res-
onance. For wavelengths below 200 nm an exciting new
approach is to employ harmonic generation in an exter-
nal optical resonator [28,29]. Continuous pulse trains in-
volving harmonics up to the fifteenth order have been



E.E. Eyler et al.: Prospects for precision measurements of atomic helium using direct frequency comb spectroscopy 45

produced by this method, although the available power
drops rapidly as the harmonic order increases. An alter-
native approach is to amplify a short segment of the comb
with a regenerative amplifier prior to harmonic genera-
tion [30,31], producing a sequence of a small number of
far-UV pulses with much higher power. This approach
has already been used to observe Ramsey-type fringes in
the spectrum of xenon at 125 nm [31]. Compared with
the continuous pulse trains that we analyze here, these
short pulse sequences should make the observation of two-
photon helium transitions considerably easier, although at
the cost of increased bandwidth and the need to correct
for phase shifts. In the measurements proposed below we
assume if not specified otherwise that a visible comb is
available with about 1 W of average power and a repeti-
tion frequency of 500 MHz (chosen towards the high end
of the readily attainable range, to minimize the likelihood
of accidentally exciting multiple resonances at the same
fo and f,.). We assume that a second-harmonic conver-
sion efficiency of 25% can be achieved, and that for the
seventh harmonic near 120 nm an efficiency of 2 x 1079 is
achievable by designing an optimized phase-matched con-
figuration. This considerably exceeds the far-UV power
demonstrated so far for continuous pulse trains, but is
within the projected range of attainable efficiencies [29].
A resonant enhancement cavity [25] might also be used to
enhance the far-UV power.

To take advantage of the high resolution of the fre-
quency comb an ultracold helium sample is needed. Oth-
erwise, even if Doppler-free two-photon spectroscopy were
utilized, the thermal velocity would severely limit the
transition linewidth due to the transit time of the atoms
through a focused laser beam. In the proposed measure-
ments below we presume the availability of a magneto-
optical trap (MOT) operating on the 23S; — 2 3P transi-
tion with typical properties [39]: 108 atoms in the triplet
metastable state at a density of 4 x 10° cm ™3, with a tem-
perature of 1 mK that can be reduced to as low as 100 uK
using a molasses cooling step. A magnetic field ramp could
also be added to increase the density [40]. In Sections 4
and 5 we also discuss optical trapping, including a “magic
wavelength” trap for atoms in the 1'S and 2 'S states.

3 Triplet spectra

While it is the singlet spectrum that could benefit most
dramatically from recent developments in DFCS, there are
also several worthwhile measurements in the triplet sys-
tem. For many purposes the triplet metastable state of
helium can be regarded as a second ground state, one far
more accessible to experimenters than the 1S state, so
it has been the focus of much recent activity [2-9,41].
Continued advances in the theory of two-electron quan-
tum electrodynamic (QED) and relativistic corrections
have been spurred by improved experimental results, and
particularly by the prospect of obtaining an improved
value for the fine-structure constant from newly obtained
and extremely accurate measurements of transitions be-
tween the triplet n = 2 and n = 3 states [6], assum-

ing that present inconsistencies in the theoretical work
can be resolved [7,8]. The accuracy of current experimen-
tal work has become severely constrained by the motion
of room-temperature atoms in free space, and major im-
provements will require trapped-atom experiments. The
“magic wavelength” optical lattice traps described in Sec-
tions 4.2 and 5.2 would provide non-perturbative trapping
for the 23S — 21'S and 1'S — 2'S transitions. We note
that a magic wavelength should also exist near 698 nm for
the 23S — 23P transition, although the polarizability is
negative.

Surprisingly there appear to be no highly accurate de-
terminations of transitions from the 23S state to high-n
Rydberg states. As a result, the widely cited value for
the ionization energy (IE) of the metastable state is not a
conventional experimental determination based on extrap-
olation of a Rydberg series, but instead a hybrid result ob-
tained by combining an extremely accurate measurement
of the 23S — 33Dy 5 3 transition [42] with theoretical pre-
dictions of QED and relativistic corrections for the 33D
state. The accuracy is cited as 0.06 MHz in reference [1],
but this TE as well as the entire triplet energy spectrum
was shifted by almost two standard deviations since a sim-
ilar survey article was published in 1998 [43], because the
theory for the 32D state was revised in the interim. If one
does not rely on QED calculations, the IE of the 23S state
is probably accurate only to about 15 MHz [44]. This strik-
ing lack of modern experimental data would be remedied
by the experiments proposed here.

3.1 Two-photon far-off-resonance excitation of triplet
Rydberg states

Transitions from the 23S state to low-lying triplet ex-
cited states present an excellent example of two-photon
DFCS in the limit where the first photon is far from reso-
nance with any intermediate state. A particularly good
candidate is the 23S — 43S transition, which can be
excited by two equal photons at 657 nm, and has so
far been measured only to 2.4 MHz accuracy [45]. In
a counterpropagating-beam geometry the excitation is
Doppler-free and has a natural linewidth of 2.5 MHz. The
438 state can be detected by photoionizing the atoms us-
ing surplus 1083 nm MOT trapping light. For 1 W focused
to a 35 um Gaussian 1/e? radius, the ionization probabil-
ity is roughly 1-2% during the 43S lifetime of 745 = 58 ns,
and the atoms that are not ionized return to the 23S state
and can be recycled.

Because the 657 nm wavelength is easily produced by
cw lasers, it is possible to measure this transition either
by DFCS or by conventional cw two-photon spectroscopy,
with the frequency comb used only for calibration. Thus
a direct comparison of the two methods is possible.
Given the 2.5 MHz natural linewidth, an accuracy bet-
ter than 0.05 MHz can be anticipated, greatly exceeding
the present theoretical uncertainty of 0.7 MHz.

We make an order-of-magnitude estimate of the tran-
sition probability by considering only the 3%P interme-
diate state in a perturbation theory calculation of the
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two-photon transition amplitude. Because the limiting
linewidth is the natural linewidth, we expect a steady-
state excitation rate that will not be affected by transient
effects such as the buildup of internal coherence [37], and
the required DFCS laser power will be closely comparable
to that for a cw laser with the same detuning [46]. This is
because many different pairs of frequency-domain comb
teeth are simultaneously resonant with the two-photon
transition, and for transform-limited pulses the transition
amplitudes can add constructively as already mentioned
in Section 2. For a given total laser power distributed into
a comb with N teeth, the two-photon probability for a
single pair of teeth used alone would be reduced by N?2.
However, the coherent contribution of N pairs of teeth
yields a canceling enhancement factor of N2, as has been
noted previously [34,38]. In summary, for two-photon ex-
citation far from intermediate-state resonance, only the
time-averaged irradiance of the frequency comb is impor-
tant; so long as the two-photon resonance condition is met,
the signal is nearly independent of f,. and the bandwidth.

Making these approximations, the effective Rabi fre-
quency at exact two-photon resonance for either DFCS
or cw excitation is given in angular frequency units for a
laser of time-averaged irradiance I by

D4sf2pD2p72s 1

2y = coch?2 A (1)
The intermediate-state detuning is A = 27 x 180 GHz
and the electric dipole matrix elements can be deter-
mined from the known A coefficients [48], giving Dys_op =
3.6 x 1073 Cm and Dap_os = —2.1 x 10729 Cm. We as-
sume that the filtered comb has a time-averaged power
of 50 mW, and that the counterpropagating laser beams
are focused to a radius of wy = 35 pm. For these condi-
tions, (22, = 1.2 x 10° rad/s and the resulting 2 38 — 438
transition rate per atom at exact two-photon resonance is

R= (23 74 =930 5" (2)

This is sufficient to yield an easily detectable signal, and
could be further enhanced by tighter focusing. At these
relatively low average irradiances only small ac Stark
shifts are expected. From the dynamic polarizability of the
238 state [47] a shift of +38 kHz is found, and a somewhat
smaller shift of the 43S state in the opposite direction is
expected. The residual Doppler width is just 1.5 MHz at
T = 100 pK for counterpropagating beams, assuming the
comb is slightly spectrally filtered to restrict its bandwidth
to 20%. Thus the measurement accuracy will be limited
primarily by the 2.5 MHz natural linewidth and the need
to correct for trap shifts in the MOT (a 100 pK trap depth
is equivalent to 2 MHz). These trap shifts could be elimi-
nated by turning the trap off during the measurement.

3.2 Numerical simulation of near-resonant DFCS
transitions to n3S and n3D Rydberg states

We have used a density-matrix based model to investi-
gate the expected lineshapes of two-photon transitions to

Table 1. Parameters used for numerical simulation of 23S —
3%Py — 40°%8; excitation by counterpropagating frequency
combs, including dipole matrix elements D, natural linewidths
Afnat, comb frequencies f, and f., peak field values E, and
pulse durations .

Parameter Value Notes

Dysg, _3sp, 445 x 107 Cm  Based on [48]

Dssp,_403s, 1.9x 1073 Cm Extrapolated
from [48]

Afpat,33p, 1.62 MHz Based on [48]

Afnat,a03s, 5.3 kHz Includes black-body
decay [49]

fo,789 nm —7.57 MHz See text

fr 94.587415029 MHz

E789 nm 107 V/m

F389 nm 7 x 108 V/m

T789 nm 30 fs

T389 nm 65 fs See text

Excitation time 25 us Corresponds to
2500 pulses

Temperature 1 mK Typical MOT

temperature

high-n triplet Rydberg states, excited by a femtosecond
comb via a resonant intermediate state. An example is
shown in the right-hand portion of Figure 1. The transi-
tion used for detailed modeling is 23S; — 33Py — 4035,
for which the necessary wavelengths are 789 nm and
389 nm, easily accessible by using the comb and its sec-
ond harmonic. The 403S; state can easily and efficiently
be detected by pulsed dc field ionization. The Liouville-
von Neumann equation for the density matrix of a closed
three-level system is solved numerically using the pa-
rameters listed in Table 1, with the natural linewidths
included via phenomenological dephasing terms. In this
time-domain model, the mode structure of many thou-
sands of comb components emerges naturally from in-
terference among the phase-coherent pulses in the fem-
tosecond pulse train due to the atomic memory. Doppler
broadening of the lineshape is included by direct numer-
ical integration of a one-dimensional Maxwell-Boltzmann
velocity distribution.

The two degrees of freedom of the comb, f, and f,,
allow for one mode of the 389 nm comb to be resonant
with the 23S — 33Pq transition and one mode of the
789 nm comb to be resonant with the 3P, — 403S;
transition. In general, there are many possible solutions
for f. and f, that satisfy these resonance conditions, of
which we use the ones listed in Table 1. It is worth em-
phasizing that the general properties of the lineshapes pre-
sented in this Section are valid for a comb with a signifi-
cantly different f,.. For example, a comb at 100 MHz and
a peak field of 107 V/m gives results very similar to a
500 MHz comb with a peak field of 2 x 106 V/m. Because
the 389 nm light is generated by frequency doubling the
789 nm light, the two combs share a common f,.. How-
ever, the offset frequency f, 2 at 389 nm will be twice
that at 789 nm. Therefore, a change of Af, at 789 nm



E.E. Eyler et al.: Prospects for precision measurements of atomic helium using direct frequency comb spectroscopy 47

-4
1.50x10 — ”
789, left _J&Q, right
1.25x10™ -
c k389, left ‘589, right
£ 1.00x10* 4 -
&
=}
&
a 7.50x10° -
©
o
3 .
5 5.00x10°
2.50x10°
0.00 +—=
-12 -10

Detuning (MHz)

Fig. 2. Calculated lineshapes showing excitation probabilities
for several velocity groups at constant laser irradiance, each
with four distinct peaks (A-D) from the four possible combi-
nations of counterpropagating and copropagating beams.

causes the detuning from the 403S; state to change by
3Af,. The transform-limited pulse duration at 389 nm
is increased to 65 fs to reflect spectral narrowing in fre-
quency doubling due to phase matching limitations, and
the field strength assumes a power conversion efficiency of
50%. Although for these simulations the spectral phase is
assumed flat, the effect of pulse chirp is small in the case
of multipulse excitation of a two-photon transition with a
resonant intermediate state [26].

Unlike traditional Doppler-free spectroscopy with a
single cw laser, the wavelengths of the pulses used for
the transition under study are quite dissimilar, and they
are scanned simultaneously but at differing rates as f,
or f, is varied. The mismatch in Doppler shifts between
the 389 nm and 789 nm light only allows for partial can-
cellation of the net Doppler shift via absorption from
counterpropagating pulses. Figure 2 illustrates the effect
of this mismatch on the lineshapes of the 403S; state
for various velocity classes, with populations determined
by a Maxwell-Boltzmann distribution at 1 mK. For each
nonzero velocity class there are four separate peaks, la-
beled A through D, corresponding to the four possible
combinations of resonant photon absorption from coun-
terpropagating and copropagating pulse pairs. The peaks
are split because the total residual Doppler shift differs
for each of the four combinations. Referring again to Fig-
ure 2, the peaks detuned furthest for any velocity class,
labeled A and D, correspond to the case where both the
389 nm and 789 nm photons are absorbed from a single
pulse direction. These peaks are the largest in amplitude
and are slightly power broadened, because they arise when
both the 238, — 33P; and 33Py — 403S; transitions are
resonant. This Doppler-shifted resonance condition occurs
because f, for the 389 nm pulse is twice that of the 789 nm
pulse, which compensates for the fact that the Doppler
shift at 389 nm is almost twice that at 789 nm for any par-
ticular atomic velocity. In Figure 2 the inner two peaks,
B and C, are smaller and narrower because they are not
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Fig. 3. Excitation probability with counterpropagating beams
for f. ~ 100 MHz and a peak electric field of 107 V/m, showing
full Doppler pedestal, reduced-Doppler peak, and central sub-
Doppler dip.
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Fig. 4. Autler-Townes type splittings for an atom at zero ve-
locity. Note that the field and f» used in Figures 2 and 3 are
too small to exhibit these splittings.

exactly resonant with the intermediate state and therefore
exhibit less power broadening.

The incoherent sum of many of the lineshapes shown in
Figure 2 with velocities that sample a Maxwell-Boltzmann
distribution results in the final expected lineshape shown
in Figure 3. There are two clear peaks in this spectrum
that arise from the absorption of photons from pulses in
both directions. These two peaks are solely due to the im-
balance of Doppler shifts between the 389 nm and 789 nm
light and not due to Autler-Townes splitting, which be-
comes significant only at slightly higher field strengths.
Figure 4 illustrates the effect of Autler-Townes splitting
for a zero-velocity atom; the Gaussian lineshape at the
center corresponds to the case discussed thus far and does
not, exhibit any splitting. The two other lines shown in
Figure 4 exhibit significant Autler-Townes splitting of the
Gaussian lineshape. These two cases correspond to either
a ten times higher electric field for an f, of 100 MHz, or
with similar results, if the field remains 107 V/m but the
repetition frequency is increased tenfold.
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It should be noted that the interaction of the counter-
propagating pulses with the atoms has a spatial depen-
dence like the standing wave formed by counterpropagat-
ing two single-frequency lasers, one at 789 nm and the
other at 389 nm. The results presented here are strictly
valid only for the point in space where the counterprop-
agating pulses perfectly overlap. For positions away from
this, the resonant intermediate state allows for a 389 nm
photon to be absorbed from the left, for example, followed
by a 789 nm photon from the right after some time de-
lay. However, unlike the case of two-photon absorption
without a resonant intermediate level, the double-peaked
feature due to the absorption of photons from both of the
counterpropagating pulses can be observed even where the
pulses do not overlap spatially owing to the finite lifetime
of the intermediate state.

To achieve a practical measurement of a series of triplet
ns and nd Rydberg states, and thus to determine the IE
of the 23S, state, an important consideration is to en-
sure that each Rydberg state can be excited in isolation
and its spectrum unambiguously identified. This requires
a careful selection of the comb parameters f, and f, to
avoid overlapping excitation of multiple states by differ-
ent comb modes. The fundamental comb frequencies cen-
tered at 789 nm can be written as v, = f, + nf,, and
the second-harmonic comb frequencies near 389 nm as
Um = 2f, + mf,. Using these comb frequencies and the
frequencies of the 23S; — 33Pg and 33Py — (n3S1,n3Dy)
transitions provided by Martin [44], we employ a search
algorithm to determine whether there are combinations
of the parameters f, and f, that excite only a single
Rydberg state. This algorithm searches for combinations
of f,. and f, that place a second-harmonic comb mode
v, on resonance with the 23S; — 3 3P, transition while
only one fundamental comb mode v, is on resonance
with a single Rydberg state. We require that all other
fundamental comb modes are detuned from the remain-
ing Rydberg states by at least three Doppler linewidths.
Based on the predicted 4 MHz Doppler-limited linewidth
for counterpropagating-beam excitation at 1 mK, it can
be determined that a frequency comb with f, > 465 MHz
is required to measure all Rydberg states with principal
quantum numbers 7 < n < 40. For principal quantum
numbers n > 40, the 3S; and ?D; Rydberg series are suf-
ficiently congested that extra spectral filtering of the comb
is required.

4 Intercombination transitions
and production of ultracold singlet-state
helium

The present status of the singlet-state spectrum is some-
what different than for the triplets. The ground 1S state
is a special case because it lies about 20 eV below the
excited states, and will be discussed separately in Sec-
tion 5. From the metastable 2 1S state, transitions to high
nD Rydberg states with n = 7-20 have been accurately
measured by the groups of Lichten and Sansonetti [51,52],

yielding an extrapolated IE accurate to 1.5 x 10719, or
0.15 MHz. This result is in reasonably good agreement
with theory [41], and considerably more accurate, so it
is not an immediate priority for new experimental work.
On the other hand, an accurate measurement of a singlet-
triplet intercombination transition between low-n states
could extend this same accuracy to the triplet states, pro-
viding an independent check on the IE determination pro-
posed in Section 3. Surprisingly, few other singlet states
with n = 2—4 have been accurately measured, and here
the theory is well ahead of experiments. For the 2'P state
there is a significant disagreement between experiment
and new theoretical calculations by Pachucki [41]. As-
suming that an optical trap can be loaded with singlet
metastables, transitions to excited singlet states could be
measured in much the same fashion as the triplet spec-
tra discussed in Section 3. We do not specifically address
these measurements because of this close similarity to the
triplet-state experiments. However, in Appendix B we ex-
amine two possible schemes for producing and trapping
ultracold helium in the 2'S state.

Instead, the primary emphasis in this section is on
singlet-triplet intercombination transitions, which are very
difficult to access by conventional room-temperature spec-
troscopy. We start by describing two possible schemes for
exploiting intercombination lines to prepare samples of ul-
tracold singlet-state helium in the 1'S state suitable for
further study. We then propose a DFCS measurement of
the 235-2 'S interval that takes advantage of some of these
same transitions.

4.1 Production of ground-state 1!S atoms
by intercombination transitions

Unfortunately ground-state helium atoms cannot be
cooled directly by any lasers likely to be available in the
near future, and the metastable 2 'S state has no cycling
transitions suitable for laser cooling. However, the singlet
spectrum can still be accessed indirectly by starting with
a helium MOT in the 23S state and driving transitions to
states with mixed singlet-triplet character.

One prospect for preparing the ground 1S state is the
single-photon 23S — 2!P; intercombination transition
and the subsequent radiative decay 2'P — 1'S. Observa-
tion of this transition would also allow a new experimental
determination of the 2'P term energy. The 23S — 2P,
oscillator strength has been calculated [16], and the cor-
responding dipole matrix element is a few thousand times
smaller than for a typical allowed transition:

Dis = (2'Py|er|2%S1) =5.65 x 107°* Cm.  (3)

This is still large enough to easily allow excitation in a
MOT. If excited resonantly by a cw laser at 887 nm with
irradiance I, the excitation rate in the low-power limit is

21 D?
where 2= ”50771123' (4)
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An irradiance of 10* W/cm?, easily attained by focusing a
1 W Ti:sapphire laser to a diameter of about 0.1 mm, will
provide a rate of 1.2 x 10° s™! per atom. The 2 'P state
then radiates to the ground state by emitting a 58 nm
photon at a rate v, = 1.8 x 10° s=! [48]. Thus the il-
luminated region is effectively transferred to the ground
state in about 10 ps. Unfortunately there is appreciable
heating due to photon recoil. The atomic velocity incre-
ment from emitting a 58 nm photon is 1.7 m/s, nearly as
large as the most probable velocity of 2 m/s for atoms
in a 1 mK MOT. In Appendix D we address the issues
associated with loading an optical trap with ground-state
atoms under these conditions.

Another possibility for singlet-state production is two-
photon excitation of 23S atoms to an n 'Dy state, which
is weakly allowed due to spin-orbit coupling with the cor-
responding n 3Dy state. This scheme is depicted for n = 3
in the center portion of Figure 1. The 3D state is par-
ticularly convenient because it can readily be excited by a
combination of the MOT trapping laser at 1083 nm, which
is slightly detuned from the 2 3P state, and an added laser
at 588 nm. After excitation, the 3Dy atoms will quickly
decay radiatively into the ground 1'S state, primarily by
the path 31Dy — 2P — 11S. The effects of photon recoil
are nearly the same as for the other transfer scheme, since
the first decay step emits a near-IR photon that has com-
paratively negligible recoil. In Appendix A we estimate
the transition rate for the two-photon excitation, assum-
ing a laser irradiance 588 nm of 1 W/cm?. The resulting
rate is very large, 3 x 10% s~! per atom. This transfer
scheme is much easier to saturate than the alternative
single-photon scheme, because the stronger singlet-triplet
mixing of the nDs states more than compensates for the
slightly off-resonant intermediate 2 3P state.

4.2 DFCS measurement of the 2 1S-23S interval

It was recently proposed by van Leeuwen and Vassen that
the doubly-forbidden 23S — 2 'S transition could be mea-
sured by using a 1.557 um laser to directly drive the very
weak M1 transition between these two levels [55]. The
first of the Raman-type schemes proposed in the preced-
ing section suggests an alternative method: two-photon
DFCS of the 23S — 2'P; — 2!S transition can provide
a self-calibrating measurement. Even though this scheme
is problematic for efficient transfer to the singlet state, it
is much better suited to spectroscopy, where high transfer
efficiencies are not required, and Raman scattering losses
might even be exploited as a detection mechanism. It is
probably not feasible to use a Ti:sapphire based comb di-
rectly, since the comb cuts off at about 1.2 pm and this is
too far from the singlet resonance at 2.06 um to provide
suitable two-photon rates. However, a fiber-laser based
frequency comb could be used together with its second
harmonic to provide frequency-domain teeth near both
887 nm and 2.06 pm.

It would be necessary to avoid near-resonance with the
intermediate 2 1P state, thereby controlling losses from in-
elastic Raman scattering while also avoiding the complex

lineshapes encountered in the simulations of triplet spec-
tra described in Section 3.2. If spectrally filtered combs
are used with an average detuning of, say, 10" Hz, the
transition can be treated as a quasi-cw process just as for
the two-photon excitation discussed in Section 3.1. Based
on equation (7), a power of 50 mW focused to a radius of
wo = 50 pum would yield a Rabi frequency (25, = 10 s71,
assuming the use of copropagating beams with the trap
turned off. This is easily enough to yield a detectable sig-
nal. The signal can be monitored either by depletion of the
triplet metastables or by detection of the singlet metasta-
bles.

This method differs greatly in both physics and
methodology from the proposal of Vassen’s group, and
would provide a valuable independent determination of
the singlet-triplet intercombination energy. The principal
limitations on the linewidth, though, are similar to those
mentioned by them: Doppler broadening if a normal ther-
mal sample is used, or light shifts if a tight optical trap
is used to reduce the Doppler shift by Lamb-Dicke nar-
rowing. Since the thermal Doppler width can be reduced
to 700 kHz or less, and the frequency measurements are
self-calibrating, an absolute accuracy of 10 kHz or better
should be attainable in a normal thermal sample.

Even higher accuracies could be attained by use of an
optical lattice trap in which the 21S and 23S states experi-
ence identical optical potentials, a so-called “magic wave-
length” trap [53,54]. The trap can be left on continuously
during measurements because the trap level spacings are
identical, and the trap shifts cancel. It is mentioned in ref-
erence [55] that the 21S and 23S polarizabilities are equal
near 410 nm, and our own calculation in Section 5.2 indi-
cates a similar magic wavelength of 412 nm. Even though
the polarizabilities at this wavelength are small, 5-10 a3,
and the wavelength is not convenient for high-power cw
lasers, usable trap depths can be attained. A depth of
about 70-150 pK can be achieved using a resonant opti-
cal cavity with an average circulating power of 5 W and a
Gaussian beam waist wg = 10 um. Under these conditions
the predicted inelastic Raman scattering rate of trap light
by a 2'S atom is 916 s~!. The 23S-2'S transition should
be in the Lamb-Dicke regime in which the Doppler and re-
coil shifts become negligibly small. This topic is discussed
further in Section 5.2. With no inherent limits apart from
the shortened singlet-state lifetime due to Raman scatter-
ing, the linewidth would be about 150 Hz.

5 Far-UV DFCS spectroscopy of the singlet
states

5.1 VUV frequency comb excitation of 1S — nlP
transitions

If a far-UV frequency comb is available near 51 nm, it
is straightforward to produce singlet ground-state atoms
by the “dumping” scheme described above, and then to
directly excite Rydberg n 'P states via single-photon ex-
citation by an individual frequency-domain comb tooth.
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Fig. 5. Schematic representation of two-photon transitions in
a magic wavelength trap, for copropagating (left) and counter-
propagating (right) configurations.

The excitation rate will be the same as for a cw laser with
the same irradiance as the resonant tooth of the frequency
comb. The principal limitation is the average Doppler shift
of about 23 MHz due to the photon recoil velocity acquired
during decay to the 1S state, v, = 1.7 m/s. This velocity
also limits the interaction time in the far-UV laser beam.
However, because this Doppler profile is still narrow com-
pared to the frequency comb spacing f, of 500 MHz, we do
not expect complications such as the complex lineshapes
arising from velocity-selective optical pumping that have
been observed in room-temperature gases [22,35].

In Appendix C we estimate the total excitation rates
using plausible comb parameters to be about 140 atoms/s
at n = 40, or 40000 atoms/s at n = 6. These rates are ad-
equate if delayed Stark field ionization is used for high-n
states, or an auxiliary ionizing laser at lower n. The accu-
racy will be limited by the Doppler width and the limited
signal sizes; a reasonable guess is that 1 MHz accuracy
should be attainable.

5.2 Measuring the 1S — 2!S transition in a “magic
wavelength” optical lattice trap

The narrow 8 Hz natural linewidth of the 2 'S state makes
it a natural candidate for two-photon excitation directly
from the ground state. Doppler-free excitation is possible
using counterpropagating 120 nm VUV lasers, and has al-
ready been used for a measurement accurate to 45 MHz
using nanosecond lasers [11,12]. Unfortunately, the low
power of currently available VUV frequency combs, com-
bined with the 1.7 m/s recoil velocity of ground-state
atoms produced by the schemes proposed in Section 4.1,
makes a DFCS experiment challenging. One possibility is
to amplify a small number of time-domain pulses from the
comb to perform Ramsey-type spectroscopy, an approach
being investigated by the group of Eikema [31].

Here we examine an approach that would retain the
full resolution of DFCS with a continuous pulse train, two-
photon DFCS of the 1'S — 2!S transition in a magic
wavelength optical lattice. The efficiency for loading 1S
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Fig. 6. (Color online) Polarizabilities of the 1'S state (red)
from reference [65], the 2'S state (blue) from our own calcula-
tions, and the 23S state (dashed green) from reference [47]. The
red 1S curve is nearly constant at 1.39 a3. Magic wavelengths
occur where the 1'S and 2'S curves intersect, at 611 nm,
412 nm, 366 nm, etc. At the “triple magic” wavelength of
412 nm the polarizabilities of all three states are similar, small,
and positive.

atoms into an optical trap is discussed in detail in Ap-
pendix D. The 1'S and 2'S states experience identical
optical potentials as shown in Figure 5. The 2'S polar-
izability has been calculated by Chen [47] from dc to
506 nm, and in this region there is one magic wavelength
near 611 nm. Here the polarizability crosses through zero
because the photon energy is between the 2'P and 3'P
states. To search for additional magic wavelengths we have
performed an approximate calculation of the polarizabil-
ity over an extended range, by considering the effects of
singlet nP states up to n = 10:

10

BN

The data of reference [48] are used for the atomic energy
levels and oscillator strengths. A small additive constant
k = 8.2 a} is used to adjust the 611 nm magic wave-
length into exact coincidence with reference [47]; with this
adjustment the agreement is within about 2 a3 over the
entire range of reference [47]. The results are shown in
Figure 6 together with the polarizabilities of the 1'S and
238 states. Magic wavelengths are apparent at 611 nm,
412 nm, 366 nm, and various shorter wavelengths.

Remarkably, a “triple magic wavelength” is predicted
near 412 nm, where all three states (11S, 2'S, and 23S)
have nearly the same polarizability, which is small and
positive. Any pair of these states can be exactly matched
by making very small adjustments to the wavelength. Al-
though the 611 nm wavelength is more convenient for cw
lasers, the ability to trap all three states simultaneously
at 412 nm may make it a better choice.

Table 2 summarizes the properties of a 412 nm trap
produced by a resonant cavity with a 20 pym beam waist
and a spatially averaged intracavity power of 80 W. The

(wan W21S)

wnlp — QJQIS) — w2

nlP— 21S

04215 —+ k (5)
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Table 2. Parameters and trap properties for 1S — 21S tran-
sitions with counterpropagating beams in a magic wavelength
optical lattice trap at 412 nm. Residual Doppler width is for
an unconfined sample at 80 uK. Properties for a single-photon
120 nm transition are shown for comparison only.

Parameter Value Notes

A 412 nm

Pavg 80 W In resonant cavity

« 1.39 a.u.

wo 20 pm

Uo 80 uK =10.4 x 10% 57!

Waxial 6.2 x 10° s™*  In harmonic approx.
Wpoppler 3.7 x 10° s™'  For 5% VUV bandwidth
Wrecoil, resid 0.12 x 10% s™1 Two-photon, 5% bandwidth
Ricatt 1.83 x 10® s7* For 2'S at (1/2)Us
NLamb-Dicke 0.14 Two-photon, 5% bandwidth
None-photon ~ 1.87 For one 120 nm photon
Wrecoil, 120 21.8 X 108 7' For one 120 nm photon

peak power at the antinodes is twice as high. It is assumed
that the seventh-harmonic comb at 120 nm has a frac-
tional bandwidth of 5 %. The lattice trap is strongly quan-
tized along the cavity axis, comprising only a few quantum
levels depending on the choice of laser wavelength and ir-
radiance. While the trap is stable for 1S atoms, it causes
losses for 21'S atoms due to inelastic Raman scattering.
The loss rate in Table 2 is calculated from equation (8)
at 1/2 of the peak irradiance, as an approximation to the
average potential experienced by the atoms as they move
about in the trap. This loss rate increases linearly with
the trapping potential, and if a 611 nm trap is used rather
than 412 nm the rate is increased by a factor of 2.6 for a
given trap depth.

A possible experimental scheme for a 1'S-2!'S mea-
surement in this trap is as follows:

1. form a FORT for the triplet metastable state. This
could be done using a “triple magic” trap at 412 nm
or with a near-IR laser. Using a trap depth of about
1 mK, it should be possible to load at least several
percent of the MOT atoms (i.e., 3 x 10% atoms) using
a molasses cooling cycle;

2. dump the atoms to the singlet ground state using a
laser at either 887 nm or 588 nm, as described in Sec-
tion 4.1. Trap the ground-state atoms in an optical
lattice at 611 or 412 nm;

3. if a relatively deep trap (~1 mK) is used initially, per-
form a short evaporation cycle by reducing the depth
to about 50-100 uK;

4. perform two-photon 1'S — 21'S excitation with the
VUV frequency comb. The 2§ state can be detected
with near-unit efficiency by laser ionization as de-
scribed below.

If this were a single-photon transition at 120 nm there
would be little suppression of Doppler and recoil effects,
given the Lamb-Dicke parameter of n = 1.87. However,
the two-photon spectrum comprises two distinct contri-
butions: (1) absorption of a pair of copropagating 120 nm

photons is possible throughout the focal volume. Under
this scenario, the Lamb-Dicke condition does not hold
and the optical lattice trap will not provide discrete spec-
tral features in the two-photon transition spectrum. A
broad spectral background is formed. (2) Absorption of
a counter-propagating photon pair is possible only in the
region where they spatially overlap, about 30 micron long
for pulses 100 fs in duration. However, in this case the
absence of recoil establishes a nearly perfect Lamb-Dicke
condition. Even if we consider the finite bandwidth of the
VUV comb, the recoil shift is still far suppressed, as shown
in Table 2, since it depends quadratically on the total pho-
ton momentum transferred. The counter-propagating beam
spectrum will comprise a sharp carrier with very weak
sidebands at +waxia. We do not expect to find any Doppler
or recoil shifts in the resultant two-photon spectrum.

Under these conditions the linewidth will be limited
primarily by the destruction of 2'S atoms by inelastic
Raman scattering in the magic-wavelength trap, which has
a rate Recaty = 1830 s~! that far exceeds the radiative de-
cay rate. For the parameters shown in Table 2 the result-
ing linewidth is only about 300 Hz. The two-photon Rabi
frequency and the corresponding transition rate are found
by replacing the excited-state lifetime with this scattering
rate,

2(2Iuv )M 022
CRIWIM 0 Ry, =
}%scatt

2y, = (6)

h2C€0
where Iyvy is the the total seventh-harmonic comb irra-
diance and M is the transition moment defined in ref-
erence [56]. The factor of two takes into account the
counterpropagating-beam configuration. For Iyy = 2 x
1076 W and a five-micron beam waist, the two-photon
rate is oy = 8.8 s~! per atom. This is quite usable be-
cause the trap lifetime for ground-state atoms is limited
only by background gas collisions and should exceed 1 s.
Detection can be performed by a cw or rapidly pulsed laser
tuned above the 2!S ionization limit at 312 nm. The cross
section near threshold is 10717 cm? [57], so a focused laser
irradiance of 100 W/cm? will yield an ionization rate of
1600 s~! that is comparable to the Raman loss rate.

6 Conclusions

The measurements and techniques proposed in this paper
would serve several objectives: the development and test-
ing of new methods for self-calibrating DFCS spectroscopy
in the UV region, the development of techniques for pro-
ducing and trapping ultracold singlet-state helium atoms,
and most important, the prospect for improving the ac-
curacy of the UV spectrum of helium by several orders of
magnitude. Major improvements will require both the use
of trapped ultracold atoms and the development of new
laser tools that avoid the limitations of nanosecond pulsed
lasers.

The first experiment we have described, a measure-
ment of the triplet 25-48 interval, utilizes a relatively sim-
ple arrangement that could be accomplished either with
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cw lasers in an ultracold helium sample or by DFCS, and
will serve as a good cross-check on the accuracy of the
comb-based measurements. The proposed experiments on
higher triplet states will establish an improved IE for the
metastable 23S state while also providing a rich testing
ground for DFCS, including the prospect of using coherent
control techniques to control the excitation of the dense
Rydberg-state spectrum. We also note that “magic wave-
length” optical lattice trapping for the 23S — 23P transi-
tion could enable improved measurements using cw lasers.

The proposed methods for producing trapped singlet-
state atoms via intercombination transitions should find
application for numerous purposes besides those described
here. It should also be possible to precisely measure the
intercombination spectrum by using a comb to drive two-
photon 23S — 21S transitions. The linewidth could be
extremely narrow if a magic wavelength trap at 412 nm
were utilized to eliminate Doppler and recoil broadening.

Probably the most exciting possibility is to use a fre-
quency comb in the far-UV region either to excite transi-
tions directly from the ground state to n 'P states (fairly
straighforward but severely limited by Doppler broaden-
ing), or in a magic wavelength trap at 611 nm or the
“triple magic” wavelength of 412 nm. The magic wave-
length trap would open the way to extremely accurate
measurements and to exploring the limits of two-photon
DFCS spectroscopy with continuous pulse trains in the
far-UV region. The resulting measurement of the ground-
state binding energy would serve as a lasting benchmark
for testing two-electron QED theory.

We thank our colleagues T. Zelevinsky, A. Pe’er, R.J. Jones,
K.D. Moll, and T. Ido for useful discussions. E.E. Eyler thanks
JILA for hosting him as a short-term visitor. We gratefully
acknowledge support from AFOSR, DARPA, and NIST for
the work performed at JILA, and from NSF for the work at
UConn.

Appendix A: Rate estimate for two-photon
intercombination transitons

In this appendix we estimate the rate for dumping a he-
lium MOT to the ground state using the scheme shown
in the center panel of Figure 1 and summarized in Sec-
tion 4.1. The rate-limiting step is the two-photon ex-
citation rate for the 23S — 23P — 3'D, transition,
with a small detuning A from the intermediate-state res-
onance. For high-n states the coupling due to magnetic
fine-structure interactions [58] and the known energy ex-
change splitting [59] can be used to estimate the ®Dy
mixing. The resulting wave function admixture, approxi-
mately 1.8% at n = 10, should be nearly independent of n
because both the exchange splitting and the spin-orbit in-
teraction scale approximately as 1/n3. This is confirmed
by an experimental determination that the 3'D — 33D
admixture is 1.53% [60].

The two-photon rate can be estimated using a gener-
alization of equation (1),
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If the MOT laser has an irradiance I; = 0.02 W/cm? and
is detuned from resonance by 20 natural linewidths, and
the 588 nm transfer laser has an irradiance I, = 1 W /cm?,
the two-photon Rabi frequency is {25, = 1.4 x 107 rad/s.
The corresponding transition rate to the 3 'D state is very
large, R =3 x 106 571,

Appendix B: Production and trapping
of helium in the metastable singlet 21S state

The metastable 2 1S state has a lifetime of 1/51 s [16] and
is a good candidate for optical trapping if it can be pro-
duced at ultracold temperatures. This would open the way
for precision measurements and many other experiments
on the singlet system. One obvious possibility is to start
with triplet-state helium in a MOT or optical trap and
perform a lambda-type stimulated Raman transfer via the
21P; state, 23S — 2'P; — 2!S. Assuming the transfer
is near-resonant with the 2P state, the required wave-
lengths are near 887 nm and 2059 nm. Unlike the ground-
state case, the photon recoil velocity is only 0.064 m /s and
contributes no significant heating.

Unfortunately, the 2'S state is very susceptible to
losses due to inelastic Raman scattering that transfers
atoms to the 1'S ground state, in this case via absorp-
tion at 2059 nm and spontaneous emission at 58 nm. The
cross-section for spontaneous Raman scattering with ab-
sorption at w and emission at wgcaty can be estimated us-
ing the angular average of the appropriate terms in the
Kramers-Heisenberg formula [61],

2
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We have evaluated this cross-section by summing over in-
termediate n 'P states up to n = 10. We determine the
magnitudes of the matrix elements from the oscillator
strengths of reference [48] and their signs from an approx-
imate numerical calculation using phase-shifted Coulomb
wave functions. All of the signs are positive with the ex-
ception of a minus sign for n = 2.

For a laser irradiance I, the inelastic scattering rate
is R = ol /hw per atom. These Raman scattering rates
are anomalously large near the 21S — 2P transition be-
cause of the combination of a large oscillator strength and
a very high frequency wgcaty for decay at 58 nm. As an
example, if the 2059 nm laser is detuned from resonance
by 1 nm and has an irradiance of just 10 W/cm?, the
inelastic Raman rate is 2.8 x 10* s~!. Because the two-
photon Rabi frequency must be large enough to compete
with the Doppler width due to the 21S-23S energy dif-
ference (0.69 MHz at 100 ©K), it is not possible to obtain



E.E. Eyler et al.: Prospects for precision measurements of atomic helium using direct frequency comb spectroscopy 53

190 -
8 1804
o
X
£
o
170 -
5 2°p,
(0]
(0
1083 (MOT)
160 - — 233,

Fig. 7. (Color online) Production of ultracold metastable 2'S
state atoms by a four-step Raman transfer using an intercom-
bination transition to the 3 'Ds state.

efficient Raman transfer in a normal thermal sample with-
out large scattering losses. The situation does not improve
with increased detuning A from the 2P state, because
the power requirements for efficient two-photon transfer
increase as A?, canceling the decrease of the Raman rates
with 1/A2. Although the situation might be improved
considerably using stimulated Raman adiabatic passage
(STIRAP) [62], great care would be required to make the
scheme feasible. The outlook would be much more favor-
able in a BEC or in the Doppler-free “magic wavelength”
optical lattice traps described in Sections 4.2 and 5.2.

A more promising approach for ordinary thermal sam-
ples is to use a four-photon transfer via the 3D state, as
shown in Figure 7. Only two dedicated lasers are needed,
at 588 nm and 1009 nm, since the MOT trapping radia-
tion at 1083 nm can be used for the first step, and two
equal 1009 nm photons can be used to drive the stimu-
lated 31D — 218 transition. It is best to avoid exact res-
onance with any of the intermediate states so that they are
not populated appreciably. The approximate four-photon
Rabi frequency is given by a generalization of equation (1),

L1131,

A1 A A

(9)
Here I, I and I3 are the irradiances at 1083 nm, 588 nm,
and 1009 nm, respectively, and the detunings A, Ao,
and As refer to the 23P, 3'D and 2'P states. The re-
quired matrix elements D;; are obtained from the oscilla-
tor strengths in reference [48], together with the singlet-
triplet mixing fraction described in Section 4.1.

The irradiances and the adjustable detunings A; and
Ay are optimized to give a large transfer rate without sig-
nificant inelastic Raman scattering either from the 2'S
state or from atoms that are excited to the 23P state
by the slightly off-resonant 1083 nm MOT laser. With
Ay = 27x 25 MHz, Ay = 2rx 1 GHz, I; = 0.01 W/cm?,
I, =5 % 10® W/cm?, and I3 = 3 x 10° W/cm?, the Rabi
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frequency is {24, = 3.1 x 10° rad/s. The high irradiance
at 1009 nm should be easily attainable with a tightly fo-
cused laser, given the availability of 1 W tapered ampli-
fiers at this wavelength [63]. With this arrangement all
of the atoms within the focal volume will be transferred
in about 1 ps, so the MOT can be turned off without
loss due to thermal motion. Further, the power broaden-
ing and transition-time broadening match the transition
width well with the Doppler width at 100 K. We estimate
that Raman scattering losses will be only about 1%.

The ultracold 2'S atoms must be trapped if useful
experiments are to be performed on them. An optical trap
can be constructed in either of two ways.

(1) The 21'S polarizability is small but positive at
588 nm [47]. If the laser is sufficiently strong it can serve
a dual role: after driving the stimulated decay to the
metastable state, it can also act as a far-off-resonance trap
(FORT) if the irradiance is increased to >10° W /cm?. The
detuning Ay for the transfer scheme can be increased so
that the transfer and scattering rates are unchanged. The
trapping time will be limited, however, by inelastic scat-
tering of FORT light by the 2'S atoms: for a trap depth
of 100 K, the scattering rate is about 10 s~! per atom.

(2) If longer trapping times are desired, a 10.6 pum
COg laser can be substituted. A trap depth of 100 uK is
attained at 5 x 10® W/cm? and the inelastic scattering
rate is 44 s~!, slightly less than the radiative decay rate
of 51 s71.

Appendix C: Estimated rates for VUV comb
excitation of 1S — n!P transitions

We estimate the matrix elements D(n) = (n'P|er|11S)
by calculating D(10) from the A coefficient for n = 10
from reference [48], then scaling by (n*)~3, where n*
is the effective principal quantum number. We also as-
sume approximate (n*)~? scaling for the lifetimes 7(n),
using as a reference point the 21P lifetime calculated
by Theodosiou [50]. This yields a natural linewidth of
12 MHz for n = 6 and just 0.042 MHz for n = 40, both
much smaller than the Doppler width of about 20 MHz at
100 pK or the similarly sized Doppler shift due to photon
recoil in production of the ground-state atom. Thus inho-
mogeneous Doppler broadening dominates the linewidth.

The Rabi frequency for excitation by a single tooth of
the comb with irradiance I; is given by

|21,D(n)?
Qn) = |
(n) 6()Cﬁ2 ’

and the steady-state probability of excitation at a detun-
ing of § is given by the usual cw expression,

2%(n) 1
P == 22w
62 + (27’%”)) + 2n

(10)

(11)

We assume a far-UV frequency comb with a total time-
averaged power of 1078 W in the harmonic near 51 nm,
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Table 3. Fraction of 1S atoms that can be optically trapped,

taking into account a 58 nm photon recoil, for two values of

the temperature T; prior to the “dump” step.

Trap depth (pK) T3 =1mK T; =100 uK
100 0.012 0.0029

200 0.031 0.017

250 0.044 0.032

300 0.056 0.052

500 0.114 0.194

1000 0.27 0.69

with f, = 500 MHz and a bandwidth of 10'? Hz. If fo-
cused to a 1/e? radius of 35 um, the on-resonance exci-
tation rate per atom is 2.6 s~!, independent of n. Taking
into account the inhomogeneous broadening and assum-
ing the ground-state atom distribution matches the MOT
parameters listed in Section 2, the total excitation rate
is roughly 140 atoms/s at n = 40, or 4 x 10* atoms/s at
n = 6.

Appendix D: Optical trapping of ground-state
helium atoms

For precision spectroscopy of the 1'S-21'S interval it is
necessary to optically trap atoms in the 1S ground state
after producing them with one of the “dumping” schemes
in Section 4.1. This is unusually difficult because of its
extremely small dc polarizability o = 1.38 a3 [64], which
is nearly constant throughout the optical and near-UV
regions [65]. Generally a resonant buildup cavity would
be needed to provide sufficient irradiance. For example, a
cavity with a Gaussian waist radius of wg = 20 pm and
an average circulating power of 80 W yields a trap depth
of about 80 pK.

The loading efficiency is limited primarily by the broad
speed distribution of the ground-state atoms, which expe-
rience randomly directed velocity increments of 1.71 m/s
due to photon recoil from the 58 nm decay radiation that
produces them. We have devised a simple Monte Carlo
model to determine the fraction of ground-state helium
atoms that can be trapped, by assuming an initial tem-
perature T; and then assigning to each atom a random
recoil direction. We then determine the trappable fraction
by comparing the final kinetic energy to the depth of the
ground-state optical trap. Table 3 lists the trappable frac-
tions for various trap depths for two values of T;. As T; is
increased, the number of very slow atoms increases signifi-
cantly, rather than declining as it would in a normal ther-
mal sample. This occurs because at lower temperatures
the recoil velocity becomes large compared to the initial
thermal velocity spread, leaving very few atoms near zero
velocity.

Assuming that the triplet metastable atoms are ini-
tially loaded into a dense optical trap, it should be fea-
sible to work with trappable fractions as low as 0.01.
This can still yield hundreds or thousands of optically-

trapped ground-state atoms, sufficient to allow DFCS
spectroscopy.
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