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Resonance Enhanced Two-Photon Spectroscopy of Magnetically Trapped Atomic Hydrogen
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We report on the first results with resonance enhanced two-photon spectroscopy of magnetically
trapped atomic hydrogen, exciting the transition from teground state to thaS or the3D state. The
spectroscopic method introduces tunable transparency to resonant optical studies of cold dense gases. It
combines sensitivity (due to the near resor@aftstate) with high resolution (in principle limited only
by the 3S state lifetime), making it a precision tool for optical investigation of ultracold H gas. To
demonstrate its potential, the dynamic evolution of H gas during evaporative cooling is quantitatively
investigated by analysis of two-photon absorption spectra. [S0031-9007(97)04129-X]

PACS numbers: 32.80.Pj, 67.65.+z, 32.30.Jc, 32.80.Wr

Hydrogen is the simplest of all elements and its basidrsp = 16 ns), which are much longer than tB@ life-
properties directly challenge first principle calculations.time (m,p = 1.6 ns). The half-widthy of a line is given
For instance, the electronic energy levels may be deteby y = (27)~!. The smali3S linewidth enables determi-
mined theoretically and experimentally with extraordinarynation of the momentum distribution in H gas samples by
high precision, allowing stringent tests of quantum elec-Doppler spectroscopy down to temperatures belonK,
trodynamics [1]. The recent observation of th&-2S i.e., well below the BEC transition temperature at typical
two-photon transition of magnetically trapped H [2] hasachievable densitiesl§'* ¢cm~3) in traps. In addition,
opened new opportunities for ultraprecise measurementthe 1S,,—1/2-3S,,=1,2 transition shows no first order
Optical spectroscopy inside magnetic traps will also findZeeman shift, and hence is purely Doppler broadened,
intriguing applications in the future investigations of an- greatly facilitating thermometry.
tihydrogen [3], confined by a magnetic field to prevent The measurements presented here are performed on
annihilation. In the field of ultracold gases atomic H hasmagnetically trapped H. We emphasize that the tech-
played a crucial role in the development of trapping ancdique itself is of much broader relevance. Future sym-
cooling techniques [4,5], notably evaporative cooling, ametry tests on antihydrogen will most probably start with
key element in the recent observation of Bose-Einsteirspectroscopic investigations of a trapped sample with a
condensation (BEC) in alkali gases [6,7]. Optical diag-small number of atoms. Resonance enhan&eas spec-
nostics of atomic H have figured prominently in thesetroscopy offers the perspective of a spectral resolution that
studies [8]. In related research, spin-polarized H (conis 2 orders of magnitude better than one-photon Lyman-
fined by liquid helium walls) is studied at high densities
as a two or three dimensional quantum gas [9]. Attained
densities exceed0'3 ¢cm 2 in 2D and10'® ¢m 3 in 3D

[10]. Here also, optical diagnostics are important. (@) o (b) PMT|
In this Letter we report on our first results with reso- lap “/

nance enhanced two-photon spectroscopy (RETS). These =

results represent a crucial step towards the application _(%2:/ 12 hydrogen

of RETS as a sensitive and accurate diagnostic tool for 38, (656 nm) cloud

atomic hydrogen. We excite the transitir§-3S or ] L an \

1S-3D [see Fig. 1(a)] via the near-resonant intermediate 2P,
state2 P by stacking two copropagating photons, one close |
to the Lymane (121.57 nm) wavelength, and one close (o3

to the Balmera (656.47 nm) wavelength. This scheme

cryostat

Energy

provides high sensitivity due to the resonant enhancement g[__ﬁue,.—————“"”z vuv

of the transition matrix element by tHtP intermediate =4

level. At present the resolution of our method is limited 00 01 02 L

by our Lymane source bandwidth (120—150 MHz), but Magnetic Field [Tesla] CO, cell

ultimately the resolution is limited only by the life- FiG. 1. (a) Relevant energy levels of atomic H as function of
time of the 3S level (r3s = 160 ns) and 3D level magnetic field. (b) Sketch of the experimental setup.
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spectroscopy, with, at the same time, a resonant cross sen-the same scan of the VUV frequency. The intense red
tion of up to 50% of the3A2/27 single photon Lymanx  light is not detected by the solar-blind PMT.
cross section. The red beam is spatially overlapped with the VUV

For high density gases, an important property of RET$eam at one of the monochromator prisms [see Fig. 1(b)].
is that the absorption cross section for two-photon abWe verify the overlap by deflecting the two superimposed
sorption can be adjusted at will, even on the center obeams into an evacuated reference system, optimizing the
the two-photon resonance, by choosing the detuning frortransmission through a 0.3 mm sized pinhole positioned at
the intermediat@ P state. Compared to one-photon spec-the same distance from the focusing lens as the sample.
troscopy, this tunable transparency offers important ad- Two-photon transitions to botAS and 3D have been
vantages for the investigation of inhomogeneous densebserved. Here we focus on the experimental observation
gases. One may investigate the densest parts of thef the 3D manifold, which contains Zeeman broadened
sample near their resonance frequency without being limstructure and has the advantage df0& larger transition
ited by optical thickness. Resonant imaging of a trappednatrix element as compared to th& case.
gas on a two-photon line offers an alternative to the re- The important features of RETS for a three-level lad-
cently demonstrated dark-ground imaging technique [11fler system are illustrated in Figs. 2(a)—2(d). Plotted is
for studies of ultracold dense gases. lItis clear that for opthe absolute transmission of the VUV light without any
tical investigations on high density samples of spin-dowrred light [Fig. 2(a)] as a function of the detuning
polarized atomic hydrogefH|), with densities varying of the VUV from the Lymane 1S,,—1/2-2P,-3/, tran-
between10’ and 10" c¢cm 3, tunable transparency may sition frequency at the trap center, and with the red
be a key advantage. light at three different detuningé from the Balmera

The experiments demonstrating RETS of H are per2P,—3,:-3D,—5/; resonance frequency at the trap center
formed in a cryogenic loffe trap which is described in[Figs. 2(b)-2(d)]. Both light beams are* polarized.
detail by van Roijenet al.[12] and Luitenet al.[8].  The trap was chosen with an offset fiehy = 115 mT
Pulses (10 ns duration, 1-100 Hz repetition rate) of tunin combination with relatively weak radial confinement
able vacuum-ultraviolet light (VUV) around the Lyman- (31 Tm™'), resulting in small angles between the mag-
wavelength are generated by the system described in [8hetic field and the propagation direction of the light. In
The light is passed through the H gas and is collectedhis way the nearbyS,,—;/2-2P,,—1/, transition was sup-
by an objective formed by a MgFplano-convex lens at pressed to ensure a three-level system. Under our exper-
the focal distance of-15 cm from the sample as shown imental conditions (intense red beam of fixed frequency,
in Fig. 1(b). The signal-to-noise ratio of the VUV trans- weak VUV beam of variable frequency) the method is
mission was improved over previous experiments by debest described as Lyman-spectroscopy of H atoms
tecting the VUV beam with a solar-blind photomultiplier dressed [13] by red light.
(PMT) after passing through the cryostat. Measuring the In the limit of large 6 [Fig. 2(b)], the strong reso-
transmitted intensity at room temperature greatly facili-nance represents the ac Stark-shifted one-photon transi-
tates detection. Spectral filters may easily be introducedjon. The weaker resonance At= —4 is due to the
sensitivity is enhanced, and even spatial analysis of the
scattered light becomes possible. Pulse-to-pulse intensity
fluctuations were canceled by dividing the measured sig-
nal by a reference signal obtained from part of the beam
not having passed through the cryostat. Before entering
the cryostat, the VUV beam passes through a @ksorp-
tion cell to reduce its intensity to a level just above the
shot noise limited regime of the final PMT signal. At this
intensity sample loss is negligible. Typicallp’ photons
per pulse are focused to a waist- 80 um FWHM at
the position of the trapped atom cloud, 1 m from the fo-
cusing lens, giving a peak intensity 6% Wcm 2.

The red light near the Balmer-wavelength is provided
by a cw dye laser. With an acousto-optic modulator
200 ns pulses are generated. This light is focused to a 3 ' ) ’ 1 0 ]
waist slightly bigger than that of the VUV, giving an Lyman-a detuning A (GHz)
intensity of ~4 X 10> Wcem 2. Chopping the red light o
between the VUV pulses minimizes thermal load on the /G- 2. Lymane (122 nm) transmission through a sample of

o . trapped atomic H, without (a) and with (b)—(d) red light of

cryogtat. In addition, delaying every §econd red pulse SQarious detuningss from the Balmere (656 nm) transition;
that it does not temporally overlap with the VUV pulse, (b) § = 2 GHz; (c) § = 1 GHz; (d) § = 0 (Autler-Townes
we measure transmission with and without the red lightloublet). The 1 GHz splitting is the Rabi frequer@y 2.

o

Lyman-o transmission
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two-photon transition fromS,,—;» to 3D,,—s/>. The cor-  shift to lower detunings since the magnetic offset field

responding transition probability in this limit scales asdecreases during the forced evaporation. At the starting
02/458%, where Q = |D - Eo|/h is the Balmera Rabi  conditions, Fig. 3(b), the temperature is 48 mK with the

frequency, withE, the red beam electric field amplitude Zeeman broadening dominating over the Doppler effect,
andD = (3D,u—s/2|€F|2P,,=3/,) the transition dipole ma- yleldlng the asymmetric two—pho@on resonance line with a
trix element from2P,,—3> to 3D,,=s/>. The optical thick- long tail towards higher frequencies. As the sample coo!s,
ness of the sample can therefore be adjusted by simpiae cloud shrinks as does the Zeeman broadening, which

changingd while adjustingA to maintain the two-photon can be seen from the series of spectra in Figs. 3(b)—3(d).
resonance condition. The final spectrum [Fig. 3(d)], at 1 mK, shows a sym-

In the cased = 0 the Lymana line is split symmet- Metric resonance, its width mainly determined by Doppler
rically into the “Autler-Townes doublet” [14] with peaks broadening and the VUV bandwidth. The ground state
atA. = +=Q/2 [Fig. 2(d)]. The difference frequency of hyperfine splitting is clearly resolved.
the two doublet components equals the Rabi frequency of The number of trapped atoms and the temperature and
the red beam and thus allows the experimental determin&lensity of the gas are determined by fitting the observed
tion of this important quantity. spectra to calculated curves shown as the solid lines in

The unique combination of high resolution and highFigs. 3(b)—3(d). The fitting procedure is based on the fol-
sensitivity enables rapid nonperturbativesitu studies of ~ lowing model. Because the red light intensity dominates
the trapped gas. As an examp|e’ we observed the evéver the VUV beam intenSity, attenuation of the red beam
lution of the gas cloud during forced evaporative cool-due to two-photon absorption can be neglected. Further-
ing [4] induced by lowering the field of one of the axial more, the VUV beam is weak enough that its propagation
confinement coils. As shown in Fig. 3(a), at a densitycan be described with an effective susceptibility, propor-
of 1013 cm_3 the One_photon Spectrum is Strongly broad_tional to the atomic pOIarizabiIitﬂ, which depends both
ened by optical thickness. The cooling process is monitipon the local gas properties [8] and the local electric field
tored by taking spectra at regular time intervals, as showRf the red beam. We use standard resonant scattering the-
with the difference spectra of Figs. 3(b)—3(d), for theory (see, e.g., [15]) to account properly for the finite life-
18,,=1/2-3D,=5/> two-photon transition. The resonancestimes of the excited states, finding

2
i = i + 07/4 , (1)
o g A+ 6+ ivy.
whereay = 1/(—A — iy,p) is the polarizability in ab-
sence of the red light ang. is the half-width of the upper
state (3p or yss). The quantitiesA, §, and ) enter-
ing the model vary spatially through the nonuniformity of
the static magnetic field and the two light beams. The
magnetic field is derived from the known geometry of the
field coils and the measured currents. The intensity dis-
tribution of the red and the VUV light at the position of
the atomic sample are determined in the reference sys-
tem. The Rabi frequency¥) is derived from the mea-
sured intensity distribution of the red beam and checked
against the splitting of the Autler-Townes doublet. The
Doppler broadening is taken into account by introducing
1 a frequency shift inA and 6 for a moving atom and
1=1375 averaging over a Maxwellian velocity distribution. For
8 comparison with data the calculated spectra are convolved
with the spectral profile of the VUV source (Lorentzian,
FIG. 3. (a) Lymana transmission spectrum without (open FWHM = 120-150 MHz), estimated from the measured
circles) and with (solid squares) red light presend =0 —,,, snectral profile. Fitting parameters are the density, the

corresponds to théS,,—;/,,-2P,,—3/; transition at the magnetic . .
field minimum. (b1)—(1t/)23) Lyrﬁgm difference spectra (with temperature, and the relative population of the two trapped

minus without red light) showing two-photon resonances duringlyperfine states. The number of trapped atoms can then
forced evaporative cooling of a single sample. Coolingbe deduced from the density and the temperature taking
starts at timer =0 in (bl), with central gas density =  the known trapping potential into account. Typical accu-

1.0 X 107 cm™, number of atomsN =14 X 107, and  yacias are on the 20 percent level for the absolute values

temperaturel’ = 47 mK, as derived from our fits (solid lines). o .
In (b2) we findn = 1.0 X 101> ¢m 3, N = 2.7 X 10'!, and of these quantities, except for the lowest temperatures like
T =21 mK, and in (b3) we have: =1 % 1013 cm 3, N = Fig. 3(d), where the line shape is strongly influenced by

2.6 X 10°, andT = 1 mK. One scan takess5 s. the VUV bandwidth.
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i (b3) '-':-“.- T=1mK
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Now that we are able to apply and understand RETSion. The research of M. W. R. is supported by the Royal
in trapped atomic H, many topics are susceptible td\etherlands Academy of Arts and Sciences (KNAW).
investigation even with the present light sources, as we
shall discuss at the end of this Letter. RETS becomes
much easier once the line width of the VUV source is
reduced. A narrowed two-photon peak enhances signal to
noise, allowing further detuning and hence less admixture
from the broad2P intermediate level. For sufficiently *Presgnt address: FOM.Institute for Atomic and Molecular
large A the three-level system reduces to an effective  Physics (AMOLF), Kruislaan 407, 1098 SJ Amsterdam,
two-level system and Eq. (1) can be replaced by a simple The Netherlands.
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