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Abstract. We discuss the experimental and theoretical
aspects of absorption spectroscopy of cold atomic hy-
drogen gas in a magnetostatic trap using a pulsed nar-
row-band source (bandwidth ~100 MHz) at the Ly-
man-o wavelength (121.6 nm). A careful analysis of the
measured absorption spectra enables us to determine
non-destructively the temperature and the density of the
trapped gas. The development of this diagnostic techni-
que is important for future attempts to reach Bose-
Einstein condensation in trapped atomic hydrogen.

PACS: 67.65.+z, 32.80.Pj, 07.65.—b

The gaseous phase of atomic hydrogen (H) has been
studied intensively over the last decade as an important
~model system for the behavior of dilute neutral gases at
ultralow temperatures [1]. Although extremely reactive
under ambient conditions, in the spin-polarized state
(H?1) and at low temperatures hydrogen is metastable and
may be regarded for many practical purposes as an inert
gas. As such H is a prime candidate for the observation
of Bose-Einstein condensation [1, 2].

To study the properties of ultra-cold gases it is essen-
tial to confine the atoms in a surface-free environment.
For H1 this is done with a magnetostatic trap, which may
be loaded by a cryogenic technique [3-5]. Recently, we
performed the first optical experiments with magnetically
trapped H [6, 7]. Using optical absorption spectroscopy
as a non-destructive diagnostic tool we can determine gas
phase properties like density and temperature. This en-
ables us to study various processes occurring in ultra-
cold gases, such as evaporative cooling and intrinsic
decay mechanisms (dipolar relaxation and spin-
exchange). Furthermore, we have used our light source
to study Doppler cooling and light-induced evaporation
of the trapped gas. For our experiments we employ the
lowest optical transition for ground state hydrogen,
namely the 12S—2?P transition (Lyman-a, L,) at
121.6 nm, which lies in the Vacuum UltraViolet (VUYV).

In this paper we focus on the experimental and theore-
tical aspects of VUV absorption spectroscopy of HY in
magnetostatic traps [8]. After introducing some nomen-
clature and the relevant optical transitions, we give a
brief description of the trapping field and typical charac-
teristics of the samples. The optical part of the experi-
mental apparatus is described in some detail, addressing
VUV generation, VUV optics, frequency stability and
frequency tuning. Then we discuss the general
phenomenology of light propagation through the sam-
ple, and present the detailed theory for the absorption
spectrum. We conclude the paper with a discussion of
some experimental spectra.

1 Fundamentals

In Fig. 1a we show the hyperfine structure diagram of
hydrogen for both the 125, electronic ground state and
the 2?P,,,, 22 P55, and 2%S), excited states. By conven-
tion the ground state hyperfine levels are labeled a, b, c,
and d in order of increasing energy. The b and d states
are pure spin states, the a and c states may be expressed
as linear combinations of the high field basis states
|mg, m;», where my= +1/2 and m;= +1/2 are the elec-
tronic and nuclear magnetic quantum numbers, respec-
tively. Aside from the “up” and “down” electron-spin-
polarized gases H1 and H| one distinguishes the doubly
(electron and proton spin) polarized gases, consisting of
b state (H|{) or d state (H1%) atoms. It is sometimes
convenient to label the atoms by the direction of the force
caused by magnetic field gradients: high-field seekers
(H,)) and low-field seekers (Hy;). Low-field seekers can
be trapped in a B-field minimum. Magnetostatic traps for
high-field seekers are not possible because Maxwell’s
equations do not allow a B-field maximum in free space
[9]. Except immediately after loading, magnetostatically
trapped gas samples consist mainly of d state atoms
because the ¢ state population decays preferentially due
to rapid spin-exchange relaxation [10].
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Fig. 1. a Energy levels of the ground state and first excited state of
H. The arrows denote the allowed transitions from the doubly
polarized ground states. b Relative frequencies of the 10 allowed
1S — 2 P fine structure transitions versus magnetic field. Solid cur-
ves: HT transitions; dashed curves: H ! transitions

Also shown in Fig. la are the 10 allowed Lyman-o
electric dipole transitions from the doubly polarized b
and d states. The most relevant for trapping experiments
are the three o and two 7 transitions from the d state
which are labeled o,, 7,, 05, 7;, and n,. The nomen-
clature refers to the following excited states [11]: 2% P5,,
m;=3/2 (g4); 22P3/2, m;=1/2 (ny); 22P3/z, m;=—1/2
(0'2); 22P1/2, mj= 1/2 (7'[2); and 22P1/2, m1= - 1/2 (0'3).
The corresponding transition frequencies are plotted as
a function of B in Fig. 1b. The presence of ¢ state atoms
in the trapped gas gives rise to 10 additional transitions
(not shown in Fig. 1), nine of which have the same (fine
structure) excited states as the d transitions, and one
which is strictly forbidden for d state atoms and in which
the 22P,,, m;=—3/2 state is excited. Excited state
hyperfine effects are negligible for our purpose: First, the
hyperfine splitting of the excited states cannot be spec-
trally resolved since is is much smaller than both the
natural linewidth and the bandwidth of our L, source
[11]. Second, the excited states are to a good approxima-
tion pure proton-spin states because the excited state
hyperfine interaction is much smaller than the Zeeman
energy at the typical magnetic field strengths in our
experiments (B=0.05T) [12].
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The experiments are done with a Ioffe Quadrupole
trap, described previously [13]. Four racetrack shaped
coils, symmetrically arranged around the z-axis, generate
a quadrupole field in the xy-plane and provide radial
confinement. Axial confinement results from (four) di-
pole coils having the z-axis as a common symmetry axis.
Together the coils produce a field with a minimum in |B|
on the z-axis, which can be approximated near the mini-
mum by [14]

B, = —agcos2¢p—foz

B,

Bz - B0+ﬁ22_ﬂQ2/2 s
in cylindrical coordinates o, ¢, z, with ¢ the radial dis-
tance from the z-axis, and ¢ the azimuthal angle. Typical

M

o sin 2¢

field parameters are B,=0.1T, «a=22T/cm, and

Vs

p=0.023 T/cm?. For these values the modulus of the"

magnetic field is well approximated by

B = fa’¢’ +(Bo+ B2%)’. )
This approximation is adequate, for example, to describe
the thermodynamics of the trapped gas. For spectro-
scopy, however, more precise knowledge of the B-field is
required and the exact trapping coil geometry is taken
into account by introducing z-dependent « and f par-
ameters. In the calculation of the spectra we take advan-
tage of the fact that the transverse field B, = B.e,+ Be,
has, to a very good approximation, quadrupolar sym-
metry.

For a sample of trapped H{ in internal thermal equi-
librium the density distribution is given by

n(r) = ngexp[— U,(r)/ks T, ?3)

where n, is the density of atoms at the field minimum,
T the temperature of the trapped gas, and U, the poten-

tial energy of the atoms with respect to the field mini-
mum. For d state atoms U,(r) = ug[B(r)— B,). The sam-
ple size depends on temperature. Since on the axis
B,—U,cz?, the effective axial length /[ oc ‘/7" For suf-
ficiently low temperature (T « ugBo/ks = 67 mK for
B,=0.1T) the trap is approximately harmonic, so the
length over width ratio is independent of 7. For the
typical field parameters mentioned above, ;&1 cm at
T=10mK and the sample is approximately 30 times
longer than wide. The sample is probed by a VUV beam
(~ 1 mm beam radius) which propagates through the gas
along the z-axis. At temperatures immediately after load-
ing (T=0.1 K), the radial sample size is comparable to
the beam width, at lower temperatures it is smaller.
A similar arrangement was used by Helmerson et al. in
their experiments with magnetically trapped sodium [15].

2 VUYV generation

Our light source is based on pulsed amplification of light
from a single-frequency cw ring dye laser, operating at
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Fig. 2. Schematic diagram of the optical apparatus. Diagnostics
stands for the reference cavities and the wavemeter, the Photo-

- Diodes are denoted by PD

a wavelength of 729.6 nm. The amplified light is fre-
quency-doubled in a KDP crystal and L, radiation is
obtained by third-harmonic generation in a phase-
matched mixture of krypton and argon gas [16—19]. A si-
milar, but Nd: YAG based, scheme was used by Cabaret
et al. [20] to study Stark shifts in an atomic H beam.
Other generating schemes are discussed in the recent
literature [21, 22]. The non-resonant tripling scheme was
selected for its relative simplicity and reliability.

A schematic diagram of the apparatus is shown in
Fig. 2. The ring dye laser (Coherent 699-21) is pumped
by an Ar* laser (Coherent Innova 200). Cooling the dye
(pyridine 2 in ethylene glycol) to 9° C, the single-mode
output of the dye laser (effective linewidth 1.5 MHz)
amounts to & 750 mW at 6.5 W pump power. After pass-
ing through an optical isolator the main part of the cw

_light is sent-through a three-stage rhodamine 700 pulsed

dye amplifier (Lambda Physik 2003) to enable efficient
frequency-doubling. The dye amplifiers are pumped by
a XeCl-excimer laser (Lambda Physik LPX 2101,
308 nm), selected for its long pulses (20 ns) which ensure
the smallest possible bandwidth. It has the additional
advantage of providing a high pulse rate (up to 100 Hz).
The ensuing ultraviolet (UV, 364.8 nm) is amplified once
more in a DMQ/propylene carbonate dye cuvette. At a
repetition rate of 50 Hz the energy of the amplified UV
light is typically =18 mJ/pulse. Its bandwidth was deter-
mined using a confocal etalon of 150 MHz Free Spectral

Aj,-plate
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Range (FSR) and was found to be 40-60 MHz, a factor
2-3 larger than that of a Fourier-limited Gaussian pulse
of equivalent duration (20 ns). From this we obtain an
estimate for the upper bound to the bandwidth at L, of
180 MHz.

For tripling, the UV light beam (typical beam radius
2 mm) is focused by an /=15 cm lens into a gas mixture
of, typically, 160 mbar Kr and 480 mbar Ar (Fig. 3). The
power generated at L, corresponds to 2 x 10° L, photons
per pulse. The conversion efficiency is ~#10~7. The max-
imum power level is limited by the occurrence of dielec-
tric breakdown in the Kr/Ar mixture. We have observed
that the UV beam profile shows an increasingly severe
higher-order mode structure for aging amplifier dyes,
negatively affecting the conversion efficiency [23] and the
threshold for dielectric breakdown.

3 VUV optics

The L, and the 107 times stronger copropagating UV
light are separated in a monochromator, using the refrac-
tion and dispersion of two MgF, lenses (Fig. 3). The first
lens (L;), which is placed off-axis with respect to the
incoming beam, focuses the L, beam onto a 0.5 mm
diameter aperture, while the fundamental beam is colli-
mated and deflected via a mirror onto a beam dump.
A second MgF, lens (L,), which collimates the L, beam,
is also used off-axis to provide additional spectral filter-
ing. This double filter arrangement reduces the intensity
of the 365 nm radiation by more than 9 orders of mag-
nitude. Lens L, is mounted in an xyz translation stage
to facilitate collimation and alignment. A drawback of
the off-axis use of the lenses is that it introduces astigma-
tism. Nevertheless, by adjusting the horizontal position
of L,, we were able to obtain a nearly circular beam cross
section with a diameter of about 2 mm at the center of
the cryogenic magnetic trap, located 1.2 m from the tripl-
ing cell. The L, beam is guided into the cryostat from
below, via a 45° high quality (reflectivity ~85%) VUV
mirror (Acton Research Corporation).

The volume between L, and L, is constantly flushed
with pure Ar at a pressure of about 20 Torr to avoid
deterioration of the optics due to sputtering of impurities
by the UV beam. The vacuum section behind L, is
separated from the trapping volume by a 1 mm thick,
indium sealed, MgF, cell entrance window, at sub-
Kelvin temperatures. We exclusively use all-metal seals,
thus eliminating diffusive leaks due to the permeability

|:®:|‘ Kr/

Ar purge inlet

10cm
L2
;
M M 121.6nm
=

Fig. 3. The tripling cell and
monochromator



314

of rubber O-rings. Furthermore, we close a valve separat-
ing the cryostat from the room-temperature vacuum
section, when not taking data. These precautions allow
us to operate the system during a period of several
months without a noticeable build-up of cryo-deposits
on the cell window.

A MgF, beam splitter between the mirror and the
cryostat couples 5-10% of the beam onto a solar blind
vacuum diode (Hamamatsu R1187). This offers the
possibility to perform ratio measurements, largely elimi-
nating the noise due to the &~ 10% pulse-to-pulse fluctua-
tions of the L, intensity. About 2% (5% 107 photons/
pulse) of the generated VUV reaches the H sample.

The optical transmission of the trapped HT gas is
measured with a GaAsP Schottky photodiode (Hama-
matsu G1126, sensitive area 2.3 mm X 2.3 mm) mounted
at the end of the cell. An important property of this type
of diode is that it has good long-term reproducibility
under VUV irradiation [24]. With the protective window
removed, the diode is found to have a quantum efficiency
of 14% at L, for temperatures down to liquid nitrogen.
At liquid helium temperature and below the quantum
efficiency is about 10% at the specified maximum bias
voltage of 5 V. The characteristics of the detector are not
affected by magnetic fields up to 1.5 T. The main advan-
tage of the diode over of a (solar blind) metal photocath-
ode is that the diode is sensitive to both UV and HeNe
laser light. This allows us to verify the absence of 365 nm
background and facilitates the rather delicate alignment
of the optics.

Although the generated VUV is linearly polarized
[25, 26], we found that its polarization inside the H cell
is in general elliptical. We attribute the change in polari-
zation to the dielectrically coated aluminum 45° VUV
mirror. By adjusting the plane of polarization of the
incoming UV light using a half-wave plate, we can con-
tinuously change the VUV polarization in the H cell from
left-circular via linear to right-circular.

4 Frequency stability

To determine the frequency of the L, radiation to within
one natural linewidth (I'/2z =100 MHz), the cw dye laser
frequency should be known to within &~ 16 MHz. For this
purpose we use a piezo-driven confocal Fabry-Perot et-
alon, scanning ~6 GHz at a repetition rate of 10 Hz. The

-80 MHz

0. J. Luiten et al.

FSR of the etalon is 3.0 GHz and its measured finesse is
175. To remove errors arising from the inherent drift of
the piezo material, we use a second etalon, without piezo
material, which has the same FSR and resolution. This
fixed etalon serves as a reference for calibration of the
piezo-driven etalon. Any ambiguity with regard to the
order of operation of the etalons is eliminated with a
commercial wavemeter (Burleigh WA-20) having a reso-
lution (0.3 GHz) better than the FSR of the etalons.

Stable operation was obtained by constructing the
body of the etalons from invar metal with a thermal
expansion coefficient of ~107¢K ~!. The choice of the
piezo material (Quartz & Silice, P7-62) was motivated by
its small thermal expansion coefficient (~2 x 107K 1)
and low power dissipation. Using a tubular piezo of
length 9 mm and wall thickness 1 mm the etalon scans
~18 MHz/V. The linearity of the piezo has been mea-
sured using the transmission peaks of a 150 MHz FSR -~
etalon as frequency markers. Over a scanning range of"
6 GHz the deviation from linearity was within the ac-
curacy of the measurement (~5 MHz).

The thermal expansion coefficients mentioned above
imply a frequency shift of ~1 MHz/mK for both etalons.
Therefore, the etalons are mounted in a hermetically
sealed precision thermostat, developed for critical point
experiments by Michels and Van Lieshout in our laborat-
ory [27]. The short-term stability of this thermostat is
better than 20 pK/h. To determine the long-term stability
of the thermostat-etalon combination we monitored the
drift of the etalon transmission peaks with respect to the
4%8,,,—6%S,,, Doppler-free two-photon transition in
potassium [28], which has a wavelength of 728.6 nm and
is observed through the 62S,,—>4>P;, 3, cascade
fluorescence. Over a period of 10 days the tunable etalon
showed a constant drift of 365 kHz/h, while the fixed
etalon remained stable within 5 MHz.

5 Frequency tuning

The frequency of the L, radiation can be varied by tuning
the cw dye laser frequency, which is locked to a trans-
mission peak of the tunable etalon. This is perfectly
suitable for relatively slow scans. In some cases, however,
the possibility of pulse-to-pulse frequency switching is
desirable to monitor the spectrum at specific discrete
points during transient conditions when the spectrum

Vi+VaoM
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Fig. 4. Layout of the AOM arrangement. For clarity, the angles have been exaggerated. The thick line denotes the light path when AOM 2

(+ 80 MHz) is switched on
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changes rapidly. The latter method was used to infer the
temperature and density of the trapped H{ gas with a
time resolution of 0.5 s during evaporative cooling [6].
Furthermore, during optical cooling it allows for occa-
sional excursions to different parts of the spectrum, e.g.,
for thermometry, while the sample is irradiated at the
optimal cooling frequency most of the time [7]. To enable
the pulse-to-pulse switching, the cw dye laser light is
guided through an arrangement of three Acousto-Optic
Modulators (AOMs), which is depicted schematically in
Fig. 4. The alignment of the mirrors is such that, if any
one of the three AOMs is switched on, the first-order
diffracted beam enters the amplifier section along the
same path, with no admixture of the zeroth-order unde-
flected light. With this AOM chain, the frequency of the
cw beam is shifted either —80 MHz, +80 MHz or
+ 150 MHz with respect to the incoming frequency. For
the L, light this corresponds to two incremental steps of

0.96 GHz and 0.42 GHz, respectively. The requirement

for the alignment of the diffracted beams is rather strin-
gent, since the distances from the AOM chain to the
pulsed dye amplifiers and to the H{ sample in the cryo-
stat are 7 m and 15 m, respectively. To avoid drifting of
the beam alignment due to rf heating, the AOMs are
driven only during a 0.3 ms period, synchronized with
the firing of the excimer laser.

We have repeatedly checked whether the polarization
of the generated L, light was dependent on the particular
AOM used. When scanning across the H spectrum, while
simultaneously switching rapidly between the three
AOMs, we always find that, apart from the desired fre-
quency shift, all three spectra are identical.

6 Absorption spectroscopy

Before going into the details of calculating the absorp-
tion spectra and comparison with experiment, we make
some general remarks on the light propagation through
the trapped gas.

In our experiments the L, enters the experimental cell
along the z-axis (Fig. 2) and passes through the gas, being
partially scattered before hitting the photodiode. The
resonant absorption cross section for L, can be as high
as 342/2m, which at a typical density n=10'2cm™3
corresponds to a resonant extinction length 27/
(3n42)=0.14 mm. In practice the resonant absorption
cross section is smaller due to Doppler broadening and
polarization effects, but still sufficiently large to make the
sample optically thick at moderate densities. Under these
conditions the sample actually casts a shadow on the
photodiode. Since the dimensions of the photodiode are
comparable to the beam diameter and comparable to or
larger than the radial sample size, the intensity of the
light incident on the photodiode is generally strongly
varying over its surface.

The combination of the spin-polarization of the atoms
and strong light absorption induces substantial changes
in the polarization of the light while it propagates
through the sample. To illustrate this, suppose that li-
nearly polarized light is incident on the sample at a
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frequency which is resonant on the axis with a ¢~ tran-
sition, but, due to Zeeman splitting, not in resonance
with any ¢* transition. On the axis the magnetic field
vector is parallel to the direction of the propagating light
so only right-circularly polarized light will be absorbed,
changing the polarization of the light from linear to
left-circular. Off-axis, in somewhat higher field, the same
light beam may drive a n transition since off-axis the
magnetic field vector also has a component perpen-
dicular to the direction of the light propagation. In this
case the polarization remains linear.

Furthermore, optical thickness goes hand in hand
with strong dispersive effects. To illustrate this we neglect
the vector character of the light for the moment. For a
dilute medium of motionless two-level atoms the refrac-
tive index # at a frequency w close to the resonant fre-
quency w, is then given by

nny(wo — w) '

1= , 4
T Flwe— )+ @
with k=w/c and y=I72. For typical densities

n<10%em™3, [p—1| < 1073, Hence the gas is a very
dilute dielectric medium and refraction is complete-
ly negligible. Dispersion, however, is very important.
A light wave travelling a distance 4z through the sample
acquires a phase shift 4¢9 = (y— 1)k A4z with respect to
a wave of the same frequency in vacuum. If the frequency
of the light is tuned near resonance, w,—w = 7, a phase
shift 4p=1 is acquired over a distance 4z=8n/ni2,
which is twice the extinction length at this detuning. Such
effects strongly enhance the polarization changes caused
by absorption of the light, discussed above. This holds
even for large detuning when the absorption is small. For
example, tuned halfway between a ¢* and a ¢~ line both
circular components of a linearly polarized light beam
will be weakly, but equally, absorbed, thus keeping the
light linearly polarized. The real parts of the susceptibili-
ties associated with the two transitions, however, have
opposite signs, causing an increasing phase shift between
the two circular wave components which implies (Fara-
day) rotation of the total, linear, polarization.

The evolution of polarization during propagation
through the sample can strongly influence subsequent
absorption. Therefore, in order to calculate absorption
spectra reliably, it is necessary to keep track of the inten-
sity, polarization, and phase of the light propagating
through the sample. Furthermore, the magnetic field
strength B, at the center of the trap is not sufficiently
high to spectrally separate the allowed transitions com-
pletely. Therefore, when propagating light through a
sample, the contributions of all allowed transitions to the
extinction and, in particular, the dispersion of the light
have to be taken into account simultaneously. In addi-
tion, at temperatures kgT= uyB, (TR 67mK for
By=0.1T) there is a strong overlap between absorption
lines due to the fact that light of a certain frequency can
come into resonance with different transitions at different
positions in the sample.
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First, we review some aspects of the extinction of a weak
cw light beam in a dilute gas of resonant scatterers, to the
extent necessary for the description of the experimental
spectra [29]. The treatment is semiclassical, with a classi-
cal representation of the electromagnetic field but a
quantum description of the atoms.

We are interested in the extinction of a plane electro-
magnetic wave of wave vector k and frequency
propagating in the z direction through a dilute polariz-
able medium, so we write the electric field vector E and
the induced polarization P in the form

E(l‘, t) = EO(r)ei(kz_wl)a

itkz—w (5)
P(l’, t) = PO(r)el( z ’),
where k= |k|=w/c=w |lgouy. Using the slowly varying
amplitude approximation, Maxwell’s equations for a
dielectric medium can be reduced to

e ©)
oz 280 0 0" €)e;|,

where e, is the unit vector in the z-direction. This is our
basic equation for the calculation of the propagation of
a L, beam through a sample of trapped H. The induced
polarization gives rise to both extinction and dispersion
of the light. P, is in general not parallel to E,, but
depends on the local orientation of the B-field. The in-
duced polarization can be written as

P0=80(7Eo, @

where % is the complex susceptibility tensor.

Consider first a medium of motionless atoms. The
induced polarization due to electric dipole transitions
between ground state |h) and excited state |j) is equal
to the product of the density n, of atoms in ground state
|h) and the expectation value of the electric transition
dipole moment. For light intensities far below saturation
of the transitions one may derive that

d, - Eyd,;
&=Zm%ﬂ4%L, ®
h,j (wpj— 0—1y)
with w,; the transition frequencies, d,;=<{h|d|[j) the
electric dipole transition matrix elements, and
y=y,=k* Zfldfjlz/(6n£0h). The latter equality only
holds if the splitting of the ground state sublevels # and
of the excited state sublevels j is negligible with respect
to wy;, as is clearly the case for the 15— 2P transitions
in H. From (8) follows immediately the susceptibility
tensor ¢ o for a gas at T=0:

PN 67

Zo=T 0 d,;di5y
o~ T3 h T
K h, j Zf'dfj|2(whj_w_1y)

For atoms in motion the transitions are Doppler
broadened and, assuming a Maxwell-Boltzmann velocity
distribution, the susceptibility is

()
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PN 6737
X =1 B

didi; v
2 "
h, j Zf’dfjl

where b = k|2kyT/m, w(l) = e Perfc(—i), and
{nj = (0— y;+1y)/b. The real part of the complex error
function w is the Voigt profile describing a Doppler
broadened Lorentzian line. For >, i.e., for T>2.2 mK
for H, the Voigt lineshape function approaches a Gaus-
sian function with _a FWHM Doppler linewidth
Awp=2ndvy = 2b Vhl_2 In our case Av/|T=
1.76 GHzK "2, For b«y, (10) reduces to (9).

Now we specialize to our experimental situation,
namely the propagation of light parallel to the symmetry
axis of a Ioffe quadrupole trap. To this purpose we
introduce the vector basis (e, e,, €;), with e; parallel to
k, e, given by the direction of the magnetic field com-
ponent B, perpendicular to k, and e, perpendicular to

w(Chj)> (10)

o,

both e; and e;:

e, =B,/B,,

e, = (kxB)/kB, (1)
e3 = k/k

Since the direction of the transverse magnetic field com-
ponent B, is independent of z, the basis (11) is invariant
during propagation of the light through the sample.

The electric field amplitude E, may be expressed in
either a linear or a circular polarization basis:

Eo = Egie1t Egze; = Egie T Ep_e_, (12)

where e, = (e, ﬂ:iez)/ﬁ. The unit vector e, (e_) corre-
sponds to left (right)-circularly polarized light. As we
shall see, the circular polarization basis is the most con-
venient.

We also introduce the auxiliary basis (e], €3, €3),
which is obtained by rotating basis (11) about e, so that
e3=B/B. This is useful because B is thg_guantization axis
for ¢. The matrix representation of % with respect to
the (e’,, e3) basis has a simple diagonal form:

- X+ 0 0
[X]=10 x- 0]. (13)
0 0 y,

Here y, is defined by

67 Vhj
xe=1i—5= Yom, f (4 (14
g

where the branching ratios

Vhj |dhj|2
S ()
DAL Pl

and the A, j summation is restricted to ¢* transitions.
x- and y, are defined analogously, with the A4, j summa-
tion restricted to, respectively, ¢~ and # transitions. The
B-dependence of the branching ratios y,;/y and of the res-
onant transition frequencies w,; of atomic hydrogen can
be found, for instance, in [30].
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The unitary matrix U for transformation from a
(e.,e3) representation to a (e}, e€3) representation is
given by

. cosf@+1 cosf—1 —-]/Esinﬁ
U=—-{cosf—1 cosf+1 —stin() , (16)
J2sin@ |2sin®  2cosO

where 6 is the angle between B and k (cos § = B,/B,
sin § = B, /B). The matrix representation of % in the
(e, e3) basis is

[Z1=U7'[%TU a7

We thus find that the propagation of the electric field
amplitude E, (6, 7) is described by the following set of
coupled differential equations:

- OEy4[0z = (ik/8){[x+(1+cos )%+ y_(1 —cos 6)*
| + 21, sin® 6]Eq . + (2.~ x+ —x-) sin? 0E,_},
(18)
OEo-[0z = (k/8){(2.— 1+ —x-) sin® OE, . +[x+(1—cos 6)?
+x-(1+cos 0)*+2y, sin? 0]E,_}.

For =0 the equations are decoupled and y, drops out
of the equations, or, in other words, the z transitions do
not influence the propagation of the light:

0Eo.[0z = (ik[2)x+ Eo. . 19)

In our system this is the case along the symmetry axis of
the trap. For 6 =7/2 the equations also reduce to a simple
decoupled form when written in the linear polarization
basis:

0Eo/0z = (k/2)x.Eo1,
0Eoy/0z = (ik/4) ()x+ + x-) Ep,.

* In our Ioffe trap 6 varies and the full coupled equations
must be integrated for every point in the xy-plane that
falls within the sensitive area of the photodiode. How-
ever, for a light beam with an axially symmetric intensity
distribution and uniform but arbitrary polarization, the
dependence on the azimuthal angle ¢ can be eliminated
by making use of the quadrupolar symmetry of the trap-
ping field. Suppose that for ¢ =0 and a given distance
from the symmetry axis the initial electric field amplitude
is given by E, = Ey,e, + E,_e_. The E,, component
gives rise to a field amplitude £, ,e, +E, _e_ on the
photodiode surface and the E,_ component to a field
amplitude E_ e, + E__e_. Using the quadrupolar sym-
metry of the field and the definition (11) it is straightfor-
ward to derive that the intensity /, on the detector surface
for an arbitrary angle ¢ can be written as

(20

1
L= Seoc| Ev o PHIE P+ E_ >+ E-_|?

+Re(E, +E* . +E__E% _)cos2gp]. (2]

Thus, the intensity distribution on the detector surface
can be completely determined by integrating (18) for a
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single value of ¢. In addition, since the photodiode is
square, the p-dependent term in (21) averages to zexo in
the measurement. The observed signal is proportional to
the sum of the average intensities associated with. the
separate circular polarization components, independent
of their relative phase. Therefore, the absorption spec-
trum for input light of arbitrary polarization is a sirmple
linear combination of the spectra for left and right-
circularly polarized light.

To compare with experiment we convolve the theoret-
ical spectra with a 100 MHz FWHM Lorentzian to ac-
count for the instrumental bandwidth of our L, source.

8 Experimental spectra

We will now present several examples of experimental
spectra and discuss their interpretation, which allows us
to determine the density and the temperature of the
trapped gas.

In Fig. 5 two spectra are shown for the same sample,
at a relatively high temperature, one taken with right and
one with left-circularly polarized light. The B-field geom-
etry used is characterized by the field parameters given
below (1). The scan time for each spectrum was 30 s,
which is approximately the maximum allowable time at
gas densities ~10'? cm 3 for taking spectra with the aim
of determining the temperature and the density of the
trapped gas. Longer scan times lead to non-negligible
particle loss during the scan, either through intrinsic loss
mechanisms or through optical pumping to H| states.
A scan time of 30 s, however, gives a satisfactory signal-
to-noise ratio.

The spectra consist of five partially overlapping lines,
which can be identified with the HY transitions o, , 75, 7,
m,, and 7, (Fig. 1b). Since k - B > 0 in our setup, right-

1t m,
312
172
172
372
c
-‘% G2™ / 172
g 0 1 [N 172
G 1} 3
o Ty | T
= 9| 0, | o
125, : 112
a) 3T, 0,740y 2
0 1 “ 1 I lI I 1
8 16 24 32 40 48
frequency (GHz)

Fig. 5a,b. Absorption spectra, recorded with (a) right- and (b)
left-circularly polarized light, and energy level diagram defining the
five allowed transitions. The solid lines are calculated spectra for
T=51+12mK and (a) no, = (44+1.0)x10'2cm~3 and (b)
ny = (3.3+£0.8)x10'2cm~3. The frequency is relative to
(3/4) R,(1+m/my)~1, where R,, is the Rydberg constant and m/m,
the electron-proton mass ratio. The vertical bars denote the reso-
nant frequencies of the five allowed transitions for B= B,
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circularly polarized light mainly excites the ¢~ tran-
sitions g, and o5 (Fig. 5a), and left-circularly polarized
light the ¢* transition ¢, (Fig. 5b). The = transitions
respond to linearly polarized light and are therefore
equally excited by both helicities. The asymmetric shapes
of the lines are due to Zeeman shifts of the resonant
frequencies and reflect the distribution of particles in the
trapping field. The blue wing of the o, line, for instance,
is due to absorption by atoms in relatively high fields,
consistent with the positive sign of the Zeeman shift. On
the other hand, the ¢,, o5, and =, transitions have nega-
tive Zeeman shifts and are consequently broadened to
the red. The =z, line displays no appreciable asymmetric
broadening, due to its small Zeeman shift. In the spectra
under consideration Doppler broadening and the natural
linewidth are less important.

The temperature and density of the trapped gas are
found by comparing calculated and experimental spec-
tra. In the fitting procedure there are three free par-
ameters: the central density n,, the fraction of atoms in
the c state, and the temperature of the trapped gas T. The
hyperfine structure of the spectra, due to ¢ state atoms,
becomes resolvable only at 7< 10 mK and is not impor-
tant for the spectra under consideration. With the re-
maining two parameters it is possible to obtain very good
fits, as is shown in Fig. 5. We find for both spectra a
temperature 7 = 51+ 12 mK, while for the first spec-
trum (a) n, = (4.4+1.0) x 10'2 cm~3, and for the second
spectrum (b) n, = (3.3+0.8) x 1012 cm 3. Uncertainties
of ~25% are typical for our experiments and result
primarily from imprecise knowledge of the beam profile.

The spectra shown in Fig. 5 exhibit several interesting
features. Striking is the fact that, although k-B > 0,
there is clearly a contribution of the ¢* transition o,
present in the spectrum of Fig. 5a and some traces of
absorption on the ¢~ transitions ¢, and o5 in the spec-
trum of Fig. 5b. This is not due to incomplete polariza-
tion of the light, but to the finite angle 0 between k and
B (off-axis). It is immediately clear from (18) that if #5£0
the component E,_ is also absorbed on ¢* transitions
and the component E,, on ¢~ transitions, because the
projection of the oscillating electric field vector of a
purely circularly polarized light beam on a plane 1 B is
elliptical and thus also contains a circular component
with opposite helicity.

A second point of interest is the fact that the absorp-
tion is enhanced by optical activity. Circularly polarized
light can be written as the sum of two perpendicular,
phase-shifted linearly-polarized components of equal
amplitude. Since 7 resonances only affect the linearly
polarized component parallel to the transverse magnetic
field component B |, , one would expect that z-absorption
of circularly polarized light cannot exceed 50%. In the
spectra of Fig. 5, however, we observe that the maximum
absorption on the 7 lines is substantially higher. The
extra absorption is too strong to be attributed to the
wings of ¢ lines. To explain the origin of this feature, (18)
is rewritten in the linear polarization basis, defined by the
local orientation of the magnetic field (11, 12):

0. J. Luiten et al.

0Ey/0z = (ik/4){[(x++x-) cos® 0+ 2y, sin® O] E,,
—i(x+ _X—)Eoz} cos 0, (22)

0Eg,/0z = (ik/4) [(X+ +x-)Eox+i(x+ —x-) Eoy coS 9]-

Recall that e, is by definition parallel to B, , so only the
component E,; is directly absorbed on z transitions.
However, the equations are coupled so the component
E,, is also affected — indirectly — by 7 transitions. Sup-
pose, for instance, that z-absorption has reduced E,, to
zero. If the frequency is tuned between a ¢* and a o~
resonance in such a way that linearly polarized light is
equally absorbed on both transitions, i.e., Im y, =Im y_
and thus Re y. = —Re y_, then (22) are coupled by a

- real coefficient (k/4) (x. —yx-) cos 6. Consequently, the

amplitude E,; will grow, in phase with the existing com-
ponent E,,, which means that the total polarization
vector E, = Ey,e; + Ey,e, remains linear but starts ro-
tating in the (e,, e,)-plane (= xy-plane). In this way the®
polarization, initially perpendicular to B, , will acquire
a linear component parallel to B, and will be absorbed
subsequently on 7 transitions. In other words, due to
Faraday rotation both initial linear polarization com-
ponents Ey, and E,, are absorbed on 7 transitions so the
absorption can be higher than 50%. At high densities we
observed as much as 90% absorption on 7 lines. There
is only pure Faraday rotation if Im y, =Im y_. At other
frequencies the polarization will in general be elliptical,
with the eccentricity and the orientation of the principal
axes of the ellipse continuously changing as a function
of z. :

Close inspection of the spectra shown in Fig. 5 reveals
another subtle feature, namely, the frequency for maxi-
mum absorption of the =z, line is different for left- and
right-circularly polarized light. The 7, line seems to be
repelled by o lines: for left-circularly polarized light the
o, line is strongest and the 7, line is shifted to the red,
while for right-circularly polarized light the o, line is
strongest and the 7, line is shifted to the blue. However,
in both cases the 7, line is on the slope of a strong o line
and one would expect shifts in opposite directions. This
phenomenon can be traced back to the imaginary part
of the coupling coefficient (k/4) (y. —x-) cos 8 in (22).
Suppose at z=0 we have left-circularly polarized light
E, = E,,(e, tie,). The coupling term in (22) will cause
E,, to change at a rate

(ik/4) G+ = x-) cos OEo; . (23)

At frequencies where o~ -absorption is stronger, i.e.,
Im (y+—x-) <0, E,, increases, leading to increased
dissipation on the 7 transition. Hence m-absorption of
left-circularly  polarized light is enhanced if
Im (y+ —x-) < 0, which means the peak of the =, line
will be shifted towards the o, line, as is observed. Analo-
gously, m-absorption of right-circularly polarized light is
enhanced if Im (v, —y-) > 0 an the =, line will be shift-
ed towards the o line.

In Fig. 6 a spectrum is shown of a sample at a relative-
ly low temperature, which was taken with right-circularly
polarized light. The low temperature was obtained by
light-induced evaporation [7]. The scan time was 10s
and only the 22 P;,, multiplet was recorded. The B-field



VUV spectroscopy of magnetically trapped atomic hydrogen

6 o.0,. T %, 0,0,
c : , :
il !
(7] i b
£
(7]
C
o
08l | / T=3mK |
& no=3.9x1012 cm-3
27 29 31 33 35 37
frequency (GHz)

Fig. 6. Absorption spectrum, recorded with right-circularly pol-
arized light. The solid line is a calculated spectrum for T=3+1mK
and ny = (3.94 1.7) x 1012 cm~3. The subscripts ¢ and d refer to
transitions from the corresponding ground states. The ¢ state frac-
tion n,/ny~0.1. For the various lines the transition frequencies at
B= B, are indicated

geometry used is characterized by «=1.53 T/cm,
f=0.005T/cm?, and B,=0.088 T. The temperature of
the trapped gas is so low that the ground state hyperfine
structure starts to be resolved. We find for this spectrum
T=3x1mK,n, = (3.941.7)x10'2¢cm 3, and a ¢ state
fraction n,/ny~0.1. The line labeled ¢ corresponds to
excitation to the 22 P;,, m;= — 3/2 state, which is weakly
allowed due to the hyperfine mixing of the ground state.
At this temperature the Doppler and Zeeman broadening
are comparable to or smaller than the natural linewidth.
The broadening of the lines is due to the fact that the
density is so high that the sample is optically thick even
for detunings much larger than the natural linewidth.
The detected signal on resonance is not zero because the
effective diameter of the sample is smaller than that of the
incident L, beam. Simultaneous determination of the
temperature and density remains possible because the
peak absorption is determined by the sample cross sec-
tion (proportional to T), while the linewidth is largely
determined by nq.

9 Conclusion

We have introduced optical absorption spectroscopy as
a diagnostic tool to study magnetically trapped H7 at
temperatures 70.1 K. By comparing experimental and
theoretical spectra we are able to determine independent-
ly the temperature and the density. Our theoretical treat-
ment allows us to describe the experimental spectra in
detail, revealing several subtle polarization and disper-
sion effects.

Based on our current understanding we estimate that
the method should be applicable down to sub-mK tem-
peratures, for optically thick samples. The radial sample
size at low temperatures can be matched to the L, beam
diameter by decreasing the radial field gradient o, thus
maintaining a signal-to-noise ratio comparable to that at
higher temperatures. This implies that spectroscopic
diagnostics of the trapped gas should still be possible in
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the interesting regime of 7< 100 uK and n,> 10'* cm 3,
where quantum degeneracy is expected.
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