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Energy Transport in High-Density Spin-Exchange Optical Pumping Cells
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We present in situ measurements of temperatures inside multi-atmosphere spin-exchange optical pump-
ing cells using Raman scattering from the N2 quenching gas. Under conditions usually prevailing in spin-
exchange optical pumping experiments, we find that gas temperatures can be elevated hundreds of
degrees above ambient, and that convection plays a very important role in the heat transport of the system.
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The technologies of optical pumping [1] and spin-
exchange optical pumping [2] have in recent years per-
vaded diverse areas of research, having been employed in
the search for fundamental symmetries [3], the enhance-
ment of biological magnetic resonance imaging [4], and
the study of the spin structure of the neutron [5], to name
but a few. In the attempt to produce ever-larger quantities
of noble gas with high (*0.5) polarizations, increasingly
intense sources of pump radiation have been used, evolv-
ing from the milliwatt alkali discharge lamps of the earliest
experiments [6,7], through several-watt Ti:sapphire lasers
[8,9], to the 100-W (or more) diode laser arrays used in
much current work [10]. As a result, typically tens of
watts of absorbed optical energy are converted to thermal
energy in a volume of a few deciliters, leading to substan-
tial temperature gradients which drive heat flow out of the
pump chamber. While much effort has been expended in
understanding the flow of angular momentum in optical
pumping systems [11,12], the concomitant flow of energy
is poorly understood, although important for several rea-
sons: (1) Some key rates of angular momentum transfer
exhibit a very strong temperature dependence; for ex-
ample, the Rb spin-destruction rate due to helium scales
as �T4.3 [12]. (2) The heating of the pump chamber
in two-chambered polarized target cells of e2-scattering
experiments causes difficult-to-quantify density changes
in the target chamber, which can be the dominant system-
atic error of the measured absolute cross sections [13].
(3) As shown by the experiments below, the widely held
assumption that heat (and noble-gas nuclear spin polariza-
tion) is transported by diffusion to the cell walls is incor-
rect. Under practical conditions of spin-exchange optical
pumping to produce large quantities of hyperpolarized
3He or 129Xe, convection is more important than diffusion.

In this Letter we present the results of an experimental
investigation of energy transport in situ in high-density op-
tical pumping cells of the variety currently used in practical
systems. Using the Raman scattering of a probe beam from
the N2 buffer gas in the pumping cell, we measure the vi-
brational and rotational temperatures of the nitrogen, from
which we are able to infer the local (translational) tempera-
ture of the buffer gas with 1-mm spatial resolution. With
this technique we demonstrate the existence of convection
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in spin-exchange optical pumping cells under ordinary op-
erating conditions and quantify the absolute temperature
of the gas in the pump chamber.

In the first step of the optical pumping of an alkali-metal
atom, a circularly polarized D1 photon is absorbed by the
ground state atom. In order to suppress reradiation of the
excited-state atom—which will degrade the desired
polarization induced by the pump beam, as the accom-
panying photon is unpolarized, isotropically emitted, and
resonant —enough N2 buffer gas (usually 60–100 torr) is
added to the system to deexcite a large fraction (0.95–0.99)
of the excited alkali atoms via radiationless, two-body
quenching collisions [14], in which the diatomic molecule
absorbs into its internal degrees of freedom the �1.5 eV of
the D1 transition. As a result, the optical energy absorbed
by the alkali vapor is converted almost completely into
heat. Immediately following a quenching collision, the N2
molecule occupies a highly excited (y � 5, 6) vibrational
state; this energy is thermalized in subsequent equilibrating
collisions with neighboring buffer-gas atoms. The three
important time scales of the process are the vibrational-
vibrational equilibration time tV-V, the vibrational-to-
rotational/translational relaxation time tV-R�T, and the
rotational-to-translational relaxation time tR-T. While the
vibrational relaxation times can be extremely long due to
the large vibrational frequencies of the nitrogen (discussed
below), the rotational relaxation is effected in only a few
collisions [15], and tR-T � 1 ns: It is therefore possible
that the vibrational temperature Tvib of the nitrogen be
elevated with respect to the rotational and translational
temperatures Trot and Ttr, but to an excellent approxima-
tion Trot � Ttr, whence the local rotational temperature
of the nitrogen is a good measure of the local bulk tem-
perature of the gas. Although easily measured by a tem-
perature sensor affixed to the glass, the temperature of
the pump-chamber wall depends on the amount of laser
absorption by the glass and can vary greatly over the sur-
face of the cell, making it a poor indicator of the internal
gas temperature.

The rotational temperatures can be measured by observ-
ing the well-known Raman scattering of an intense beam
from the molecular nitrogen [16]. The inelastically Raman-
scattered photons of the primary beam connect rotational
© 2001 The American Physical Society
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states of the nitrogen with DJ � 62. The number of pho-
tons scattering from state J into state J 0 per unit time from
a volume V of nitrogen (number density [N2]) illuminated
by a primary beam of intensity I is [17]

GJ!J 0 � IV �N2�gJ�2J 1 1�
e2EJ �kTrot

Z
sJ!J 0 , (1)

where gJ is the statistical factor arising from the identical-
boson exchange symmetry requirements of the nitrogen
nuclei, EJ � J�J 1 1�hcB0 is the rotational energy of
the initial state, and Z is the rotational partition function.
The cross section sJ!J 0 , which contains the J-dependent
Placzek-Teller matrix element [18] and scales with the
cube of the Raman frequency, is on the order of 10230 cm2.
The faint scattered light is thus a probe of the populations
of the nitrogen rotational states, from which the rotational
temperature Trot can be extracted.

A diagram of the apparatus is shown in Fig. 1. A
flowing-air oven containing the Pyrex [19] optical pump-
ing cell is situated in a field of �6 G produced by a pair of
Helmholtz coils; the oven temperature is maintained with
a feedback loop at Tamb. The rubidium vapor is pumped
by a high-power, 2-nm-wide (FWHM) fiber-coupled diode
laser array at the wavelength of the Rb D1 transition. A
power meter at the exit face of the oven monitors the trans-
mitted pump intensity, from which the power deposited in
the cell can be deduced. In order to vary over a wide
range the amount of power absorbed by the vapor at a
fixed oven temperature, the polarization of the pump beam
can be switched between circular and linear, its intensity
attenuated with neutral density filters, or its center wave-
length detuned by changing the laser current. The 6-W
Raman primary beam, furnished by the 5145-Å line of an
argon-ion laser, enters the cell from above and can be fo-
cused to a narrow waist at nearly any point inside the cell
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FIG. 1. Block diagram of the experimental apparatus. The D1
pump source is furnished by a fiber-coupled diode laser array,
the probe beam by the 514.5-nm line of a 15-W water-cooled
argon-ion laser.
with a position resolution of 1 mm. The probe beam is
imaged with a planoconvex lens onto the entrance slit of
a Spex 1404 double Raman spectrometer (with 0.85-m fo-
cal length), at the exit slit of which is mounted a bi-alkali
photomultiplier tube configured for photon counting. A
personal computer uses a data acquisition board to con-
trol the spectrometer grating-rotation motor and to count
the logic pulses generated by the discriminator. The raw
data thus consist of a set of photon counts as a function of
wavelength.

A representative rotational Raman scan is presented in
Fig. 2. Each individual scan, spanning at least 16 well-
resolved peaks of the rotational spectrum, was taken by
counting photons for a fixed dwell time at wavelength in-
tervals of 0.08 Å. Typically, scans were repeated to in-
crease the signal-to-noise ratio. The analysis is carried out
by first fitting each peak to a Gaussian of three parameters
(amplitude, width, baseline) to obtain the total peak count
and its relative error. This set of error-weighted peak
heights is then fit to Eq. (1), with three parameters: an
overall scale factor, a linear baseline, and the temperature.
Errors in the temperature measurement depended on the
total photon count, ranging from less than 1% for pure N2
cells to several percent for cells containing small nitrogen
concentrations.

An important result of this work is the observation of
convective heat transfer in the optical pumping cell. Fig-
ure 3 shows the temperature measured at a fixed point near
the front center of a 40-cm3 cell, containing 2.0 amg 4He
[20] and 0.33 amg N2, as a function of power deposited in
the cell, for Tamb � 170 ±C. The measured gas tempera-
ture increases linearly with the absorbed power to a point,
at which it begins to deviate from the line, with the devia-
tion becoming greater as the power is further increased.
For purely conductive heat transfer, the temperature rise is
expected to be linear in the power deposited, with slope
a�k, where a is a factor depending only on the cell
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FIG. 2. Representative rotational Raman scan, taken on a
2.0 amg He 1 0.33 amg N2 mixture. The dwell time for each
scan (repeated 5 times) was 1 sec; the step size was 0.08 Å.
The solid line connects the data points, shown as dots. The
horizontal bars show the results of a fit to Eq. (1) with constant
baseline (dashed line), yielding a temperature of 363 ±C.
3265



VOLUME 86, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 9 APRIL 2001
0 5 10 15

te
m

pe
ra

tu
re

 (
o C

)

power absorbed (W)

150

200

250

300

350

400

FIG. 3. Dependence on absorbed power of gas temperature
(squares) at a fixed point in the center of a 40-cm3 cell con-
taining 2.0 amg He and 0.33 amg N2, in an oven maintained at
170 ±C. The line is a fit to the data points up to 4.3 W absorbed
power, beyond which the measured temperature rise deviates
increasingly from the linear dependence expected in a purely
conductive model. The temperature at a point on the side cell
wall measured by a sensor attached to the glass is also shown
(diamonds).

geometry and k is the thermal conductivity. Consideration
of the dimensionless Rayleigh number — the ratio of the
buoyant to the viscous forces in the fluid —helps to inter-
pret these data. The Rayleigh number R of a gas with
coefficient of thermal expansion b, kinematic viscosity n,
and thermal diffusivity x is given by R � bgQh3�nx ,
where g is the acceleration due to gravity, Q the charac-
teristic temperature rise of the gas, and h is a character-
istic length, which we take to be half the vertical height
of the cell. For a given geometry there exists a critical
Rayleigh number Rcr at which the fluid becomes unstable
against small density perturbations and begins to convect;
for R , Rcr, convection is absent, and heat flows via con-
duction. As R increases above Rcr, convection develops
more fully. From the onset of convection inferred from
Fig. 3, we find Rcr � 1400. In comparison, for the simple
and related case of two infinite parallel plates held at dif-
ferent temperatures, theory shows that Rcr � 1708 [21].

The difference between conductive and convective heat
transfer modes can be clearly seen in spatial profiles of the
temperature distribution transverse to the pump beam prop-
agation axis. Figure 4 shows the temperature variations
across the cell of Fig. 3 for the cases of both low and high
power absorption. For the data of Fig. 4(a), the Rayleigh
number is 1300, less than Rcr; in Fig. 4(b), R � 2500,
greater than Rcr, where convection is present. The flat-
tening out and lowering of the temperatures away from the
walls in the second case is a signature of convective heat
transfer, for which most of the temperature drop occurs in
a thin boundary layer at the wall. At even larger R it is
likely that higher-order convection modes occur; Fig. 4(c)
3266
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FIG. 4. Measured gas temperatures (squares) transverse to the
pump axis: (a) 2.9 W absorbed and (b) 15 W absorbed in the
cell of Fig. 3, and (c) 10 W absorbed in a 100-cm3 cell contain-
ing 1.5 amg N2. The broken vertical line indicates the axis of
symmetry of the cell. The solid curve in (a) is a parabola fit to
the data, a function which is an excellent approximation of the
solution to the 3D diffusion equation with constant source term.
The solid curve in (b) is the curve of (a) scaled by the ratio of
the absorbed powers. The dashed curve in (b), an attempt to fit
the data to a parabola, illustrates the flattening of the profile.

shows a profile consistent with such an interpretation. Here
a cell (containing 1.5 amg N2) 4 cm 3 4 cm in cross sec-
tion was illuminated only in its center, in a circular region
2.5 cm in diameter. The local minimum in the temperature
profile coincides with the boundary between two convec-
tive cells.

The magnitudes of the absolute temperature rise of the
buffer gas in spin-exchange optical pumping cells are also
striking. For example, in a cylindrical, 75-cm3 pump
chamber filled with 3 amg of an 89% 4He�10% N2�1% Xe
mixture—commonly used in flowing Xe-polarization
devices —we observe at the center of the cell a 105 ±C ele-
vation of the gas temperature above the oven temperature
when 15 W of pump light is absorbed in the cell. Like-
wise, in the spherical 100-cm3 pump chamber of a two-
chambered 185-cm3 cell containing 8.4 amg 3He and
50 torr N2, a configuration often used in the target cells of
nuclear scattering experiments [5], we measure an eleva-
tion of 95 ±C for 22 W deposited in the cell. A summary
of data taken on several different cells is shown in Table I.
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TABLE I. Measured slopes of temperature vs absorbed power
and Rayleigh numbers for cells included in our study. A range
of slopes is shown where the data indicate curvature, e.g., as
seen in Fig. 3. Where no range of slopes is given, it is only
for the high power range of 5–15 W. The Rayleigh number is
computed for a 50 ±C rise for that gas mixture and geometry,
using h � one-half the cell height, and thermal conductivities k
from Refs. [25] and [26]. The elevated vibrational temperatures
in the cases of pure N2 imply a larger heat capacity, but were
not considered in the calculation.

Slope k
Contents (amg) Cella (K�W) [W��m ? K�] R

1.0 He 1 0.33 N2 A 14 0.14 400
2.0 He 1 0.33 N2 A 11–19 0.17 700

B 10 1300
C 6 3000

3.0 He 1 0.16 N2 A 7 0.20 750
1.5 N2 A 13 0.039 7000

C 8–15 30 000
3.2 N2 A 6 28 000

D 5 800 000

aCells are square-faced box shapes with face widths, volumes:
(A) 25 mm, 40 cm3; (B) 30 mm, 60 cm3; (C) 40 mm, 100 cm3;
with the exception of cell type D, which is a 220 cm3 spherical
cell.

Since the interatomic potential of molecular nitrogen is
very nearly harmonic for the lowest-lying vibrational states
of interest in these experiments (and therefore the energy
differences between adjacent vibrational states are very
nearly equal), the process of vibrational excitation trans-
fer in collisions between nitrogen molecules is extremely
efficient, to the extent that even under conditions of in-
tense pumping, the distribution of the nitrogen among its
vibrational levels is governed by a Boltzmann distribution
with a vibrational temperature Tvib [22,23]. Despite the
difficulties caused by the small occupation numbers of the
excited vibrational states and the unfortunate accidental
coincidences of a few vibrational Raman lines of nitro-
gen with some weak argon-ion lines, we have been able to
measure vibrational temperatures.

Measurements of the anti-Stokes (blue) N2 vibrational
Raman lines in a cell containing 3.2 amg of N2 alone
indicate an extremely high temperature of approximately
900 ±C at 16 W of absorption. That this temperature is
elevated above the rotational temperature is a consequence
of the slow relaxation of vibrational modes to rota-
tional/translational modes of the gas [22]. In contrast, the
vibrational temperature of a (3 amg He 1 0.33 amg N2)
cell is found to be very roughly the rotational temperature
(elevated 120 ±C above ambient) at 15 W of absorption,
in accord with the fact that the N2 vibrational to He
translational relaxation time is much shorter than tV-R�T
for N2-N2 [23]. While it is expected that the N2 vibra-
tional temperatures would be elevated as one substitutes a
heavier buffer gas, in most current incarnations of optical
pumping an abundance of helium is present. The topic of
energy transport may need to be revisited, however, when
high-power diode lasers are developed with sufficiently
narrow spectral width [24] to efficiently optically pump
Rb for spin-exchange polarization of 129Xe with little or
no additional helium.
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