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Evaporative cooling of magnetically trapped atomic hydrogen

0.J. Luiten, H.G.C. Werij, M.W. Reynolds, I.D. Setija, T.W. Hijmans, and J.T.M. Walraven

Van der Waals-Zeeman Laboratorium, Universiteit van Amsterdam, Valckenierstraat 65-67,

1018 XE Amsterdam, The Netherlands

We present a new model describing the dynamics of the evaporative cooling of a sample of trapped
particles. We compare the results of the model with recent optical measurements of the evolution of the
density and the temperature of magnetically trapped atomic hydrogen during evaporative cooling.

Evaporative cooling of magnetically trapped
atomic hydrogen, first proposed by Hess [1], is
considered a very promising technique for at-
taining Bose-Einstein condensation. Recently we
performed Lyman-« spectroscopy of magnetically
trapped H enabling in situ determination of the
density and the temperature of the trapped gas
[2]. We applied this new optical technique to
study the dynamics of evaporative cooling un-
der very well defined conditions. In this contri-
bution we present a model for the evolution of
density and temperature which contains no ad-
justable parameters, and compare it with the ex-
perimental data.

Consider a gas of particles trapped in a po-
tential well Up(7). The gas is surrounded by an
adsorptive wall which coincides with a surface of
constant potential energy: Up(F) = ¢,. Particles
with a total energy U,(¥) + p?/2m less than ¢,
are trapped in the potential well whereas parti-
cles colliding with the wall, which have an energy
greater than €;, adsorbe and are lost from the
sample forever. The particles interact with each
other through s-wave elastic collisions, character-
ized by an energy independent cross section o.
Collisions produce particles on wall-intersecting
trajectories, which stick on the wall and are re-
moved from the gas. As the particles which are
removed have energies larger than the average en-
ergy, the remaining gas is cooled. This process is
called evaporative cooling. Elastic collisions be-
tween the trapped particles are essential to keep
the evaporation going.

We assume that the rate at which particles
are scattered into wall-intersecting orbits is much
smaller than the collisional internal equilibra-
tion rate, so that the trapped gas may be de-

scribed during the evaporation as evolving in
quasi-equilibrium.

In thermal equilibrium the phase space distri-
bution function f of particles in a potential U, ()
in the absence of adsorptive walls is given by

f(7p) = no(27rkaT)"3/2x
expl=(Up(7) +*/2m)/kpT]. (1)

The density ng is chosen in such a way that the to-
tal particle number N = [ f(7, p) d3r d3p, where
the integration is over the available phase space.
We define the effective volume of the system by
Ve = N/ng. V. depends on the temperature T
and the specific shape of the potential U,. Know-
ing the T-dependence of V, the total energy E of
the gas can be derived:

E = (v+3/2)NksT, (2)

where v = (T/V,)0V,/dT. For a harmonic po-
tential y = 3/2.

To enable an analytical treatment of the evap-
oration process we make the second assumption
that any particle coming out of a collision with a
total energy Uy, +p?/2m > ¢ will actually collide
with the wall and be removed from the sample.

As a result of the two assumptions the par-
ticle distribution during the evaporation can be
described by f(7, §) (Eq. (1)), truncated in phase
space at the U,(7#) + p?/2m = ¢ surface. Using
this distribution we calculate the particle loss rate
N,, due to evaporation:

4 _
Nev = —m’l’lgd’v%/g. (3)

Here © = /8kpT/nm and the volume V, is de-
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fined by
V, = / d>r exp[~U, (7)/kpT] x
UpLey

/ Ay (- 0 exp(=y) (&)

with y,,, = [e,—U,(7)]/kpT. A similar calculation
yields an expression for the energy loss rate of the
trapped sample due to evaporation:

Eu = N, {ct + 2V5/2kBT} : (5)
5V3/2

For the postulated phase space distribution
Eqgs. (3), (4), and (5) give an exact description
of the evaporation process (no adjustable param-
eters), in contrast to the phenomenological ap-
proach of ref. [2]. If we equate the rate of change
of the energy E (Eq. (2)) to E.,, we arrive at
the following equation describing the temperature
evolution:

Z. _ Eeu - Neu (7 + 3/2)kBT (6)
T (y+T(8v/0T) +3/2)NkpT’

The particle loss is given by

N N, -
F: Ae;}—-’fll, (7)

where we introduced a phenomenological decay
time 7 to account for particle loss due to back-
ground gas, not affecting the temperature.

We have used the above model to describe
evaporative cooling of magnetically trapped
atomic hydrogen. The magnetic field in our Ioffe
trap can be approximated quite accurately by

B(r,z) = \/a?r? 1 (Bo + B22). (8)

The potential energy of the H atoms is given by
Up(r,z) = pup[B(r, 2)—By). The elastic scattering
cross section o = 8ma?, where ¢ = 0.72A is the
s-wave scattering length.

For a potential of the form (8) we have obtained
closed expressions for V., v, N,,, and E.y in terms
of ¢; and the trap parameters a, 3, and By. In
our experiment & = 2.2T/cm, 8 = 0.023'T/cm?,
and By = 0.1T. The well depth 1s 1.2 T corre-
sponding to ¢;/kg = 0.8K.
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Figure 1: Evolution of temperature T' and density
no during evaporative cooling.

In Fig. 1 the evolution of T" and ng are shown
for trapped H during evaporative cooling, mea-
sured by Lyman-a spectroscopy [2]. At ¢ = 38s
the evaporation is initiated, marked by a sud-
den decrease in temperature. The resulting de-
crease in V, leads to an increase in the density,
even though the particle number N is strongly re-
duced. Also shown are the results of the model,
using the potential (8). The calculated curves
are completely determined by the starting con-
ditions and the choice of 1 (90 s). The model
gives a good description of the evaporation pro-
cess, in view of the absence of adjustable param-
eters. The remaining discrepancy may be partly
due to a systematic experimental error and partly
due to the sensitivity of the calculated heat ca-
pacity (v + T(9v/8T) + 3/2)Nkp to the precise
shape of the potential well.
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