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Abstract

We present a model of 3He relaxation on the surface of borosilicate glass which accurately predicts observed re-
laxation rates and their temperature dependence. Above room temperature >He dissolves into Pyrex, where interactions
with Fe*" ions result in a relaxation time of ~1 ms. Gas exchange across the glass surface of an enclosed vessel leads to
T7'=4/V(3.9+1.4) x 1072 cm/h at room temperature, where 4/V is the surface-to-volume ratio. The activation
energy for relaxation is 13.7 £ 0.7 kJ/mol and is dominated by the activation energy of *He diffusion in glass. This is the
first successful confirmation of predicted *He relaxation rates in glass vessels.

© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Spin-exchange optical pumping (SEOP) [1] and
metastability-exchange optical pumping (MEOP)
[2] are common methods of producing very high,
non-equilibrium nuclear polarization in certain
noble gas nuclei. The gas is typically polarized
and/or stored in glass vessels, or cells. Workers in
the field have long attempted to determine a
quantitative and predictive model of *He surface
relaxation on glass. Since 3He surface relaxation
has proven to be a very complex problem, under-
standing even a single-model system would be
critical progress. The ultimate goal is a better un-
derstanding of 3He relaxation in spin-exchange
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cells (cells containing an alkali metal), where
magnetic inclusions in the glass can dominate re-
laxation [3]. Researchers who use bare glass cells
of all types, and Pyrex in particular, as storage
cells for polarized gas research may find these re-
sults especially pertinent.

Previous measurements of *He relaxation as a
function of temperature on glass surfaces have
been made in bare (containing no Rb or surface
coatings), sealed Pyrex, aluminosilicate, and
quartz cells [4,5]. For Pyrex, Fitzsimmons et al.
provided significant insight into *He relaxation
mechanisms by showing that adsorption domi-
nates relaxation below about 130 K and absorp-
tion dominates at higher temperatures. They
derived and verified a model for adsorption-based
relaxation. However, a quantitative understanding
of the absorption regime, which is relevant for
most practical experiments, has eluded research-
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ers. In this Letter, we provide a theory valid for all
bare Pyrex cells which accurately predicts the
measured rates for dissolution-dominated relaxa-
tion. We show that such relaxation can be char-
acterized by an Arrhenius relation with a relaxivity
0, and the appropriate activation energy Ea

i*éo ex _Ea (1)
TlngO p RT )

where 4/V is the surface to volume ratio.

2. Theory
2.1. T > room temperature

Our model for relaxation of polarized *He is
based on the solubility, diffusivity, and intrinsic
relaxation of *He in the glass. We assume that all
relaxation is due to interactions of *He with
paramagnetic impurities in the glass, and that the
number of *He atoms in the gas is much greater
than that of dissolved atoms. The net flow of
magnetization is from the gas to the glass in the —¢
direction, while ¢ = 0 represents the glass—gas in-
terface. In the limit of weakly relaxing walls [6], the
polarization may be assumed uniform in the gas
and continuous across the glass—gas interface.

The diffusion equation in the glass is
0 0?

3, M () = Do(T) 5 M(S) + Q(C), (2)
o¢

where D,(T) is the temperature-dependent diffu-

sion coefficient of the helium in the bulk glass,

M (&) is the *He magnetization, and Q(¢) is a

source term. The magnetization loss is

0 1

“M(E)=——M 3
M) = M), ()
where 7) is the measured relaxation time. The
source term represents the magnetization de-
stroyed while in the dissolved phase

L), 4)

Q(é) = - le(T)

where T1,(7) is the temperature-dependent relax-
ation time of the dissolved gas. From the above
assumptions, 7} > T,. Eq. (2) becomes

0? 1
Db(T)a?zM(f)—mM(é) ~ 0. (5)
The general solution to Eq. (5) is
M(S) = S(T)Myexp(</4), (6)

where M, is the gas-phase magnetization, S(7) is
the Ostwald solubility (Suckow [7] refers to the
Bunsen solubility, ! which we will use in later
calculations), and 1 = /Dy(T) T1,(T) represents a
characteristic penetration depth of magnetization
in the glass. We note that solubility is usually
calculated from measurements of permeability K
and diffusivity, since S = K/D.

The observed rate / at which total magnetic
moment leaves the gas phase and enters the dis-
solved phase is

MV
- 7
o )

where V' is the cell volume. This rate is also the flux
of total magnetic moment at the interface multi-
plied by the interface area 4

I =

Dy(T)
Tiw(T)

0
I =—ADy — M(&) = —4
b3z MO
Egs. (7) and (8) give a prediction for the relaxation
rate of polarized *He in a bare glass cell entirely in
terms of the cell geometry and the bulk glass
properties

1 AS(T) [Dy(T)
LV \/ni(T)' ©)

A similar equation was partially derived by
Deaton et al. [8] in their study of *He relaxation on
polymer surfaces.

The general form of relaxation due to dipolar
interactions in the bulk [9] is

16
Ty 1546 1 + w?t2’

MoS(T).  (8)

(10)

where 7 is the separation, 7. is the correlation time
of the interaction,  is the *He Larmor frequency,

! The Ostwald solubility is the volume of gas dissolved in a
unit volume of a liquid at a specified temperature and pressure.
Bunsen solubility is the Ostwald solubility measured at STP.
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and M =2, 720 S (S + 1), where 7,,, and 7y, are
the gyromagnetic ratios for *He and electrons,
respectively. Mazitov et al. [10] show that 3He re-
laxation in bulk borosilicate glass depends most
strongly on interactions with Fe*" ions (spin &% =
5/2), which have a correlation time g, for electron
spin flips of approximately 8 x 10™°s at room
temperature. To consider the effect of all Fe*" ions
on a 3He nucleus, the expression in Eq. (10) must
be integrated from the distance of closest approach
a through all space

1 6 M T )
m—/a 5 Troma (1)

where N is the density of Fe’" ions in the glass.
Since 7. & Tf, Eq. (11) becomes
1 . 241 N.# TFe

_ _omAs T 12
Ty 45 & 1403, (12)

Our measurements are made at low fields (see
Section 3). Since w’t, < 1 we can simplify Eq.
(12) to

1 24n N/

— R —— — TFe. 13
le 45 a3 R ( )

Combining Egs. (9) and (13) gives

= e S (AT, (14)

The temperature dependence of S(7), Dy(T), and
tre(T) can be characterized by Arrhenius relations
[7,10]:

Db(T):Doexp<—]§I;), (16)
1) = wewp ~ o). (17)

where Es, Ep, and Eg, are molar activation ener-
gies for solubility, diffusion, and Fe*" electron spin
flips, respectively, R is the universal gas constant,
and T is the absolute temperature. The subscript 0
indicates an asymptotic (7 — oo) value. By
substituting Eqs. (15)-(17) into Eq. (14) we have

I A PanNa Ea
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where we have defined g, as the relaxivity and the
total activation energy as

Ex = Es +%(EFe+ED)~ (19)

We are primarily interested in relaxation in
Pyrex, a borosilicate glass made by Corning, be-
cause it is commonly used for spin-exchange cells.
To calculate the relaxation rate predicted by Eq.
(18) for Pyrex we use the values obtained from
bulk glass measurements shown in Table 1. The 1,
was calculated using Eq. (17) and values for Eg.
and 7g.. Based on [10] and a discussion with
Mazitov, we assume a 10% uncertainty for 7y and
N. As Shelby [11] points out, there is generally
poor agreement in reported activation energies for

S(T) = Sy exp <_ &) (15) permeation of He in Pyrex, ranging from 21.8 to
RT 31.4 kJ/mol, and similar discrepancies exist for

Table 1
Important values for Eq. (18) for Pyrex glass

Variable Value Uncertainty Units Ref.

Dy 7.0 x 107* 0.6 x 10* cm?/s (71

Ep 27.8 0.5 kJ/mol 7

So 6.3 x 1073 0.6 x 1073 cm® STP/cm’ [7]

Es 1.5 0.6 kJ/mol 7

Tre (295 K) 0.77 x 1078 s [10]

Ty 1.9 x 107° 10% S

Ere —34 0.3 kJ/mol [10]

N 8 x 1018 10% em3 [10]

a 5 A [10]
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diffusion measurements. Bulk-glass activation en-
ergies reported in [7] are used in Table 1 rather
than measurements by several other workers (see
e.g., [11-13]) because the former measurements
were made on Duran, a borosilicate glass made by
Schott which is very similar to Pyrex, and because
an uncertainty was given with each of the mea-
sured values. From Eq. (13) we estimate the re-
laxation time in bulk glass as T, &~ 1 ms, therefore
the magnetization penetration depth 2 is ~30 nm.

Inserting relevant values into Eq. (18) gives the
relaxivity

0o = (10 £2) cm/h. (20)
Eq. (19) gives the activation energy
En =13.74£0.7 kJ/mol, (21)

which is dominated by the activation energy of
SHe diffusion in glass. We then calculate an ex-
pected room temperature relaxation rate

1 A
—=|=(39+14)x107%| h". 22
7= |5 ) 22)
Eq. (22) predicts that bare Pyrex is of marginal
utility for polarized *He storage, a fact that has
been verified by several investigators [5,14,15]. As
discussed in Section 4.1, this situation changes
drastically for cells containing alkali metals.

2.2. T < room temperature

At lower temperatures the 3He lacks sufficient
kinetic energy to overcome the potential barrier
for dissolution. For example, 13.7 kJ/mol of ki-
netic energy is required for the *He to overcome
the potential barrier of dissolution relaxation,
whereas only 1.7 kJ/mol is available at 200 K.
Relaxation mechanisms with negative activation
energies, such as adsorption to the cell wall, will
begin to dominate the measured 7, as the tem-
perature decreases. Although typical sticking times
are only ~10~"3 s at room temperature [14], there
is no potential barrier to overcome, since the in-
teraction is slightly attractive. Fitzsimmons et al.
[5] derive an expression for relaxation in a cell
where adsorption dominates

N
I = ; (tad + Tad)a (23)

where N is the total number of gas atoms in the
cell, n is the total number of gas atoms adsorbed to
the surface at any instant, ¢4 is the average ad-
sorbed-atom sticking time, and 7,4 is the relaxa-
tion time of an adsorbed atom. The number of
adsorbed atoms is assumed much less than N, and
is given by n = NvAd t,q4/(4V), where ¥ is the mean
thermal velocity of the *He atoms. They show that
Taa > taa and that Tg = t,q/2W, where W is the
probability of an adsorbed atom relaxing. The W
is proportional to 72, and #,q follows an Arrhenius
relation with activation energy E,q. Thus Eq. (23)
becomes

1 4 2E,
= — T 24
- VKoeXP( o7 )\/_ (24)

where kg = W+/2R/Nammn, the *He mass is m and
Ny is Avogadro’s number. Miiller [16] reports an
activation energy of He adsorption on glass of

Eag = —0.96 % 0.19 kJ /mol. (25)

This was independently confirmed by Fitzsimmons
et al. [5] by observing nuclear spin-relaxation of
polarized 3He in low-pressure, sealed cells at var-
ious temperatures below room temperature.

By assuming that a *He atom will only relax in a
collision with a Fe** ion at the surface, we can
approximate 7 and find x,. The Fe’" concentra-
tion is about one part in 10* by volume [10], and
Timsit et al. [14] estimate that the average number
of collisions needed to relax a *He atom is 10°.
Therefore, o ~ 3 x 1072 cm h™! K™'/2.

3. Experimental

All measurements were made on spherical,
valved, bare Pyrex cells. Cells prepared at Utah
were ~50 cm® and contained ~4 amagats of *He,
and the cell prepared at Amersham Health (AH)
was ~180 cm? and contained ~1 amagat of *He.
The Utah cells were prepared by baking under
vacuum for a248 h at up to 400 °C. (Procedures
used at Utah for cell fabrication and a detailed
description of the cells can be found in [17].) Po-
larized gas was transferred into an evacuated cell
from a similar, higher pressure spin-exchange cell
by connecting the cells, opening the valves, and
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allowing the pressure to equilibrate. The gas could
not be polarized in the cells directly because bare
cells, as we define them, do not contain Rb. All
Utah 7;! measurements were made at ~30 G
using 100 kHz pulse NMR [18] and very small
flip angles to excite only a small fraction of the
gas. The AH measurements were made at ~7 G
(24 kHz). The initial heights of the free-induction
decays acquired at appropriate time intervals were
fit to a single exponential to extract 7, '. Several
7' measurements could be made on a single
charge of gas with intervening changes in tem-
perature. The above room temperature measure-
ments were done in a forced air oven typically used
for SEOP. The temperature was maintained to a
few tenths of a degree by a resistive temperature
detector and controller. The measurements below
room temperature were done in an insulated cyl-
inder connected to a liquid nitrogen dewar. The
desired temperature was reached by boiling off the
liquid nitrogen at a specific rate with submerged
heating tape powered by a variable AC trans-
former. The temperature was monitored with a
thermocouple and maintained to within a few de-
grees. In all cases the cell valve was kept at room
temperature to prevent o-ring failure.

4. Results and discussion
4.1. T > room temperature

Relaxation rates of three bare Pyrex cells, la-
beled 19A, 19B, and PXXO05, were measured at
various temperatures between 298 and 473 K (see
Fig. 1). By comparing the average curve fit results
of the three cells to Eq. (18) we find that E, =
14.7 + 0.3 kJ/mol and ¢, = (36 +4) cm/h (repre-
sented by the solid line in Fig. 1). This equates to a
room temperature relaxation rate of

1 4(9.6i 1.6) x 1072 h™', (26)
Tl V

Our results are in excellent agreement with the
predicted value of Ea = (13.7 £+ 0.7) kJ/mol and in
good agreement with ¢, = (10 £2) cm/h (repre-
sented in Fig. 1 by the dashed line), providing
strong evidence that the model represented by

1
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<;I O PXX05
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Fig. 1. V/A4 x T{! vs 1000/T for three bare (no Rb) Pyrex cells.
Eq. (18) is also plotted using Egs. (20) and (21). Cells 19A and
19B were prepared and measured by the group at Utah, and cell
PXXO0S5 was prepared and measured at Amersham Health. Cells
19A and 19B were ~50 cm® and ~4 amagats, and cell PXX05
was ~180 cm® and ~1 amagat. Rates were measured at tem-
peratures between 298 and 473 K. Bulk He-He relaxation was
subtracted from the data. The data were fit to an Arrhenius
relation with ¢ and E, as free parameters. The resulting acti-
vation energy is Ep = 14.7+0.3 kJ/mol. Differences in the
slopes represent a difference in E,, whereas differences in the
intercept could be due to an underestimation in 4/V, since we
assumed a smooth, spherical surface.

Eq. (18) accounts for the majority of relaxation in
this temperature range. The discrepancy in the in-
tercepts in Fig. 1 is directly related to the discrep-
ancy in g,. We note, however, that the experimental
value of g, was obtained by assuming a perfectly
smooth cell surface (minimum value of 4/V). It is
not difficult to imagine that the actual 4/V is larger
by a factor of 2 or more, which would bring the
measured g, into a much closer agreement with
theory. In addition, slight differences in glass
composition [19] or thermal history [20] could lead
to variations in N or Dy beyond the quoted errors
we assumed. Differences in the relaxivity might also
be due to additional or different relaxation mech-
anisms, although these would generally lead to
non-linear behavior in Fig. 1 or to a slope different
from that predicted. The theory accounts only for
absorption relaxation, thus Eq. (22) represents a
lower limit for 7;! at room temperature.

We have also studied the temperature-depen-
dent relaxation of 3He in several Pyrex cells con-
taining Rb metal. In stark contrast to bare cells,
we found that diffusion-based relaxation is absent
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but that an adsorption-based relaxation model
seems much more appropriate for the longest-
lifetime cells. This suggests that the Rb strongly
inhibits dissolution in spin-exchange cells leaving
other relatively weak mechanisms to dominate
relaxation. A detailed discussion of these results
will be presented in a future publication.

4.2. T < room temperature

To investigate adsorption-based relaxation, we
measured 3He relaxation in a temperature range of
95 to 175 K. Fig. 2 shows 7, vs 1000/ for two of
the cells discussed in Section 4.1. Results of a global
fit of the data to Eq. (24) give E,g = —0.63 +0.03
kJ/mol and xp = (1.6 +0.1) x 1073 cm h™" K~'/2,
There is good agreement between our value of i
and the predicted value of 3 x 1072 cm h™ 'K~/
although our value is somewhat lower. This could
be a result of fewer Fe*" ions on the glass surface
than anticipated, and suggests the possibility of
using polarized *He to measure Fe’" ion surface
concentration in various types of glasses. The ac-
tivation energy we found was somewhat weaker
(closer to zero) than that reported by Fitzsimmons
et al. [5] and Miiller [16] of —0.96 + 0.19 kJ/mol.

10

"0 ® 19A rate
£
]
2 O 19B rate
- 1 | theory
—

0.1-W.

6 7 9 10 11

8
1000/T (K™)
Fig. 2. Relaxation rate vs 1000/T for two bare Pyrex cells at ~4
amagats (two of the same cells shown in Fig. 1 but with a dif-
ferent charge of gas). The dashed line is a plot of Eq. (24) using
Eq. (25) and k(. Temperatures ranged from about 95 to 175 K.
The data, with bulk He-He relaxation subtracted, were fit to
Eq. (24). The results from a global fit give an activation energy
of E,g = —0.63 £ 0.03 kJ/mol, somewhat weaker than that re-
ported in [5,16] of —0.96 & 0.19 kJ/mol.

We note that Fitzsimmons et al. found a local
minimum in 7, of *He relaxation in bare Pyrex at
about 120 K, reflecting the transition between
adsorption- and absorption-dominated relaxation.
We clearly observed adsorption behavior up to
about 170 K and a local minimum at about 200 K.
We have no direct explanation for the discrepancy,
but we point out that the relevant data in [5] carry
large error bars, particularly near the 7,"' mini-
mum; in addition the curves used to fit their data
are at least somewhat speculative.

5. Conclusion

This work represents the first successful quan-
titative verification of predicted *He relaxation
phenomena in bare Pyrex glass. We conclude that
we have identified the correct relaxation mecha-
nism for bare Pyrex, that our theoretical calcula-
tion represents a lower bound on 77! and that
experimental values will be larger as 4/V departs
from an ideally smooth surface. The relaxation is
dominated by interactions of dissolved *He with
Fe’" ions in the glass. We have experimentally
verified the predicted activation energy of dissolu-
tion-based relaxation, which depends on the acti-
vation energies of *He solution, diffusion, and Fe’t
electron spin flips. By comparing these results to
the results of similar studies of vessels containing
Rb, we will gain further insight in to the relaxation
mechanisms in spin-exchange cells. This will lead to
more consistent production of quality vessels and
more efficient use of the spin-polarized gas.
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