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Nuclear relaxation of He in the presence of O2
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We have measured the longitudinal nuclear relaxation rate T~ for He in the presence of molec-
ular oxygen in the temperature range T 200—400 K. At room temperature, T~ = 0.448 + 0.010
s per amagat 02, in approximate agreement with theoretical models for intermolecular dipolar
relaxation. Furthermore, in this temperature range, T~ oc T + . Our results are of practical
importance for the growing number of applications involving hyperpolarized noble gases.

PACS number(s): 34.20.Gj, 33.25.+k

Recent developments in the application of nuclear spin-
polarized noble gases, particularly to magnetic resonance
imaging (MRI) [1,2], have focused attention on the nu-
clear relaxation of these gases in a variety of environ-
ments. These applications often depend on enhancement
of the polarization by several orders of magnitude over
thermal equilibrium, e.g. , through spin exchange with an
optically pumped alkali-metal vapor [3—5]. Since it is in a
highly nonequilibrium state, the utility of such a hyper-
polarized sample is critically dependent on its longitudi-
nal relaxation time Ti, which is most often dominated by
interactions with the container surface, or by interactions
with other gas-phase impurities.

For noble-gas MRI, particularly in biological environ-
ments, paramagnetic molecular oxygen is a very potent
and perhaps the most important source of relaxation.
Measurements of oxygen's effect on Tq for Xe have al-
ready been carried out [6]. We present measurements of
Ti for He in the presence of up to 8 amagats of 02 for
temperatures in the range 200—400 K. (The amagat is a
unit of density equal to the number of molecules per unit
volume of an ideal gas at O' C and normal atmospheric
pressure. )

The study of nuclear relaxation of noble gases in the
presence of oxygen is greatly simplified by the lack of sig-
nificant competing mechanisms for even modest (& 0.1
amagat) values of [02]. Long Ti's (many hours) are pos-
sible in pure noble-gas samples because the electrons in
the filled orbitals of an isolated noble-gas atom produce
neither an electric-field gradient nor a magnetic field at
their nucleus. Since noble gases are monatomic, there
are also no intramolecular interactions with other nearby
magnetic moments. Surface residence times, particularly
for He, are short enough that Ti is at least tens of min-
utes in a reasonably clean, sealed glass cell. However, for
an impurity concentration as small as [02]= 0.1 amagat,
intermolecular dipolar relaxation reduces Ti to about 20
s for He.

If all He relaxation occurs during isolated binary col-
lisions with 02 molecules, then Ty: T2 and Ti
depends linearly on [02] at a given temperature and
magnetic field. Isolated binary collisions prevail when

&( vb, where 7. and 7.b are the duration of and the
time between collisions, respectively. Using typical val-
ues for the gas-kinetic cross section and the characteristic

1 (299)—= 0.45[02] ] ]
s /amagat,4T)

TABLE I. Summary of contents for the five cells.

Cell
no.

Volume
cm

0.8995 + 0.003
0.884 + 0.003
0.881 + 0.003
0.9435 + 0.003
0.840 + 0.003

['He]
(amagat)

5.31 + 0.05
5.23 + 0.05
5.25 + 0.05
4.84 + 0.05
4.90 + 0.05

[02]
(amagat)

0.969 + 0.004
7.92 + 0.02
3.97+ 0.01

1.856 + 0.006
0

intermolecular interaction length, it is straightforward to
show that this condition holds for total gas densities up
to at least several tens of amagats.

For our experiment, a set of five sealed cells ( 1 cms)
made of Corning 7740 (Pyrex™)glass were prepared on
a high-purity gas-handling system using techniques sim-
ilar to those detailed in [7,8]. The contents of each cell
are summarized in Table I. The cells were filled suc-
cessively through a single glass manifold attached to the
gas-handling system. Before filling, each cell was first
cooled to & 20 K by a small Bowing-liquid-helium De-
war. The appropriate quantity of oxygen, admitted &om
a calibrated volume at a known temperature and pres-
sure, was then allowed to condense into the cold cell.
Finally, about 5 amagats of He were introduced, before
the cell was Hame sealed from the manifold. The cell vol-
umes were later determined to ( 0.5% by buoyant-weight
measurements and the application of Archimedes's prin-
ciple.

Measurements of the longitudinal relaxation time Ti
of He were made for each cell at each of three difI'erent

temperatures in an applied magnetic field Bo = 14.1 kG.
To obtain data at 197 K, the probe was immersed in a
cryogenic bath of CC13F containing dry ice. At 369 K, the
probe was placed in an aluminum oven heated by fIowing
air. Data were also taken at room temperature. The
results are shown in Fig. 1 and Table II. In Fig. 2 we plot
the per-amagat relaxation rate (the "All cells" column in
Table II) vs temperature on a log-log scale. We thus
obtain an empirical formula for longitudinal relaxation
of He in the presence of 02 for T 200—400 K:
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and analyzed using the LabWindows™ utility from Na-
tional Instruments.

A fast Fourier transform was performed on each aver-
aged FID with the resulting spectrum windowed about
the absorption line and integrated to give the total sig-
nal strength S(t). Choice of an appropriately large fre-
quency window and integration of the line shape negated
short-term drifts in Bo which occurred while averaging.
Long-term drifts were adequately reduced using a sepa-
rate NMR stabilizer locked to the F resonance. Figures
3(a) and 3(b) show a typical averaged absorption spec-
trum along with that from a single acquisition for com-
parison. Figure 3(c) shows a typical plot of S(t) vs t. A
least-squares fit to

FIG. 1. Relaxation rate Ti of He plotted vs [Oq]. The
lines are linear fits through the origin at each temperature
and correspond to the "All cells" column in Table II.

S(t) = Sp 1 —exp
]

!(t+

tp—))
T, ) (2)

TABLE II. T~ of He per amagat of 02. The "All cells"
column is based on a weighted average of data from all four
cells. The "Densest cell" column is based only on the cell for
which [Oq] 8 amagats.

T
(Kelvin)
197+ 1
299+ 1
369+2

(Ti [Oq]) (s /amagat)
All cells Densest cell

0.537 + 0.020 0.520 + 0.009
0.448 + 0.010 0.441 + 0.004
0.410 + 0.010 0.405 + 0.007

where [02] is in amagats, the leading coefficient is the
measured per-amagat relaxation rate at 299 K (see Table
II), and the exponent is the fitted slope in Fig. 2.

A single-coil quadrature-detection pulse-NMR spec-
trometer, operating near the He Larmor frequency ~L, ——

2m x 45.67 MHz, was used to deliver a saturation-recovery
(7r/2 t 7r/2) rf-puls-e -sequence [9] and to receive the signal
from the subsequent &ee-induction decay (FID). A dig-
ital oscilloscope recorded and averaged up to 36 FID's
for a given recovery time t. The averaged signals, ac-
quired over an appropriate range for t, were downloaded

~10
rn

0Q

—5

J I I I
l

I I I I
(

I I I I
l

I I I I

a I » I I I I I!I I I I I I I Ir

J I I I
l

I I I I
l

I I I I
l

I I I I

- (b

3 I IIII «I I » II I» Ii

1 2 3 4 5 1 2 3 4 5
(u —u„)/27r (kHz)

where So and to are free parameters, is used to extract Tj .
The saturated thermal-equilibrium signal is So, and to
determines the average residual signal at t = 0 resulting
from any small error in the first vr/2 pulse or froin rf-field
inhomogeneities across the sample.

Results of Ti measurements on a fifth cell, nominally
having [02] = 0, constrain all three lines in Fig. 1 to
pass through the origin. During production, this cell
was sealed &om the manifold last and thus presumably
subject to the greatest contamination from residual 02
or other impurities. Yet we measured T~ & 20min at
T = 197K (even longer at higher temperatures) for this
cell, from which we conclude that the residual relaxation
rate due to wall collisions and other impurities in the
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FIG. 2. The slope of each line in Fig. 1 vs the corresponding
absolute temperature on a log-log plot. The slope implies
T~ oc T ' + ' in this temperature range.

FIG. 3. Typical spectruin of a single acquisition (a) and an
average of 16 acquisitions (b). The line shape is determined
by the inhomogeneity in Bo. The averaged line is slightly
smaller and broader due to drifts in Bo during averaging.
A fit to Eq. (2) of room-temperature data for the cell with

[02] = 4 amagats is shown in (c). Each of the points in (c)
is the result of integrating an absorption peak like the one in

(b)
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other four cells is negligible.
For each temperature, the per-amagat relaxation rate

is calculated by considering the slopes of four separate
lines connecting the origin and each of the four data
points. The analysis is done this way to incorporate
the error in [02) for each cell. A systematic trend in
the slopes is observed. The total decrease in slope from
lowest to highest [02] is about 5% at 299 K, while mea-
surement error for each point is about 1%. A similar
monotonic d.ecrease is observed. in the d.ata taken at the
other two temperatures. We propose below a possible ex-
planation for this trend based on diffusion of spins from
the stem of the cell between the two rf pulses. If this
explanation is correct, then the best T~ measurements
come from the cells with the highest [02] (lowest diffu-
sion constant). With this in mind, Table II gives two
values of the per-amagat relaxation rate for each tem-
perature. The Grst value, on which our data analysis is
based, is a weighted average of all four slopes with the
error increased to accommmodate the systematic trend.
The second value is based solely on Tq for the cell with
[02] 8 amagats. If in fact the second value is more
accurate, the leading coefficient in (1) should be changed
to 0.44 and the temperature exponent to 0.40.

As painted out by Jameson, Jameson, and Hwang [6],
both kinetic-theory [10] and correlation-function [11]ap-
proaches to gas-phase intermolecular dipolar relaxation
lead to the following expression for Tz for He in the
presence of 02'.16,, h' f ~p—= —~(~+ 1)»» I

—
I

[O—.]I"(V T) (3)
Tl 3 d' q8k&T)

where 8 = 1 is the 02 spin, py and pg are the gyro-
magnetic ratios for He and O2, respectively, d is the
characteristic intermolecular interaction length, p is the
He-02 reduced mass, k~ is the Boltzmann constant,

and T is the absolute temperature. The factor in paren-
theses is the reciprocal mean relative velocity 6 . The
function I" (V, T) carries information specific to the He-
02 interatomic potential V and approaches unity in the
hard-sphere high-temperature limit. The expression (3)
is for the zero-ffeld limit (tug7', ) (& 1, where ups = p, Bo.
This limit is easily satisfied at an applied magnetic Geld

Bo ——14 kG, and corresponds to an 02 spin not having
enough time to precess significantly around Bo during a
collision. We note that a term proportional to ~@(0)~

should in general be included in E(V, T) corresponding
to a Fermi-contact hyperfine term, where g(0) is the am-
plitude for Gnding an 02 electron at the He nucleus.

We can estimate Ti from (3), assuming the hard-
sphere high-temperature limit where E(V, T) ~ 1. We
choose d = 3.1 A. , which corresponds to the classical turn-
ing point for the isotropic portion of the He-O2 inter-
atomic potential [12]. Equation (1) deviates from the
T i~2 dependence in (3), which is expected at finite

temperatures, and the anisotropic pieces of the inter-
atomic potential [13,14] as well as any Fermi-contact in-
teraction have been neglected. Nevertheless, (3) predicts
Ti = 0.28 s /amagat at 299 K, less than a factor of 2
smaller than our measured value.

A rigorous theoretical calculation of F(V, T) involves
integrating solutions of the radial Schrodinger equa-
tion for the intermolecular potential over the Boltzmann
distribution of relative collisional mornenta. For the
weakly interacting He-02 system at room temperature,
e/k~T 0.01 [12], where e characterizes the depth of the
intermolecular potential well. The well depth is a factor
of 5 larger for Ar-Oq [12] and should be still larger for Xe-
02. Relaxation of He may thus be much less sensitive
to the details of the intermolecular potential than that
of ~ Xe. This is further suggested. by the relatively close
agreement of our He-02 data with the hard-sphere limit
of (3). At room temperature, we conclude &om our data
that I' (V, T) = 1.7, whereas I" (V, T) —6 for i2sXe-02

Finally, we believe that the small deviation &om lin-
earity in our data can be explained. by gaseous diffusion.
The cells each have a small stem, comprising about 15%
of the cell volume, which is outside the solenoidal probe
coil. Both rf-Geld intensity and detection efIiciency are
thus reduced in the stem. A smaller rf Geld means that
the initial pulse does not fully destroy the polarization in
this region. In the limit of no diffusion, this residual po-
larization does not affect the Tq measurement, since the
polarization everywhere recovers with the same Tz. This
limit is defined by i/DTi (( L, where I is a characteris-
tic length of the sample and D is the diffusion constant
of the sHe. However, if diffusion is fast (i/DTi & L), the
residual polarization in the stem diffuses into the main
body of the cell between the two rf pulses and is then
detected more efFiciently. The result is a shorter appar-
ent Tq, which arises from a combination of 02-induced
nuclear relaxation and difFusion-mode relaxation rates.
For the cell with [02] = 8 amagats, QDTi = 0.1 cm,
while for the cell with [02] = 1 amagat, i/DTi --0.8 cm.
Given L 1 cm, those cells with lower [02] are in the
regime where diffusion could alter the measured value of
Tq. This effect is necessarily small, since the stem com-
prises only a small portion of the total volume, and the
initial pulse does destroy some polarization there. Cal-
culations based on a simplified cell shape and estimates
of the rf Geld in the stem indicate that it is reasonable to
expect the observed few-percent effect.
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