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Abstract. NMR of laser-polarized xenon is used to probe the dissolution behaviour of the noble gas in
different liquids. The dissolution and self-relaxation rates are extracted via a macroscopic model, and com-
parison of the decay rate of the xenon magnetization in deuterated and non-deuterated solvent pairs allows
the determination of the pure dipole-dipole contribution to relaxation. A transient convective effect, ten-
tatively assigned to the xenon concentration gradient, is observed and characterized by diffusion encoding
MRI experiments. The flow of xenon penetrates inside the solvent near the walls of the NMR tube, the
longitudinal images showing a “

�
” shape, the transverse ones a “O” shape. This convection effect has

implications for delivery conditions of laser-polarized xenon in continuous flow experiments and magnetic
resonance imaging.

PACS. 32.80.Bx Level crossing and optical pumping – 76.60.-k Nuclear magnetic resonance
and relaxation – 76.60.Pc NMR imaging – 82.56.Lz Diffusion – 82.40.Ck Pattern formation
in reactions with diffusion, flow and heat transfer

1 Introduction

NMR represents a powerful tool to obtain structural and
dynamic data at the atomic scale, but even with the
strongest magnets today available, it still suffers at room
temperature from low sensitivity due to the small cou-
plings between the nuclear magnetic moments and the
magnetic field. The nuclear polarization can however be
enhanced by several orders of magnitude by resorting to
optical pumping [1]. The target compounds of such meth-
ods are noble gases of nuclear spin 1/2 (129Xe and 3He),
as their longitudinal self-relaxation can be as long as sev-
eral hours [2,3]. Recently, it has been shown that the use
of laser-polarized xenon which has a much larger solubil-
ity in the most common liquids than helium, could afford
polarization enhancement via through-space dipole-dipole
cross-relaxation to other nuclear spins [4]. Two approaches
were further explored: selective polarization transfer was
measured in order to locate xenon inside hydrophobic cav-
ities [5–9]; also non selective polarization transfer was con-
sidered [4,10] in order to improve the NMR signal of other
nuclei. In any case, the poor values of the intermolecu-
lar relaxation rates, the transient character of the noble
gas magnetization and the limited xenon solubility im-
pede significant gain in sensitivity. To circumvent the last
difficulty, resorting to laser-polarized liquid [11] or super-
critical [12,13] xenon has been suggested. However the
transient nature of the xenon magnetization remains an
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obstacle to multidimensional NMR experiments, and the
only solution consists of reaching a steady-state by using
a continuous flow of laser-polarized gas [14–17]. This solu-
tion has not yet been reported for liquid-state application,
but in an effort to reach it, we feel it is important to take
advantage of the availability of laser-polarized xenon to
follow transient events during the dissolution of the gas,
in a procedure close to that used by Navon et al. [4]. Our
study (i) reveals the presence, during the dissolution step
of xenon, of a transient convective phenomenon, charac-
terized by MRI; and (ii) allows the evaluation of the sol-
vent contribution to xenon spin relaxation through dipo-
lar interactions by comparison of the xenon magnetization
decay in deuterated and non-deuterated solvents.

2 Experimental

2.1 Experimental protocol

To study the dissolution and relaxation of xenon in deuter-
ated and non-deuterated solvents, the following protocol
is systematically used.

1. A 5 mm o.d. NMR tube a (4.2 mm i.d.) closed by a
screw cap and containing 500 microliters of solvent1 is
first degassed by several freeze-pump-thaw cycles and
thermalized inside the superconducting magnet.

1 From Eurisotop for the deuterated solvents and from
Aldrich for the others (analytical grade).
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Fig. 1. Scheme of the Joule – Gay Lussac expansion from the
modified NMR tube b to the NMR tube a which contains the
degassed solvent. This operation is performed in the fringe field
of the NMR magnet.

2. Xenon is polarized by the spin exchange method [18]
using an home-built apparatus allowing the prepa-
ration of samples with a nuclear polarization of
about 15% [7]. After each cycle of optical pumping
(∼10 min), laser-polarized xenon is condensed (and
thus separated from gaseous nitrogen) into a modi-
fied NMR tube b (Fig. 1) which fits inside a solenoid
producing a 5 kG magnetic field, everything being im-
mersed in a bath of liquid nitrogen.

3. The tube b and the solenoid are moved to the fringe
field of the spectrometer magnet and the tube is war-
med up.

4. The gaseous laser-polarized xenon contained in b is
expanded into the NMR tube a using a vacuum line
through a classical Joule – Gay Lussac expansion
(Fig. 1). After one cycle of optical pumping and ex-
pansion, the tube a is filled by ∼0.4 bar of pure xenon.

5. The tube a is quickly put back inside the supercon-
ductive magnet. The typical duration of this transfer
operation is ∼20 s, and as checked by monitoring the
xenon chemical shift, no important temperature vari-
ation of the solution occurs.

6. The NMR experiment starts.

Most of the experiments are performed at 290 K on a
DRX500 Bruker narrow bore spectrometer (11.7 T) equip-
ped with a 5 mm Nalorac direct broadband probehead
with three axes field gradients. The top of the detection
coils is located ∼10 mm below the gas-liquid interface.
The gas to solvent volume ratio in tubes a is about 4.

2.2 NMR experiments

The first series of experiments consists in single 1D xenon
spectra separated by definite time intervals, in order to
follow the appearance of the dissolved gas. The acquisi-
tions, made of one scan with a small flip angle (<5◦), are
separated by delays varying from 30 s to 4 min, in order to
sample correctly the dynamic processes without altering
too much the out-of-equilibrium xenon magnetization.

Dynamic imaging of the xenon flow inside the solvent
is performed at 290 K using the three axes gradient capa-
bilities of our probehead. Due to possible xenon radiation
damping effects [19], in all sequences, only gradient echos

Fig. 2. Pulse sequence used for 2D velocimetry experiments.
The soft pulse combined with a pulsed field gradient to select a
slice along z has a Gaussian shape and a duration of 5 ms (flip
angle of ∼10◦). The gradient strength value is 5×10−3 Tm−1,
corresponding to a slice depth of about 0.5 cm. 16 gradient
values are used in the ramp from 0 to 0.2 Tm−1 to create the
second dimension.

are applied without 180◦ refocusing pulses. Because of the
fast evolution of the xenon motions during the dissolution
step and also in order to limit the experiment times, only
2D experiments acquired in about 15 s are performed2.

For measuring the xenon velocity along the vertical
(z) axis of the NMR tube, we use a sequence initially pro-
posed by Callaghan and Xia [21] and adapted recently for
laser-polarized xenon for studying edge-enhancement by
diffusion [22] or convection in the gas phase above liquid
polarized xenon [23]. In this sequence (Fig. 2), a soft pulse
of Gaussian shape combined with a pulsed field gradient
along z selects an horizontal slice of about 5 mm (size mea-
sured in a 1D experiment). The two following field gradi-
ent ramps serve to encode the velocity of dissolved xenon
atoms. The field gradient applied during the acquisition
codes in frequency, and therefore allows the observation of
the z-velocity distribution along x or y. Each 2D map thus
contains, in the indirect dimension, information about the
diffusion rate (through the linewidth) and the velocity (the
shift relative to the zero frequency). Home-written C soft-
ware allows the numerical processing of these experiments.
To estimate the translational diffusion coefficient D and
the group velocity v, we have assumed that the Fourier
Transform of the signal in the indirect dimension s(Z) is
a shifted Gaussian [21]. The extraction of D and v is ob-
tained by a non linear least-square fitting of s(Z) to the
equation:

s(Z) =
1√

4πD∆eff

exp
[
− (Z − v∆)2

4D∆eff

]
(1)

with ∆ the delay between the two encoding gradients and
∆eff = ∆ − δ/3 the effective migration time, which takes
into account the duration δ of the gradients.

Longitudinal and slice-selected transverse images of
the xenon inside the NMR tube during the dissolution
and relaxation steps are obtained using the FLASH se-
quence [24,25], which consists of a small flip-angle pulse,
followed by a phase encoding gradient applied along a

2 Echo Planar Imaging [20] could not be employed due to
technical limitations of our liquid-state NMR spectrometer.
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direction, and detection in the presence of a frequency
encoding gradient applied along a second direction. In the
transverse image, a slice of 5 mm is selected by replace-
ment of the small hard pulse by a soft pulse of sinc shape
combined with a field gradient applied along the third (z)
direction.

3 Results

3.1 Macroscopic model for dissolution and relaxation
of laser-polarized xenon

The dissolution of laser-polarized xenon into an evacuated
solvent followed by liquid state NMR is a phenomenon
both time- and space-dependent. Indeed the xenon mag-
netization in the gaseous phase relaxes slowly towards its
equilibrium value with a relaxation time T g

1 (on the or-
der of 120 minutes at ambient temperature [7]), while the
xenon in the liquid state relaxes with a much shorter re-
laxation time T l

1. The two phases are connected by the ex-
change of xenon at the interface. At the beginning, a flow
of xenon from the gas towards the solution takes place due
to the concentration gradient. But even when the equilib-
rium is reached, by diffusion and convection the system
still exchanges magnetization between the two phases. We
consequently expect the presence not only of a gradient of
concentration but also of a gradient of polarization along
the sample from the surface of the liquid to the bottom
of the NMR tube. The difficulties to analytically treat the
system at a microscopic scale, mainly because it requires
the perfect knowledge of all transport mechanisms, lead us
to consider a simpler macroscopic model, which fits rela-
tively well all experimental results. It essentially treats the
properties of xenon dissolution by considering the xenon
magnetization inside the detection coil as uniform, disre-
garding any concentration and polarization gradient. The
connection between this phenomenological model and the
observed transient convection is discussed in Section 3.5.

Since the system is out of chemical equilibrium at the
beginning, assuming that the dissolution can be consid-
ered as a first rank reaction, the number of xenon atoms
n(t) in the liquid phase is:

n(t) = n∞(1 − e−ksolvt) (2)

where ksolv is the dissolution rate and n∞ is related to
the final density of xenon. The variation of the dissolved
xenon magnetization Sz can be written:

d
dt

Sz = Pg
d
dt

n(t) − Sz

T l
1

+ kdiffn∞Pg − kdiffSz. (3)

The successive terms on the right side of equation (3) are
the dissolution of xenon from the gaseous phase whose
polarization is Pg, the longitudinal relaxation of the dis-
solved xenon and then the diffusion of the xenon from and
towards the gaseous phase. Due to the enhancement fac-
tor resulting from optical pumping, the terms depending
upon the xenon magnetization at thermal equilibrium can

be discarded. The diffusion represents the exchange be-
tween the two phases, when concentration is equilibrated,
i.e. when convection (see below) has disappeared. In these
conditions, the expression of n(t) is valid for t � 1/ksolv.
The variation of the gaseous polarization is:

d
dt

Pg = −Pg

T g
1

+ kdiff
n∞
n0

(Pl − Pg) (4)

where n0 is the number of xenon atoms in the gaseous
phase at concentration equilibrium. Assuming T l

1 � T g
1 :

Pg = P 0
g exp

(
−t

(
1

T g
1

+
n∞
n0

kdiff

))
· (5)

Equation (3) can then be integrated, with the initial con-
dition Sz = 0 at t = 0:

Sz = A
(
e−λ1t − e−λ2t

)
+ B

(
e−λ3t − e−λ2t

)
(6)

with:

λ1 = ksolv +
1

T g
1

+
n∞
n0

kdiff (7)

λ2 =
1
T l

1

+ kdiff (8)

λ3 =
1

T g
1

+
n∞
n0

kdiff (9)

A = P 0
g ksolv n∞/(λ2 − λ1) (10)

B = P 0
g kdiff n∞/(λ2 − λ3). (11)

The different characteristic rates can be expressed as:

kdiff = B(λ2 − λ3)(λ1 − λ3)/A(λ1 − λ2) (12)
1
T l

1

= λ2 − kdiff (13)

ksolv = λ1 − λ3 � λ1 (14)
1

T g
1

= λ3 − kdiff n∞/n0 � λ3 (15)

where we have assumed for equation (14) that the relax-
ation of the gas is much slower than the dissolution, and
for equation (15) that because of the molar fraction of
dissolved xenon and the gas to solvent volume ratio, the
term kdiffn∞/n0 is negligible [26].

In equation (6), t may have to be replaced by t − t0
where t0 represents the positive or negative dead-time cor-
responding to the delay for migration from the interface
towards the detection coil minus the elapsed time between
the expansion of the polarized gas into the NMR tube and
the beginning of the acquisition. We do not consider, even
if an analytical solution exists, the effect of the read pulses
on the xenon magnetization evolution. Indeed the experi-
mental determination of the consequent signal loss cannot
be accurately performed, as it depends on the ratio of the
liquid volume to the volume covered by the NMR coils and
on the exact value of the pulse flip angle. The numerical
determination of this attenuation factor during the fitting
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Fig. 3. Evolution of the xenon signal during dissolution in
(A) trifluoroethanol-d3 (CF3CD2OD), (B) dichloromethane-
d2 (CD2Cl2). Temperature: 290 K. Flip angle of the pulse:
4.5◦. The best-fit curve to equation (6) is superimposed as a
solid line. The dotted line is the best-fit curve with kdiff = 0.
The time scale of the two graphs being different, the time of
appearance (dead-time t0), the dissolution, the relaxation and
the behavior for long mixing times (two time constants for the
decay of the intensity in the case of trifluoroethanol) strongly
differ for these two solvents.

procedure is unstable, since its discrimination from an ex-
ponential decay would require high precision and non con-
stant time intervals between xenon signal measurements.
The extracted T l

1 values are consequently slightly under-
estimated.

The term proportional to B represents the effect of the
diffusion of xenon between the solution and the gaseous
phase, when the concentration equilibrium is reached.
This term is consequently expected to be small relative
to the term proportional to A which represents the effect
of starting the experiment out of equilibrium. As observed
experimentally, for particular solvents, the slow apparent
longitudinal self-relaxation of dissolved xenon makes it im-
possible to distinguish these two time domains. In these
conditions the effect of diffusion is neglected and kdiff is
taken equal to 0. Equation (6) becomes dependent only
on two rates λ1 and λ2.

Table 1. Dissolution rates ksolv and self-relaxation time T l
1 as

extracted by fitting to equation (6), the time dependence of
laser-polarized xenon signal with considering a diffusion con-
stant kdiff. The proton dipolar contribution to relaxation T 1DD

and its relative contribution %DD are extracted by comparing
T l

1 values in non-deuterated and deuterated solvents and ne-
glecting the 2H dipolar contribution to xenon relaxation rel-
ative to the 1H one. For non-deuterated n-hexanol the signal
to noise ratio is not sufficient to enable a reliable extraction of
the rates.

Solvent ksolv T l
1 T 1DD %DD

(min−1) (min) (min)
C6D6

C6H6
0.86

10.8
3.5

5.18 68

C6D12

C6H12
0.98

10.3
2.6

3.48 75

CF3CD2OD
CF3CD2OH
CF3CH2OH

2.28
4.5
3.6
2.2

18.02
5.66

19
54

C6D13OD 0.37 4.3 - -

3.2 Evolution of the xenon signal after introduction
of the gas in the NMR tube

The first series of experiments deals with single 129Xe 1D
spectra acquired after pulses of small flip angle at defi-
nite time intervals. Figure 3 displays typical examples of
the evolution of the xenon intensity for two different sol-
vents. In both cases, the xenon signal grows up in a first
stage and then decreases. This is easily explained as re-
sulting from dissolution combined with slow nuclear self-
relaxation [4]. It can however be noticed that, in the case
of CF3CD2OD (Fig. 3A), two clearly different time con-
stants affect the decay of the xenon magnetization. Indeed
the dotted line in Figure 3A corresponds to the best-fit
theoretical curve with kdiff = 0. In this condition, the re-
duced χ2 rises from 0.60 (three exponential functions) to
4.26 (two exponential functions). A F-test reveals that
the complete model (kdiff �= 0) is better with a probabil-
ity higher than 99.999%. This clearly proves that three
exponential functions are needed to describe the time de-
pendence of the magnetization in the case of CF3CD2OD.
According to our macroscopic model, the fast decay of
xenon magnetization results from self-relaxation, while the
slow decay corresponds to exchange between the solution
and the gas phase which is, through the very long T g

1 ,
a reservoir of polarized xenon. In contrast, for CD2Cl2
(Fig. 3B), it is impossible to separate these two contri-
butions. We consequently use our macroscopic model to
extract the dynamic parameters, either considering an ex-
plicit diffusion of xenon between the gaseous and liquid
phases (three rates) or not (two rates). The results are
summarized in Tables 1 and 2.

Considering the process of dissolution, i.e. the first
stage where the signal is growing, two categories of sol-
vent can be distinguished. For the first class illustrated in
Figure 3A, which contains solvents such as benzene, cy-
clohexane, ... (Tabs. 1 and 2) but also for others (pyri-
dine, dimethylsulfoxide) for which the signal to noise
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Table 2. Dissolution rates ksolv and self-relaxation time T l
1

as extracted by fitting to equation (6), the time dependence
of laser-polarized xenon signal without considering a diffusion
constant kdiff. The proton dipolar contribution to relaxation
T 1DD and its relative contribution %DD are extracted by com-
paring T l

1 values in non-deuterated and deuterated solvents and
neglecting the 2H dipolar contribution to xenon relaxation rel-
ative to the 1H one. For non-deuterated pyridine, the signal to
noise ratio is not sufficient to enable a reliable extraction of
the rates.

Solvent ksolv T l
1 T 1DD %DD

(min−1) (min) (min)
C6D5CD3

C6H5CH3
1.76

17.5
19.3

- -

CCl4 3.6 22.5 - -
CDCl3
CHCl3

0.33
68.5
30.8

56.0 55

CD2Cl2
CH2Cl2

0.07
28.9
20.4

69.4 29

C5D5N 0.12 18.5 - -

ratios of the spectra are not sufficient to derive constant
rates (λ1, λ2, λ3) with a high confidence, the dissolution
step is very fast, ksolv is on the order of 1 min−1. In con-
trast, for the second class illustrated in Figure 3B, which
contains for instance chloroform, the dissolution step is
very slow (ksolv on the order of 0.1 min−1). This can-
not simply be assigned to the difference in solubility of
xenon, since it is almost identical in benzene and chloro-
form [26]. The correlation with the boiling point is also
unclear. Hence the second class corresponds to solvents
with a low boiling point, but benzene, cyclohexane, tri-
fluoroethanol and tetrachloromethane, having almost the
same boiling point (between 75 and 80 ◦C), exhibit a dis-
solution rate varying by a factor higher than 4.

Considering the relaxation step, not surprisingly the
xenon signal remains observable for longer time when the
solvent is deuterated than when it is in its natural form.
From the difference between the decay rates of the sig-
nal, the 129Xe–1H dipolar relaxation times T 1DD between
the dissolved gas nuclei and the solvent protons can be
extracted. For this, we assume that the dissolution rate
ksolv is identical in protonated and deuterated solvents
(Tabs. 1 and 2). As illustrated by the trifluoroethanol
family, the dipole-dipole contribution to relaxation for a
given solvent seems to be directly related to the num-
ber of protons (difference 19% between CF3CD2OD and
CF3CD2OH, 54% between CF3CD2OD and CF3CH2OH).
The use of laser-polarized xenon should allow a better
estimation of the xenon self-relaxation rates than with
the classical inversion-recovery sequence. Indeed the lat-
ter method can easily be corrupted by the flow of excited
xenon out of the detection coils, which leads to an ap-
parent faster decay of the xenon magnetization and then
to underestimation of T l

1. The comparison should conse-
quently be limited to measurements performed in con-
ditions which take into account this effect. Our results
for C6H6 and C6H12 compare well with those of Navon
et al. [4] or those of Moschos and Reisse [27] however per-
formed at a different temperature.

A careful study of Table 2 (case of toluene) reveals
that, even with laser-polarized xenon, the determination
of the dipolar contribution to relaxation is delicate, when
it is impossible to extract the contribution of diffusion
between the gaseous and the liquid phase. This example
illustrates how the coupling between these two phases can
influence the dynamics of the xenon magnetization. This
study represents also another example of the key impor-
tance of the coupling between transport phenomena and
spin-relaxation processes (which depend on the local sur-
rounding) when slow magnetization decay is present. In-
deed the interpretation of the non-dipolar contribution to
xenon relaxation in terms of spin-rotation, chemical shift
anisotropy, ..., is impeded by the wide volume explored by
xenon in a time scale on the order of T l

1. This means that
infrequent events inducing an efficient relaxation, as for
instance paramagnetic relaxation resulting from elements
present at the trace level, cannot be neglected.

3.3 Dissolution of xenon: a convective phenomenon

Whatever the solvent used, the signal of dissolved xenon
appears surprisingly fast. Indeed, the average translational
diffusion coefficient D measured in 1H-NMR for the con-
sidered solvents is around 2 × 10−9 m2 s−1 at ambient
temperature, and we have checked that xenon dissolved in
them adopts similar diffusion coefficients at equilibrium.
The average displacement of xenon during a delay τ due
to pure diffusion would be on the order of

√
Dτ . We con-

sequently expect a displacement on the order of 0.2 mm in
30 s. Thus considering a distance of 10 mm between the
gas/liquid interface and the detection coil, the observed
dead-times t0 (Fig. 3) are not at all compatible with a
diffusive process, otherwise they would be on the order
of hundreds of minutes. The fact that the xenon signal is
observed in any solvent, even water, using our protocol (it
is also present in the study of Navon et al. [4]) proves that
convection occurs3.

The convection phenomenon is not due to a permanent
temperature gradient (which could result from heating of
the bottom of the tube inherent to the temperature reg-
ulation system [29]), since, at equilibrium, the measured
diffusion coefficients of benzene correspond to those re-
ported in the literature. Moreover in experiments repeated
at lower solvent temperatures, this effect continued to ap-
pear, which is not the signature of thermal convection.

As discussed in detail in Section 3.5, the requirement
of two different parameters to describe the exchange be-
tween the gaseous and liquid phases (kdiff and ksolv) in-
dicates a change in the transport mechanisms during the
experiment. This proves that this convection exhibits a
transient feature.

The convection cannot result from a temporary tem-
perature gradient induced by the addition of gaseous

3 For xenon dissolved in benzene, the diffusion coefficient
values reported so far in the literature are higher by a factor
about 5 [28], maybe due to this problem of convection in an
experiment using laser-polarized gas.
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xenon inside the tube a. Indeed, the convection appears
whatever the initial temperature of the gas. Moreover the
expansion does not produce a large cooling of the gas
(a rough estimation leads to a gas temperature variation
lower than 1 degree), and the heat capacity of about 3 mg
of xenon is negligible with respect to that of the tube a
(the overall mass of the tube with the liquid is ∼10 g).
Also, the global cooling due to the solvation free enthalpy
of xenon [30] is negligible (<0.01 degree). The convection
cannot result from strong rf irradiations [31] which may
induce local heating of the solution, since only low power
pulses with small flip angles are used, and the effect is ob-
served whatever the dielectric constant of the liquid. Fur-
thermore, we have checked that the 129Xe chemical shift,
which strongly depends on temperature, does not vary
from one spectrum to the next. In summary, this transient
convection is mainly driven by gradient of xenon concen-
tration and not of temperature. This gradient of concen-
tration is coupled to the gravity field, since the magnetic
force induced by the nuclear xenon magnetization in the
presence of the magnet gradient is negligible (∼10−8 N).
This was experimentally checked by varying the sign of
the xenon magnetization (sense of the polarization cho-
sen during the optical pumping) and its amplitude (use of
enriched xenon).

From a qualitative point of view, this convection effect
is independent of the solubility of the gas in the consid-
ered liquid, as for example it is observed both in benzene
(concentration of dissolved xenon = 0.14 M/atm at 290 K)
and DMSO (0.024 M/atm at 298 K). As benzene and cy-
clohexane present different viscosities, this property also
cannot be responsible of the convective effect. It is also
not a question of density, as the same effect is observed
for dissolution of xenon in trifluoroethanol, which has a
density of 1.39 g/ml and in benzene (density 0.88 g/ml).

The size of our probehead does not allow us to vary on
a large scale the sample geometry in order to see its in-
fluence on the convection process [32]. We have, however,
tried to reduce the Rayleigh number by using NMR tubes
of different inner diameter (4.2 mm, 3.5 mm and 2.2 mm)
while keeping the same distance between the interface and
the detecting coil. In all cases, the NMR signal of xenon
dissolved in benzene appears but with a longer dead time
t0 when the inner diameter of the tube decreases. This
proves that our limited range of Rayleigh numbers is al-
ready sufficient to observe an influence on the convection
phenomenon in the expected direction.

3.4 Velocimetry experiments

In order to help understanding this convective phenom-
enon, we have performed dynamic imaging of the xenon
flow inside the solvent. The results presented here corre-
spond to measurements performed on deuterated benzene;
similar results were also obtained in deuterated cyclohex-
ane. The dissolution is so fast that it was impossible to
simultaneously map the xenon diffusion along the three
directions. We consequently acquired successive 1D or 2D

Fig. 4. Variation of the z profile of xenon dissolved in deuter-
ated benzene as a function of time t.

Fig. 5. Example of the evolution of the flux velocity (ordinates
on the left side, solid line and plain circles) and of the diffusion
coefficient (ordinates on the right side, dashed line and trian-
gles) – both along z – as a function of time, during the first
minutes after adding gaseous xenon in a degassed NMR tube
containing a C6D6 solution. The abscissa indicates the time in
seconds after the Joule – Gay Lussac expansion.

experiments allowing a qualitative description of the dif-
ferent features of the dissolution process.

The first experiment consists of monitoring the z pro-
file of the xenon magnetization inside the solution as a
function of time using small flip angles and z-gradient dur-
ing acquisition. In agreement with what has been deduced
previously, the xenon front moves towards the bottom of
the tube by typically a few millimeters between each spec-
trum (interscan delay 30 s). The profile becomes almost
flat in about 3 min (Fig. 4). In contrast to previous obser-
vations [4], we do not observe the accumulation of polar-
ized xenon from the bottom of the tube.

The second series of experiments consists of time-resol-
ved velocity and diffusion measurements of xenon dis-
placement along the vertical (z) axis of the NMR tube.
Figure 5 displays the evolution of the xenon velocity and
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diffusion coefficient along z during the first steps of the dis-
solution of the gas in C6D6 in a z slice along a transverse
axis4. The group velocity as well as the apparent diffusion
coefficient are strongly time dependent, and are correlated
to each other. The velocity measured 60 s after the mixing
is very high (1.3×10−3 m s−1), but much smaller than the
sound speed in liquid, leading to very small Mach num-
ber [32]. Its decay is rather rapid and seems to oscillate
around 0. For instance, 130 s after the mixing, the xenon
velocity is positive, meaning that the global average dis-
placement of magnetization, at this transverse coordinate,
is towards the top of the tube. According to the measured
velocities and the deduced distance covered by xenon, this
should result from the upward flow required for mass con-
servation, which corresponds to xenon that has reached
the bottom of the tube. This observation (in this partic-
ular experiment but also in others) is a signature of the
presence of inhomogeneous xenon concentration inside the
solution two minutes after adding the gaseous xenon, a re-
sult in agreement with the non flat z profile as observed in
Figure 4. A similar decay appears for the diffusion coeffi-
cient, with also an oscillation 130 s after the mixing. The
increase of the apparent diffusion coefficient for the initial
times and the absence of simple evolution is also a clear
indication of a convective process. After 6 min, the dif-
fusion coefficient converges to its equilibrium value, while
the group velocity vanishes. This result substantiates the
previous conclusion of a transient convective phenomenon.

The final series of experiments are 2D time-resolved
images of xenon inside the NMR tube obtained via
a FLASH sequence [24,25]. A longitudinal image (xz-
representation) is obtained after projection along y, a
transverse image (xy-representation) is obtained after se-
lection of an horizontal slice of 5 mm. In the case of lon-
gitudinal projection (Fig. 6), the fast arrival of xenon
inside the tube is observed, with maximal xenon signal
near the tube wall, giving a “

⋂
” shape. The preference

of xenon for the edge of the tube is also observed in the
transverse image (Fig. 7), where the typical xenon profile
appears as a ring inside the cylindrical NMR tube. An
edge-enhancement effect due to diffusion (see for example
Ref. [33], or for gaseous laser-polarized xenon, Ref. [22])
cannot be responsible for the marked contrast in the im-
ages of Figure 7, since even considering the largest experi-
mental diffusion coefficients (Fig. 5), the length scale asso-
ciated with the encoding gradients lg = 3

√
D/γG = 20 µm

should give a less important effect [34] than observed.
Moreover, the maxima of xenon intensity do not corre-
spond to the wall of the NMR tube as expected from arti-
facts resulting from edge-enhancement by diffusion. Since
xenon seems to flow towards the bottom of the tube pref-
erentially along the glass wall, mass conservation implies
that it must use the center of the tube for the reverse
vertical travel. This has however never been observed.

4 The impossibility of performing a complete 2D mapping in
a very short time relative to 1/ksolv forbids the observation
of the flow direction and amplitude in each voxel: only the
average in the direction perpendicular to the read gradient is
accessible.

Fig. 6. Longitudinal images of the dissolution of gaseous xenon
in C6D6 obtained by the FLASH sequence. Experimental con-
ditions: 32 gradient values in the ramps from −25 × 10−3 to
25 × 10−3 Tm−1.

Fig. 7. Slice selected transverse images of the dissolution of
gaseous xenon in C6D6 obtained by the FLASH sequence. Ex-
perimental conditions: slice selection obtained by combining a
gradient pulse with a soft pulse of sinc shape (7 lobes) and du-
ration 20 ms. 16 gradient values in the ramps from −25×10−3

to 25 × 10−3 Tm−1.

The profile of this convection is different from first or-
der static thermal convection previously observed in NMR
tubes [31], as well as from buoyancy-driven convection
(temperature-dependent fluid density) or convection due
to surface tension gradients (temperature variations across
the fluid surface) [35].

3.5 Macroscopic model and transient convection

In the light of this transient convection, it seems impor-
tant to discuss the physical parameters used in our macro-
scopic model. Two physical mechanisms should be present:
solvation of the gaseous xenon followed by its migration
towards the detection coil. This can be expressed under
the form of a xenon flow balance through a transverse
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surface S. At the beginning, there is more xenon above
than below the surface S: the xenon flow is directed from
top to bottom whatever the transport mechanism. This
mass transfer is efficient due to the presence of the tran-
sient convection and of the larger concentration of dis-
solved xenon above the solution. After about three min-
utes, as seen in the velocimetry experiments and confirmed
by the study of the z profile of xenon (Fig. 4), the concen-
tration of xenon is homogeneous and the transient con-
vection phenomenon disappears. Still considering a flow
balance through the surface S, the transport mechanisms
have changed to an almost purely diffusive regime (as mea-
sured by comparative 1H- and 129Xe-diffusion experiments
on benzene). The low efficiency of diffusion means that
xenon detected by the NMR coil, i.e. well below the inter-
face, now relaxes almost independently of gaseous xenon.
This is effectively what is observed when one tries to fit
different domains of the z profile of xenon as a function
of time, since the extracted T l

1 are similar. However, as
noticed in Figure 4 for long delay t, the magnetization at
the bottom of the tube is smaller than at the top, an effect
arising from the lower efficiency to renew xenon through
diffusion when the distance to the interface increases.

The existence of these two mechanisms of mass trans-
port as a function of time explains a posteriori the use of
two different parameters kdiff and ksolv for describing the
exchange processes between the liquid and gaseous phases.
ksolv represents the transient convective process leading
quickly to concentration equilibrium, while kdiff can be
associated to the time-independent transport mechanisms
which couple the gaseous and liquid phases5. However, it
is obviously impossible to prove experimentally that the
T l

1 extracted with non-zero kdiff values effectively corre-
spond to real T1, as defined in relaxation theory. Indeed
this would require the complete vanishing of every trans-
port mechanism altering the xenon concentration on time
scale on the order of 5 T l

1, i.e. tens of minutes. The poor
knowledge on this transient convection also precludes the
use of more realistic models to treat the data.

In the absence of precise model, we have decided to
perform crude simulations based on the available know-
ledge. Our aim is to reproduce data as those of Figures 3A
and 4 or, at least, to give an understandable picture of the
observed evolution of magnetization. For this, the disso-
lution process is treated as an exchange at the interface,
characterized by an equilibrium constant and exchange
rates, the transport mechanisms in solution being diffu-
sion and convection. We assume a mono-exponential de-
cay for the efficiency of the transient convection and de-
rive its initial amplitude and decay constant from data of
Figure 5. The nuclear spin self-relaxation rates of the dis-
solved and gaseous xenon are chosen according to the ex-
perimental measurements. The one-dimensional transport
equation is numerically integrated using the mass conser-
vation for each sample slice. The increment time used in

5 In fact, equation (3) can be reinterpreted in term of a
simple exchange between gaseous and dissolved xenon which
rate is monoexponentially decaying as a function of time to-
wards kdiff.

Fig. 8. Example of the time dependence of xenon magnetiza-
tion obtained by numerical simulations, assuming T l

1 = 120 s.
The crosses correspond to the global magnetization detected
by the coil. The solid line is the best-fit theoretical curve to
equation (6). The open squares, open circles and filled circles
correspond to the magnetization in z-slices at 10, 20 and 25 mm
below the interface, respectively.

the simulation is chosen for stability on the order of 1 ms.
This numerical integration is carried out simultaneously
on polarized and non-polarized xenon.

In Figure 8 the simulated xenon magnetization at three
locations (10 mm, 20 mm and 25 mm below the interface)
and the global magnetization detected by the coil are rep-
resented. The simulated curves exhibit behaviors similar
to the experimental ones (Fig. 4): the distance from the
interface defines the rate of magnetization build-up as well
as of its decay. The time dependence of the global magne-
tization detected agrees well with the macroscopic model
(Eq. (6)), and the extracted T l

1 corresponds to the simu-
lated one at a level better than 1%. By varying the pa-
rameters in the simulation, it appears that, when kdiff can
be precisely extracted, the determined T l

1 agrees with the
one used in the simulation at a level better than typically
5%. This gives a rough estimation of the accuracy of the
self-relaxation times given in Table 1.

The simulation actually reveals that when kdiff can-
not be determined, the best-fit T l

1 value is larger than the
one used in the simulation. This effect is undoubdly re-
sponsible of the much longer T l

1 found for the solvents of
Table 2 and for the non realistic values of T l

1 in the case
of deuterated or non-deuterated toluene. This result can
be physically interpreted using the flow balance through
the surface S: the retrodiffusion from the dissolved xenon
to the gaseous phase cannot be distinguished from the
dissolution step in term of transport mechanisms. As a
consequence, the decay of dissolved polarized xenon due
to spin relaxation can be compensated by transport of
polarized xenon from the gaseous phase, leading to long
apparent T l

1. Probably this apparent T l
1 has no physical

meaning in term of spin relaxation, but it characterizes
well the typical duration of an experiment which can use
laser-polarized dissolved xenon in these solvents.
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4 Conclusion

The dissolution of laser polarized xenon at pressures on
the order of one atmosphere in degassed liquids appears
to be a transient convective process allowing the homog-
enization of the xenon concentration in solution in a few
minutes. This convection, which does not result from a
temperature gradient, is present in each liquid we have
studied, even those, such as water, where the solubility of
xenon is very low. Thus the first dissolution step of xenon
differs strongly from the process of liquid/gas exchange
at equilibrium, since the latter is found to be mainly dif-
fusive, as in the case of CO [36]. For this transient con-
vective process, xenon flows down with the solution along
the wall. The present study based on laser-polarized xenon
and MRI techniques allows a first quantitative character-
ization of this phenomenon. We note that the constraints
imposed by the geometry of a liquid-state probehead seem
to forbid a better characterization, e.g. a higher time-
sampling rate, change of sample symmetry, large variation
of the Rayleigh number, significant change of the delivery
process or of the xenon pressure. A finer description of this
transient process by more classical optical procedure [37]
would then be necessary. Nevertheless, the appearance of
convection induced by concentration gradient could limit
the use of fast MRI techniques. Indeed, although the dis-
solved xenon diffusion length at concentration equilibrium
is much smaller than the resolution of the magnetic res-
onance image, dephasing of spins due to convective diffu-
sion during application of imaging gradients could result
in a substantial loss of signal [28].

The dynamics of laser-polarized xenon magnetization
is strongly dependent on the solvent, since for a partic-
ular solvent such as chloroform, the dissolved-phase spin
relaxation is slowed down by an efficient mass transfer
process between the dissolved xenon and the reservoir of
slow-relaxing gaseous xenon, leading to a very long ap-
parent self-relaxation time T l

1. The present result, which
illustrates how global transport phenomena and local dy-
namic properties such as spin relaxation can be mixed,
has important consequences for the ideal delivery process
in continuous flow laser-polarized xenon experiments. For
example, for a solvent such as chloroform, it could be bet-
ter to avoid spectrum artifacts resulting from bubbling the
gas in the solution, and to benefit from the strong coupling
between the gaseous and liquid phases, by adding freshly
polarized xenon gas above the solution and not inside.
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