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Abstract. We studied the free precession of the nuclear magnetization of hyperpolarized 129 Xe gas in
external magnetic fields as low as B0 = 4.5 nT, using SQUIDs as magnetic flux detectors. The transverse
relaxation was mainly caused by the restricted diffusion of 129 Xe in the presence of ambient magnetic field
gradients. Its pressure dependence was measured in the range from 30 mbar to 850 mbar and compared
quantitatively to theory. Motional narrowing was observed at low pressure, yielding transverse relaxation
times of up to 8000 s.
PACS. 82.56.Na Relaxation – 82.56.Lz Diffusion – 51.20.+d Viscosity, diffusion, and thermal conductivity
– 85.25.Dq Superconducting quantum interference devices (SQUIDs)

1 Introduction
Optical pumping of rare gases (3 He, 129 Xe) makes it possible to achieve a nuclear polarization of up to several
ten percent [1–3]. Such hyperpolarized gases have found
many fields of application, e.g. as neutron spin filters and
polarized nuclear targets (3 He) [3,4], for tests of fundamental symmetries (3 He, 129 Xe) [5,6], for magnetic resonance imaging (MRI) of the lungs (3 He, 129 Xe) [7,8] and
for 129 Xe MR-spectroscopy of the brain [9,10].
In the following, we report on the pressure dependence
of the transverse relaxation of hyperpolarized 129 Xe in
xenon gas of natural abundance. The gas was contained
in a spherical glass bulb at room temperature. For the detection of the 129 Xe magnetization we applied instrumentation which is commonly used for investigations of biomagnetism, i.e. superconducting quantum interference devices (SQUIDs) inside a magnetically shielded room with
residual magnetic fields of only a few nT. The transverse
relaxation was mainly caused by gaseous diffusion in the
presence of magnetic field gradients. As the gas pressure
inside the glass bulb becomes sufficiently low, one reaches
the regime of restricted diffusion. We were thus able to
test, for the first time, an existing theory [11] of spin relaxation in the motional narrowing regime directly, exploiting thereby the high sensitivity of SQUIDs, the small
residual magnetic fields and the small ambient magnetic
field gradients inside the magnetically shielded room.
In earlier studies, the magnetic field generated by hyperpolarized 3 He gas which was contained in a glass bulb
a
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that was located in a magnetically shielded environment
was measured at a resolution of 100 fT by Cohen-Tannoudji
et al. [12], using a 87 Rb magnetometer. More recently, a
single-channel low-Tc DC SQUID second-order gradiometer operated in an unshielded environment has been employed to measure the spin precession of hyperpolarized
3
He in the earth’s magnetic field [13]. Recently, also SQUIDdetected NMR of laser-polarized solid 129 Xe at 4.2 K [14]
and SQUID MRI of laser polarized gaseous 3 He and solid
129
Xe at 4.2 K [15] have been reported, employing, however, magnetic fields in the µT range which are several
(3-6) orders of magnitude larger than the fields used in
our study.

2 Materials
We produced hyperpolarized 129 Xe (I = 1/2) off-line by
spin-exchange optical pumping, using circularly polarized
laser radiation to exite the D1 transition of Rb [1]. For optical pumping, a cylindrical Duran glass cell (V = 30 cm3 ,
inner diam.: 1.9 cm) was filled with typically 850 mbar
of xenon (natural abundance: 129 Xe = 26.4%), 200 mbar
of N2 and a drop of Rb metal. The cell was placed in
a holding field of B0 ≈ 10 mT provided by a pair of
Helmholtz coils and heated to about 110 − 130 ◦C. At an
incident laser power of 16 W (wavelength λ = 794.8 nm),
it took several minutes to achieve 129 Xe nuclear spin polarizations of typically 10%, verified by separate high-field
(3T) NMR-measurements [10,16]. Subsequently, the spinpolarized Xe gas was expanded into always the same evacuated uncoated spherical Duran glass bulb (outer diam.:
5 cm) at room temperature. The resulting pressure inside
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3 Results
In Fig. 2 we show the output signal of the one-channel
SQUID gradiometer versus the observation time t, induced
by the oscillating vertical component B̃zL of the magnetic
field produced by the precessing 129 Xe magnetization. The
data were recorded at a total pressure of p = (162 ±
9) mbar ((130 ± 7) mbar Xe, (32 ± 2) mbar N2 ) without an
additional external magnetic field applied. The raw data
were high-pass filtered (cut-off frequency fco = 0.02 Hz)
in order to remove any drifts and electronic offset, and fitted to the expression B̃zL (t) = A exp(−t/T2 ) sin(ωt + φ)
to deduce the Larmor frequency ω = γB0 and the transverse relaxation time T2 . Initial estimates for both parameters were deduced from Fourier-transformed high-pass filtered data. The component M⊥ of the nuclear magnetization M perpendicular to and precessing
around the
R
ambient magnetic field B0 = 1/V B(r)dV , averaged
over the volume V of the glass bulb, caused the observed
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this glass bulb was adjusted by further expansion into additional evacuted glass bulbs (5 cm or 2 cm outer diam.) or
by adding the corresponding unpolarized Xe/N2 mixture.
The exact gas pressure within the dedicated glass bulb
was deduced directly after each SQUID measurement by
expanding the gas into a calibrated vacuum system with
a pressure gauge.
The free precession of the 129 Xe magnetization in low
magnetic fields was recorded inside a magnetically shielded
room (BMSR [17], 2.2 m×2.2 m×2.3 m, shielding factor
≥ 10000), using a vertical (zL -direction) one-channel lowTc DC SQUID√gradiometer with a white noise level of
√
SB = 4.5 fT/ Hz (sampling rate 50 Hz), given by the
square root of the noise power spectral density SB [18].
When entering the BMSR, the strength of the ambient magnetic field drops within 0.5 m from about 50 µT
(earth’s field) to tens of nT. On entering the BMSR, the
bulb was carried at a velocity of > 1 m/s, which turned
out to be sufficiently fast for the 129 Xe nuclear magnetization to maintain its initial orientation in space and not to
follow the changing direction of the local ambient field adiabatically. In this way the free precession of the nuclear
magnetization around the ambient magnetic field inside
the BMSR was initiated. The bulb was placed directly beneath the liquid helium dewar which contained the SQUID
detectors. Inside the BMSR, the residual magnetic field
was about 5 nT and oriented almost vertically, known from
measurements using a three-axes fluxgate (Bartington, Oxford, GB). Residual magnetization present in the µ-metal
sheets of the walls of the BMSR after demagnetization
contributes significantly to the residual magnetic field inside the BMSR and, therefore, its variation along various
directions, e.g. along the xL -, yL - and zL -axes of the laboratory coordinate system, are generally different. A pair
of Helmholtz coils (diameter: 1 m) allowed the application
of additional magnetic fields of some tens of nT along the
yL -direction of the laboratory coordinate system, the origin of which was taken in the following to be at the center
of the glass bulb (s. Fig. 1).
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Fig. 1. Schematics of the experimental arrangement inside the
BMSR, illustrating the precession of the 129 Xe magnetization
M with components parallel (Mk ) and perpendicular (M⊥ )
to the ambient magnetic field B0 , tilted by θB from the vertical direction (zL ); the angle θB is exaggerated for clarity;
the horizontal axes xL , yL of the laboratory coordinate system were oriented perpendicularly to the walls of the BMSR;
the distance between the plane of the lowest SQUID detector
of the gradiometer and the outer surface of the bottom of the
Dewar (’cold-warm distance’) was 8 mm, the sample-detector
distance amounted to 3.5 cm.

variation of the output voltage. From the data shown in
Fig. 2 we deduced ν = ω/2π = (55.340 ± 0.001) mHz and
T2 = (2330 ± 10) s, which corresponds to a Larmor precession period of (18.070 ± 0.003) s and an average ambient magnetic field strength B0 = (4.6660 ± 0.0001) nT.
No drift in the Larmor precession frequency ω during the
measurement time was revealed by the fit of the expression for B̃zL to the measured data (s. Fig. 2) despite their
high signal to noise ratio of typically 400:1 (≈ 10 pT signal
amplitude and ≈ 25 fT noise level using 25 Hz bandwidth).
A longitudinal relaxation of the magnetization, resulting
in slow drifts of the SQUID signal integrated over the
precession period, could not be measured in this way. Assuming a 129 Xe polarization of 0.1, a distance of 3.5 cm
between the SQUID detector and the center of the spherical bulb (s. Fig. 1) filled with 200 mbar of Xe (natural
abundance), M to be oriented vertically, and B0 pointing along the xL -axis, the maximum dipolar field attainable at the detector is calculated to be about 150 pT. The
smaller field amplitudes observed (≤ 20 pT) are explained
by an angle of less than 90◦ between B0 and M , and
by B0 not being oriented horizontally. Also, a somewhat
lower polarization due to the longitudinal relaxation during transport of the glass bulb from the laser laboratory
to the magnetically shielded room may explain the lower
signals observed. Since we used a spherical glass bulb, the
demagnetization field Bde = −µ0 M /3 did not exert a
torque on the nuclear magnetization itself and hence did
not contribute to the Larmor precession frequency.
We recorded the free spin precession of 129 Xe at total pressures ranging from 30 mbar up to 850 mbar at two
average field strengths, B0 ≈ 4.5 nT (ambient magnetic
field) and B0 ≈ 15 nT, applying an additional horizontally
orientated magnetic field by means of the Helmholtz coils.
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Fig. 2. Free precession of the 129 Xe magnetization (gas
pressure p = (162 ± 9) mbar) measured with the SQUIDgradiometer. The insert shows the signal observed over an extended period of time. From the fitting procedure (see text) one
obtains for the prcession frequency ν = (55.340 ± 0.001) mHz
(→ B0 = (4.6660 ± 0.0001) nT) and a transverse relaxation
time of T2 = (2330 ± 10) s.

For each measurement the data acqusition times were in
the range of half an hour to one hour, typically, depending
on the signal lifetime. Fig. 3 displays the pressure dependence of the transverse relaxation rate 1/T2 . As can be
seen, at the lower field strength, 1/T2 initially increases
linearly with pressure and then levels off at pressures exceeding 200 mbar. Generally, lower relaxation rates were
measured with the additional magnetic field applied, and
relaxation times T2 up to (8100±400) s (p = (60±9) mbar)
were observed.
In the following, we show that the observed relaxation
can be understood as due to restricted diffusion of xenon
atoms in the presence of ambient static magnetic field gradients. In order to estimate such gradients, we simultaneously recorded the spin precession originating from two
adjacent glass bulbs, each containing the same hyperpolarized gas mixture. The bulbs were placed beneath the
dewar, with their centers 8 cm apart from each other and
their symmetry axis pointing along either the (horizontal)
xL - or the yL -axis. Fig. 4 shows the beating pattern obtained along the yL -axis with no additional magnetic field
applied. From the difference ∆ν = (0.011 ± 0.001) Hz between the Larmor frequencies, an ambient magnetic field
gradient of ∆B0 /8 cm = (0.12 ± 0.01) nT/cm is deduced.
Generally, the magnetic field gradients along the xL - and
yL -axis ranged between 0.01 nT/cm and 0.2 nT/cm with
or without additional magnetic field applied. Similar variations of the residual magnetic field inside the BMSR have
previously been deduced from fluxgate measurements [17].
As discussed above, residual magnetic field gradients are
generally different along the xL - and yL -axes despite the
quadratic cross section of the BMSR because of contributions from the residual magnetic flux in the µ-metal sheets
of the walls after demagnetization. In contrast, a dipoledipole interaction between the 129 Xe magnetizations in
both glass bulbs cannot explain the magnitude of the
difference between the Larmor frequencies. Assuming, as
above, PXe = 0.1, pXe = 200 mbar and a distance of 8 cm

129

Xe Detected by SQUIDs

3

1

0.1
10

2

3

10
Pressure (mbar)

Fig. 3. Pressure dependence of the transverse relaxation rate
(1/T2 ) of Xe/N2 gas mixtures (pXe : pN2 ≈ 4 : 1) at
B0 ≈ 4.5 nT (◦) and B0 ≈ 15 nT (×) and fits (solid lines) of
Eq. (1) to experimental data. The dashed line represents the
fit (B0 ≈ 15 nT) omitting the data points exceeding 400 mbar
(see text). Eq. (1) was augmented by the constant background
rate 1/T2b = 0.07 × 10−3 s−1 .

between the centers of the spheres, the maximum dipolar
interaction can be estimated to be ∆νdipole = 0.08 mHz,
about one to two orders of magnitude smaller than the observed beating. Such a small difference in the precession
frequencies would not have been resolved in our measurements.

4 Comparison to theory
A theoretical treatment of the nuclear spin relaxation of
rare gases due to magnetic field inhomogeneities at low
magnetic fields and low pressures was reported by Cates
et al. [11], taking restricted diffusion and the influence of
the local magnetic field B(r) = B0 + B1 (r) into account,
but neglecting collisional relaxation within the gas and relaxation at the walls of the spherical cell of radius R. The
deviation B1 (r) of the local field from the average homogeneous field B0 was approximated by the linear gradient fields B1 (r) = r · ∇B1 , with ∇B1 being a traceless,
symmetric second-rank tensor, taken to be independent of
position. For the transverse relaxation rate, Cates et al.
obtained
2

2

2

8R4 γ 2 |∇B1z |
|∇B1x | + |∇B1y |
1
=
+D
T2
175 D
B02
X
1
h
i , (1)
×
−2
2
4
2
n [x1n − 2] 1 + x1n (γB0 R /D)
where D is the diffusion coefficient of the rare gas. In
Eq. (1) the components of B1 refer to a coordinate system
with its z-axis pointing along the average field B0 . The
first term represents the usual secular broadening and is
proportional to the pressure p, since at constant temperature pD(p) = p0 D0 , with D0 being the diffusion coefficient at p0 = 1013 mbar. The second term corresponds
to lifetime broadening, where the sum runs over all zeros x1n (n = 1, 2, 3, . . .) of the derivative (d/dx) j1 (x) =
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Fig. 4. Beating signals produced by the 129 Xe magnetization contained in two adjacent glass bulbs of the same size
(R = 2.5 cm), separated by 8 cm and oriented along the yL axis. The different precession frequencies reflect the different
ambient magnetic fields at both bulbs.

0 of the spherical Bessel function j1 (x). We have verified numerically that for our experimental conditions only
the first term (x11 = 2.081576) of the sum needs to be
taken into account. At sufficiently low pressures, such that
τD /τL ≪ 1, the second term of Eq. (1) is also proportional to p, where τD = R2 /D is the characteristic diffusion time for a spherical cell, defined by Cates et al.
[11], and τL = (γB0 )−1 is 1/(2π) times the Larmor precession period. In this pressure range, motional narrowing
occurs. At higher pressures at which τD /τL ≫ 1, the second term of Eq. (1) decreases proportional to 1/p. At pressures where τD /τL ≈ 4 the second term in Eq. (1) gives
its maximum contribution to 1/T2 and sets the transition
between the low- and the high-pressure behavior [19]. Furthermore, the perturbation calculation leading to Eq. (1)
requires γ |B1 | τD ≪ 1 [11].
Cates et al. [19] measured the longitudinal relaxation rate 1/T1 of hyperpolarized 129 Xe at high pressures (τD /τL ≫ 1) and the longitudinal and transverse
relaxation rates 1/T1r , 1/T2r in the rotating coordinate
frame at lower pressures, i.e. for τD /τR ≪ 1, where τR is
1/2π times the Rabi precession period. McGregor [20] investigated the gradient dependence of the T2 -relaxation
of hyperpolarized 3 He in the high-pressure regime. To
our knowledge, no direct measurements of the transverse
relaxation rate 1/T2 of the 129 Xe magnetization under
motional narrowing conditions, i.e. in the low-pressure
regime, have been available up to now.
The experiments reported in this paper were primarily performed having future applications of spin-polarized
noble gases for biomedical measurements in mind. They
were not intended to determine the ambient magnetic
field gradient tensor from the pressure dependence of the
transverse relaxation rate. Nevertheless we have fitted (s.
Fig. 3, solid lines) Eq. (1) - augmented by a background
rate 1/T2b assumed to be independent of pressure p 2
2
to our experimental data, with |∇B1z | and |∇B1⊥ | =
2
2
|∇B1x | +|∇B1y | being free parameters. The background
relaxation rate 1/T2b = 0.07 × 10−3 s−1 was obtained by
extrapolating the low-field data (p < 100 mbar) shown in
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Fig. 3 to p = 0 mbar. The nature of the constant background relaxation rate is not precisely known, probably
wall relaxation contributes to this rate. Since not enough
information is available to determine wall relaxation any
further, we have chosen to make the simplest assumption
possible, i.e. that of a pressure independent background
rate. Recently, the longitudinal relaxation rate of hyperpolarized 3 He in magnetized glass cells was reported to
depend linearly on pressure [21,22]. However, after demagnetization of the spin exchange cells a background
longitudinal relaxation rate independent of pressure was
observed by Jacob et al. [22], supporting our assumption.
The self-diffusion coefficient D0 (Xe-Xe) of xenon at
room temperature is about 0.06 cm2 s−1 as measured by
various methods [23–25]. The diffusion coefficient of xenon
for infinite dilution of xenon in nitrogen is given as
D0 (Xe-N2 ) = 0.21 cm2 s−1 [26]. Linearly interpolating
the inverse of these diffusion coefficients - plotted versus the xenon mole fraction - to the gas mixture used
in our experiments (80 vol.% Xe, 20 vol.% N2 ), we get
D0 (Xe:N2 = 4 : 1) ≈ 0.07 cm2 s−1 at 293 K. With this
input value we obtain |∇B1z | = (0.07 ± 0.002) nT/cm
and |∇B1⊥ | = (0.16 ± 0.003) nT/cm (B0 ≈ 4.5 nT)
and |∇B1z | = (0.05 ± 0.002) nT/cm, |∇B1⊥ | = (0.14 ±
0.007) nT/cm (B0 ≈ 15 nT) from the fit. These values are
well within the range of the gradients estimated from the
spin precession of the 129 Xe contained in two adjacent
spherical bulbs. Since the ambient magnetic field (B0 ≈
4.5 nT) was essentially vertically oriented but the sum of
the ambient and external magnetic field (B0 ≈ 15 nT) almost horizontally (θB = 70◦ ), different gradients |∇B1z |
and |∇B1⊥ | are to be expected at both field strengths.
For our conditions, the transition between the lowand high-pressure behavior is calculated to occur at p ≈
150 mbar for the measurements at B0 ≈ 4.5 nT. This is
reflected in our experimental data. Furthermore, at pressures p < 100 mbar, 1/T2 increases linearly with the pressure - as predicted by theory -, and motional narrowing
is observed. For pressures 150 mbar ≤ p ≤ 500 mbar, the
pressure dependence of the first term (∝ p) and of the
second term (∝ 1/p) of Eq. (1) compensate each other
approximately.
Due to the 1/B02 dependence of the second term in
Eq. (1), lower relaxation rates are recorded at the higher
field strength (B0 ≈ 15 nT). Whilst Eq. (1) quantitatively explains our low-field data, there are some discrepancies between theory (Fig. 3 solid line) and experiment at the higher field strength. For B0 ≈ 15 nT, theory predicts the transition between the low- and the highpressure behavior to take place at p ≈ 50 mbar just below the lowest pressure at which relaxation was measured at the higher field strength. In addition this transition is more difficult to observe since the measured relaxation rates are close the background rate 1/T2b . As
mentioned above, Eq. (1) requires γ |B1 | τD ≪ 1. Taking |∇B1⊥ | ≈ 0.15 nT/cm, we estimate the pressure at
which γR |∇B1⊥ | τD ≈ 1 to be p ≈ 460 mbar. Hence,
for pressures exceeding 400 mbar, Eq. (1) might not be
strictly valid. The two data points shown in Fig. 3 taken
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at B0 ≈ 15 nT and exceeding this pressure might indicate the breakdown of first order perturbation theory or
represent outliers. On the other hand, at the lower field
strength (B0 ≈ 4.5 nT) no discrepancies are observed
in this pressure range (s. Fig. 3). Restricting the highfield fit to data points measured below p = 400 mbar we
obtain a considerably improved description of the measured relaxation rates (Fig. 3 dashed line), yet with resulting field gradients (|∇B1z | = (0.06 ± 0.002) nT/cm,
|∇B1⊥ | = (0.12 ± 0.01) nT/cm) being very similar to the
ones mentioned above.
Furthermore, the relaxation due to the secular contribution to 1/T2 (first term in Eq. (1)), which is proportional to pressure p, cannot rise ad infinitum. At some
point diffusion will be so slow that it no longer will contribute to relaxation. From that point on any further increase of pressure will no longer change the relaxation
rate. Without relying on first-order perturbation theory,
the pressure range at which the secular contribution begins to saturate was estimated from Monte Carlo (MC)
calculations. Numerical simulations were carried out for
various pressures up to 10 bar, taking the experimental
conditions into account and neglecting lifetime broadening as well as collisional and wall relaxation. To this end
we followed the diffusion of a nuclear spin-polarized 129 Xe
atom placed at random within the glass cell at r0 =
r(t = 0), and, every ∆t = 10 ms, sampled the change
∆ϕ = γ∆t(B0 + ∇B1z ∆r) in phase angle ϕ of its magnetic moment perpendicular to the homogeneous average
field B0 (B0 = 15 nT), as the atom moves from position
r(t) to position r(t + ∆t) = r + ∆r. The time increment
∆t = 10 ms was chosen sufficiently small to result in small
phase changes,
√ e.g. at B0 = 15 nT, |∇B1z | = 0.15 nT/cm
and ∆z = 2D∆t = 0.119 cm (p = 100 mbar, T = 293 K),
∆ϕ = 0.011 rad. It should be noted that the time increment ∆t is considerably longer than the gas collision time
τc ≈ 3.7 ns at 100 mbar. Depending on pressure and the
value chosen for |∇B1z |, taken to be independent of position, the diffusion of the atom was followed for times t up
to 1000 s, i.e. for N = 105 steps. This process was repeated
for a total of 2000 spin-polarized 129 Xe atoms all starting
with the same perpendicular component of their magnetic
moment taken parallel to the surface normal of the detector. Subsequently for each observation time t = N ∆t the
total magnetization along the surface normal was calculated, resulting in a free induction decay, from which the
secular contribution to the transverse relaxation was inferred (see Fig. 5).
At pressures p < 3 bar, the results of our MC calculations agree well with the first term of Eq. (1) for the
gradients |∇B1z | up to 0.15 nT/cm (s. Fig. 5). A saturation of the secular contribution to 1/T2 was observed
for pressures exceeding 3 bar, approximately. This implies
that the levelling off observed in Fig. 3 cannot be explained
solely by the secular term, i.e. by restricted diffusion in the
presence of a field gradient ∇B1z , but that it reflects the
interplay of both terms of Eq. (1).
The collisional relaxation caused by the spin-rotation
interaction γN I between the 129 Xe nuclear spin I and
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Fig. 5. Secular contribution to the transverse relaxation rate,
calculated for three different gradients |∇B1z | by Monte Carlo
simulations (symbols) and by the first term of Eq. (1) (solid
lines) assuming B0 = 15 nT.

the molecular angular momentum N during 129 Xe-Xe collisions is important at high pressures, limiting the longitudinal relaxation time to T1 = 56/(ρ/ρST) h [27], where
ρ/ρST is the atomic density normalized to its value at
T0 = 273.15 K and p0 = 1013 mbar. In our case, however,
contributions of the collisional relaxation to the transverse
relaxation rate can be neglected due to the low atomic
densities (ρ ≤ 0.78/ρST) used.

5 Conclusion
The transverse relaxation of hyperpolarized 129 Xe produced off-line, was studied quantitatively at room temperature in ultra-low external magnetic fields (B0 = 4.5 −
15 nT). The observed pressure dependence of the transverse relaxation rate confirmed the predictions of an existing theory of spin relaxation in the motional narrowing
regime.
The high signal-to-noise ratio in the detection of the
oscillating magnetic field produced by the precessing 129 Xe
magnetization and the long transverse relaxation times T2
observed (up to 8000 s) support the idea that hyperpolarized rare gases can indeed be used for several new applications, e.g. for SQUID-NMR, as a tool for nuclear thermometry, or as a highly sensitive absolute magnetometer
(reviewed in [28]). By employing hyperpolarized 3 He with
a self-diffusion coefficient which is more than one order of
magnitude larger than that of xenon (D0 (He) ≈ 2 cm2 /s
[29]) at pressures as low as one mbar, and by using glass
containers with a very low wall relaxation [21], transverse
relaxation times in the range of one day and longer should
be attainable.
Furthermore, by using multi-channel SQUID-detectors
[30] it may also be possible to perform spatially resolved
measurements without having to use switched magnetic
field gradients as in MRI measurements. This may open
the way to using hyperpolarized rare gases as agents for
spatially resolved biomagnetic measurements [31].
We acknowledge the help of A. Schnabel and W. Müller
during measurements. Also, we would like to thank L.
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