Precision magnetometry at cryogenic temperatures with gaseous *He NMR probes
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We report on compact, gaseous >He NMR. probes for precision magnetometry of magnetic fields
B > 0.1 Tesla in the temperature range from ambient temperatures down to 4 Kelvin. The gas is
thermally polarized at pressures up to 100 bar to provide a high spin density. In order to achieve
sensor read-out rates of O (s), paramagnetic substances and/or silica gel with high specific surface
area were added to reduce the otherwise long T} relaxation time of pure *He gas to reach thermal
polarization equilibrium. Sensitivity limits which cover the range from 1077 < §B/B < 107! are
accessible in a single-pulse NMR measurement and can be further improved by accumulated NMR

scans.

1. Introduction

Ultra-sensitive measurements and monitoring of high
magnetic fields (B > 0.1 T) are of great interest for
different fields of physics and applied research, ranging
from accelerator science (e.g. BNL/FNAL, Muon g — 2
experiment [1-3], to mass spectroscopy [4] and practical
applications like shimming procedures for permanent
and superconducting magnets [5] or monitoring field
dynamics in MRI systems [6]. At high magnetic fields
NMR probes (Nuclear Magnetic Resonance) give the
highest accuracy [7]. Due to their capability of determin-
ing absolute field values, they are commonly used for the
calibration of magnetic sensors which are based on other
physical principles, e.g., Hall plates. Until recently and
almost exclusively, small liquid samples (e.g., water or
cyclohexane) served as NMR-samples for this purpose.
For example, X. Fei et al., [1] tested precision NMR
probes to characterize the magnetic field of a conven-
tional MRI (Magnetic Resonance Imaging) magnet
(1.5 T), reaching an absolute accuracy of ~ 4 x 107%. In
this work, the essential gain in sensitivity was reached
using a susceptibility-matched spherical water sample.
Already in X. Fei et al. [1] and somewhat earlier by J.L.
Flowers et al. [8], it is stated that optically pumped
polarized *He (I = 1/2) may be a more appropriate
NMR sample to increase the sensitivity limits. In Ref.
[9], we describe a 3He magnetometer capable to measure
magnetic fields of order Tesla to a relative precision of
better than 107!2. The 3He gas is spin polarized in-situ
using a new, non-standard variant of metastability
exchange optical pumping (MEOP). In this context,
3He nuclear magnetic resonance probes have been
proposed as a new standard for absolute magnetometry
[9, 10]. This requires a high-accuracy value for the
3He nuclear magnetic moment, which, however, has so
far been determined only indirectly, relying on water
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NMR probes [8]. Recently, a direct measurement of
the 3He nuclear magnetic moment was performed by
investigating the hyperfine structure of a single 3He™ ion
in a Penning trap [11], thus improving the precision of
the shielded magnetic moment by an order of magnitude,
i.e., pe/h = 16.217050033(14) MHz/T.

The use of gaseous *He NMR magnetometers can also
be extended to cryogenic temperatures without loss of
accuracy. Here, most NMR sensors are not suitable or at
least have limitations because specialized spin samples
like metallic 27 Al-powder [13] or 'H-NMR on samples
composed from acetone/ethanol mixtures as well as
water, of course, are all in the solid state and the dipolar
coupling of the spins which is usually averaged out in
NMR, spectra of solutions or gaseous samples, lead to
substantial broadening of the spectra going along with
a severely degraded precision [12]. As superconducting
magnets become more common, there is an enormous
demand on compact, reliable, and easy to handle
cryogenic NMR probes. *He magnetometers based on
free spin precession after resonant radio frequency pulse
excitation would, for the first time, provide a field sensor
capable of operating across the full temperature range of
interest, from 4 Kelvin to room temperature. To perform
precision magnetometry with 3He NMR samples at low
temperatures, key limitations must be addressed and
overcome:

When going to cryogenic temperatures, MEOP becomes
ineffective and slow since the orientation transfer via
metastability exchange (ME) collisions gets less efficient.
For a given 23S density, the ME collision rate is reduced
by a factor of about 30 at ~ 4 K [14, 15]. Taking
into account that a large number of ME collisions,
proportional to B?, are required to transfer a single
unit of angular momentum between ground-state and
the 23S state atoms [16], the polarization buildup may
take several minutes. Although somewhat challenging
to integrate a device for optical pumping in a low
temperature setup, MEOP at cryogenic temperatures
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has been demonstrated successfully in references [17, 18].
Most experiments were done with Pyrex spherical cells
(©» = 3 cm) at a 3He gas filling pressure of a few mbars.
Another approach as described in Ref. [19], utilizes a
polarization transfer technique where hyperpolarized
3He gas from a room temperature MEOP reservoir
diffuse through a connecting tube to a second cell
immersed in a liquid helium bath. This way ground state
nuclear polarizations of up to 50% and number densities
of order 10'® cm™3 have been produced. The main
drawback of this method is that the polarization at low
temperature increases slowly and reaches a maximum
after a delay of the order of 1 hour when the upper cell
is continuously pumped. Another coupled reservoir-bulb
system using thermally polarized 3He was realized by X.
Fan et al.,[20], i.e., a large room temperature reservoir
(1.2 liters at ~ 1bar 3He) connected to the NMR bulb
(0.5 cm3) at 4.2 K via a capillary tube to ensure high
density of the 3He gas. Even though the longitudinal
relaxation time constant T to reach thermal polarization
equilibrium was long, i.e., 364(31) s, NMR measurements
with the recovery time of 2 s were sufficient to give a
signal-to-noise ratio of about 10.

In the following we report on the development of
a 3He magnetometer capable to cover the entire low-
temperature range 4 K < T < 300 K for magnetic fields
B > 0.1 T. As in Ref. [20], we use thermally polarized
3He NMR probes, but instead of a coupled reservoir-bulb
system , sealed, high pressure 3He samples are utilized to
provide a high spin density. The main drawback in using
thermally polarized 3He is the long T;-time of minutes
to hours to reach thermal polarization equilibrium, that
gives rise to slow sensor read-out rates and was hitherto
the main argument against usage for magnetometry.
We successfully introduced three strategies to reduce T
over wide temperature ranges, so that this obstacle has
also been mastered.

2. Methodology background

The basic principle of NMR is to polarize the mag-
netic moments g7 of nuclei (here: 3He) along the axis
of the respective magnetic field (z-axis), and then to tip
them synchronously out of axis towards the transverse
x —y plane by applying a short, resonant radio frequency
(rf) pulse. Subsequently, the free, coherent precession of
the nuclear magnetic moments around the field direction
with the Larmor frequency

Wo /2T = Yo - | B] (1)

is detected by means of a receiver coil of quality factor @
which is tuned to be resonant at the Larmor frequency.
The proportionality constant vyge = 2 - (upe/h) is called
the gyromagnetic ratio and is the factor used to trans-
form the measured NMR resonant frequency into a mag-

netic field. The loss of coherence of the NMR-signal called
Free Induction Decay (FID) is usually characterized by
an exponential decay with a time constant T3 , as field
inhomogeneities over the sample’s volume cause the pre-
cessing nuclear spins to get out of phase with each other.
When the 3He gas pressure and the magnetic field are
sufficiently high, the spin precession time becomes short
relative to the diffusion time across the inhomogeneous
field, AB, inside the sample’s volume, preventing mo-
tional narrowing [21]. In this case, the transverse decay
constant of the spin precession signal can be deduced to
be [22]

L _1 2 AB =2 AB 2
Tiz* - E + 27 YHe ~ £TYHe . ( )
This time constant can range from milliseconds to frac-
tion of seconds, depending on the nature of the sam-
ple and the homogeneity of the magnetic field. Here, we
have neglected the spin-spin relaxation time constant 7o
which contributes even when the external magnetic field
is perfectly homogeneous (AB = 0) and which was deter-
mined to be Ty ~ 2.6 s from a Carr-Purcell-Meiboom-Gill
(CPMG) NMR pulse sequence [20, 23]. The usual formula
for the signal-to-noise ratio (SN R) available after a 90°

pulse is given by [24, 25]
1/2
) m®

where K is a numerical factor (~ 1) dependent on the
receiving coil geometry, n is the “filling factor,” i.e., a
measure of the fraction of the coil volume (V) occupied
by the sample (V3), o is the permeability of free space, F
is the noise figure of the spectrometer, kg1 is the thermal
energy of the sample/coil at temperature 7', and fpw =
1/At is the measurement bandwidth with At¢ being the
sampling interval. The magnetization M, of a thermally
polarized 3He sample is given by

o Quo Ve

SNE=K-n < 4F kT fpw

HHe - B
kT

My = N - pye - tanh < ) ~ Nu% (B/ksT) (4)

where N is the number of spins at resonance per unit
volume. The hyperbolic tangent factor is the net fraction
of the spins that are thermally aligned. The approxima-
tion to the right in Eq. (4) suffices in all cases considered
here. From Egs. (3,4) we deduce a dependence of the
SNR, resulting in a gain factor of ~ 600 in measurement
sensitivity when going from room temperature to 4.2 K.
However, one has to take into account the factor F' in
Eq. (3) which comprises all additional noise sources in
the spectrometer. Often it is convenient to express the
noise performance in terms of the excess noise temper-
ature T, [26]. This is the amount by which the source
temperature T" would have to be raised to produce the
same noise output from an ideal noise free amplifier of the



same gain and F, T and T, are related by F = 1+T,/T.
Typical noise temperature of receiver (preamplifier) at
room temperature is T, = 50 K —200 K [27], therefore, if
no other measures are taken to suppress this excess noise,
we expect the temperature dependence of the SINR to be
x 1/T. In an NMR magnetometry context, the Cramér-
Rao Lower Bound (CRLB) is the lower limit for the un-
certainty on the NMR resonance value in the presence of
Gaussian noise [28]. The lower limit on the variance o
for the frequency estimation of an exponentially damped
sinusoidal signal is given by

12
(2m)2SNR? fewt? .
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C(x) (5)

where t is the acquisition time and C(x) describes the ef-
fect of exponential damping of the signal amplitude with
T and is given by

2/3(1 — exp(—2k))
(1 — exp(—2k))? — 4k2exp(—2k)

C(k=t/Ty) = &> (6)

Finally, the sensitivity 6B on the respective magnetic
field B is given by 6B < of/vue . When the acquisition
time is t <« T3, the signal is effectively undamped.
The precision follows the t~3/2 power law, and the
limit v/C' — 1 is obtained. For observation times much
longer than T3, V/C o (t/T3)%/? and 6B is independent
of t. This describes a situation where no more useful
knowledge about the resonance frequency is obtained
from longer observation. In practice, the acquisition
time is set to t ~ 375 . Often the FID envelope may
differ from a pure exponential function corresponding
to suboptimal magnetic field homogeneity conditions,
e.g., due to imperfect shimming of the magnet. In this
case the CRLB derived for oy or B can only be seen as
approximate.

3. Experimental
3.1 Provision of high-pressure gas samples

The main problem in making high pressure gas sam-
ples sealed in glass or fused silica cells is the fact that
the cells cannot be flame sealed with higher internal than
external pressures which limits the inner pressure to am-
bient pressure. To circumvent this problem, we use the
selective permeation of Helium through quartz to fill the
cell with a defined helium pressure, a technique already
utilized in an earlier publication on this topic [29]. In
Fig. 1 we show two of our sealed off sample cells which
were made from 6 mm quartz tubes with an inner di-
ameter of 4 mm and which were prepared with a seal-
ing neck for a length of ca. 10 mm and hence an inner
volume of Vi = 0,126(10) cm? after the cell had been
sealed off. The bursting pressure p,, of quartz tubes fol-
lows the Lamé formula when cylinders (quartz tubes) are

subjected to internal pressure: pp, = S - (n? —1)/(n? +1)
[30]. With n being the ratio of external to internal diam-
eter and S is the tensile strength of the tube material, we
obtain py ~ 200 bar for n = 1.5 and Squartz = 480 bar.
For short cylinders with closed ends as in our case, this
value is still increasing slightly, so that the safety margin
for filling pressures is p < 100 bar. The apparatus used
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FIG. 1. Photograph of two fused silica sample cells sealed off
under vacuum. The white powder inside is strontium peroxide
to release oxygen; see text for details.

to fill (via permeation) the quartz cells with helium is
shown in Fig. 2. By means of a turbo pumping station
all connecting pipes (@1 = 2 mm) including the compres-
sor unit and the bake-out section with the stainless-steel
cylinder at its very end housing the quartz cell, can be
evacuated. Two gas bottles (V = 1 liter) filled with 3He
respectively “He at a maximum pressure of 3 bar pro-
vide the gas supply. The pneumatically driven compres-
sor is a home-made unit and, with its stroke volume of
160 cm?, has an effective compression factor of about 20.
The two bellows-sealed valves V1 und V2 (Swagelok SS-
6BK-MM) are helium-tight with a dead volume of only
1.6 cm® and can be used up to a working pressure of
100 bar. If necessary, the compressor can be activated
several times to compress sufficient amount of gas from
the gas bottle into the intentionally small storage volume
of Vi = 5.48(7) cm? downstream of valve V2. Alterna-
tively, the compressor can be used as a pump to return
a high percentage of the remaining gas in Vi to one of
the gas bottles after the filling process of the cell has
been completed. This mainly concerns the rather expen-
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FIG. 2. Sketch of the ®He filling station. Tubes, fittings,
adapters and valves are designed accordingly for high-pressure
use (Swagelok). The inset shows a photograph of the hollow
stainless-steel cylinder which is welded to a connecting tube,
and in which a sealed off quartz cell was inserted beforehand.
After the filling procedure, the cell is being accessed by open-
ing the cylinder at one end by means of an iron saw. See text
for more details.

pressure sensor
compressed Ar bottle

sive 3He gas. The pressure is determined via an electronic
pressure sensor (Autosen AP018) with a measuring range
from 0 to 100 bar and a resolution of 10 mbar. In or-
der to determine the characteristic permeation time con-
stant 7, for this type of cells, Vit was filled with *He and
the front part of the connecting pipe with the stainless-
steel cylinder was baked-out in a hinged tube furnace at
~ 500°C (see Fig. 2). After about 30 hours, the resid-
ual gas was pumped out and with V2 closed again, the
pressure increase due to re-permeation was monitored
which should show an exponential saturation behavior
according to p(t) = po[l — exp(—t/m,)] . Based on the
measured time constant of 7, ~ 5 h (see Fig. 3), we
have set the total time required to fill each of our cells to
ty~ 5.7, ,i.e., approximately one day. The same time
span during which pressure equilibrium is reached was
also used for 3He as a conservative limit, since the lighter
isotope should permeate somewhat faster [31]. According
to Swets et al., [32], the permeability of helium through
quartz is Psgp = 2.74(23) x 10'2? atoms/cm/s at a pres-
sure difference Ap = 10° Pa, so the expected permeation
time constant can be deduced to be
VsAp

Ty, = = 7
P Psoo - (A/d) - ki - Tsoo @)

With the Boltzmann constant kg, temperature
Ts00 = 773 K, effective cell surface A = 2.14(10) cm?,
and average wall thickness d = 0.100(5) cm, we get
Tp = 5.6(7) h which agrees reasonably well with the
measured value. Following Swets et al. [32], we can also
draw conclusions about how long the gas remains in the
cell if we put it, for example, in a deep freeze, namely:
75(—20°C) ~ 5 h - (Pso0/P-20) ~ 1.6 y . This period
can be extended even further if the cell is additionally
sealed with a silicone-based thin film sealant (Vacseal)
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FIG. 3. Build-up of the *He pressure due to gas permeabil-
ity into the small storage volume of Vi, = 5.48(7)cm?®, which
is kept at ~ 500°C and which houses a quartz cell previ-
ously filled with *He. The residual gas from the filling pro-
cess was pumped out beforehand. An exponential fit (red
curve) gives the characteristic permeation time constant of
7 = 303,9(5)min, i.e., about 5 h.

immediately after filling. The temperature limits for an
effective seal range from liquid helium to 450°C. All
cells that are not in direct use have been kept at —20°C.
The long-term behavior of such a cell based on repeated
SN R measurements is shown in section 4.1. Let pt be
the measured pressure in Vi at the end of the filling
process at temperature T' where pressure equilibrium is
reached, the room temperature (RT) pressure in the cell
is then given by prr = pr(Trr/T) assuming the ideal
gas law.

3.2 Measures to reduce the longitudinal relax-
ation time T}

The T relaxation time, also known as the spin-lattice
relaxation time or longitudinal relaxation time, is a mea-
sure of how quickly the net magnetization vector recov-
ers to its thermal equilibrium state in the direction of
|B|. ®He is known to show very long T} relaxation times
which proves to be a drawback in its use as a magne-
tometer. Relaxation mechanisms include relaxation due
to magnetic field inhomogeneities [33], relaxation due to
paramagnetic species in the bulk gas [34], and relaxation
on the cell walls due to paramagnetic centers or magne-
tized ferromagnetic contaminants on the surface [35-37].
As the relaxation from magnetic field inhomogeneities
decrease with increasing pressure, this relaxation mode
is strongly suppressed in our high-pressure samples, if
not enforced, e.g., by placing a strong permanent magnet
next to the sample. At elevated pressures, the nuclear-



spin-relaxation rate of gaseous *He due to the magnetic-
dipole interaction between the *He nuclear spins could
become important: This dipolar relaxation was evaluated
for temperatures from 0.1 K to 550 K [38] and it can be
deduced that even in the worst-case scenario for pressures
of 100 bar and very low temperatures, the bulk dipolar
relaxation in *He is still about an hour. So again, it can
be neglected for our further examinations. Therefore, the
only option is to add paramagnetic substances and/or to
substantially increase the surface-to-volume ratio A/V,
since the wall relaxation rate is given by

1 A

—_— - —_ 8
Tl =Py (8)

with p being the surface relaxivity. Our approaches to
reduce T over wide temperature ranges are:

i) adding strontium peroxide (SrOs) to release paramag-
netic Oy from peroxide decomposition

ii) filling the volume with silica gel
size: 40 — 60 pm, pore size: 60 A)

iii) additional loading the silica gel with Gd** ions

(particle

ad i) Following B. Saam et al. [34], they obtained an
empirical formula for the longitudinal relaxation rate of
3He in the presence of Oy for 200 K < T' < 400 K:

Loz = 0.45[02](299/T)°4% s71 /Jamagat (9)

where [O3] is the oxygen density in amagats (an amagat
is a unit of density corresponding to 1 atm at 0°C). That
means, about 1 bar of Oz at room temperature reduces
the T} time to 77 ~ 2s. The way to get considerable
amount (1 > bar) of Oz into the sample vessel is to
use the thermal decomposition of SrOs which was
added prior the cell is sealed off. The decomposition
happens with the filling procedure of 3He at ~ 500°C
via 28109 T5ogec ” 2SrO + O, as discussed and investi-
gated, e.g., in Ref. [39]. The oxygen generated remains
completely in the quartz cell as its permeation rate is
approximately 6 orders of magnitude lower than the
corresponding Psgg -value for helium at this temperature
[40, 41]. Therefore, any desired oxygen pressure can be
set with the addition of the adequate amount of SrOs.
We added 6 mg of SrOy powder inside the cell. For a
stoichiometric reaction the 6 mg will generate 5 bar Oq
pressure in the cell volume V5. Thus, we expect T;-times
of ~ 0.4 s at least in the temperature range where
oxygen is still gaseous.

ad ii) Silica gel is an amorphous and porous form of
SrO,, consisting of an irregular tridimensional frame-
work of alternating silicon and oxygen atoms with
nanometer-scale voids and pores. The silica gel’s high
specific surface area (300-750 m?/g, [42]) allows it to
adsorb water readily, making it useful as a desiccant
(drying agent). The silica gel we used for our investi-
gations (Sigma-Aldrich) has a pore size of 6 nm and a

particle size of 40 to 63 pm. The silica gel powder was
filled into a 10 cm long round-bottom quartz tube up to
a height of ~ 30 mm, i.e., about 10 mm above the sealing
neck. The lower part with the silica gel was carefully
heated with an initially weak flame to allow water vapor
to escape without the fine powder being swept away.
We increased the flame intensity until no more bubbling
of the powder due to the escaping water vapor could
be observed. The cell could then be sealed off without
allowing further vapor pressure to build up, which makes
a vacuum-tight sealing challenging. The remaining at-
mospheric oxygen [prr ~ 0.2 bar - (300 K/1200 K)] gets
essentially adsorbed in the bulk material. Adsorption
equilibria and kinetics of silica gel for O2, Ny, and other
gases can be found in Ref [43].

ad iii) The intercalation of Gadolinium-ions (Gd**)
into the silica gel is achieved via a multi-stage process.
Firstly, ca. 2 g of Gadolinium(III) nitrate hexahydrate
(GA(NO,)3 - 6H0) is dissolved in 10 mL of high-purity
ethanol. A molar sieve was added to remove residual
water from the solution. In parallel, the silica gel
(~ 2 g) was filled into a round-bottom Pyrex tube
with glass flange so that it could be baked out under
vacuum at 300°C for about 5 hours. This ‘activation’
process of silica decreases the water content of the
gel and increases greatly its adsorptive capacity [44].
Finally, the Gd®*" dissolved in ethanol is added under
an argon atmosphere of ambient pressure and left to
react overnight. After removing the solvent, the silica
gel was dried in a vacuum oven and the required
quantity was filled into the round-bottom quartz
tube with sealing neck. From then on, the steps to seal
off the sample cell are the same as described under ad ii).

3.3 3He NMR sample cells and NMR magnets

A total of seven gas samples were investigated. The dif-
ferent 3He filling pressures at room temperature and the
additional contents are listed in Table I. The given pres-
sure values for the cells filled with silica gel have to be re-
duced by ~ 26% in order to compare the measured SN Rs
with each other, since we have: SNR « p- V; o [Eq. (3)].
The effective sample volume V; .g was determined from
the measured ratio SNRZ;  /SNRES =252 at room
temperature (see Table I). Hence, the eigenvolume of sil-
ica gel is about 0.26% of V.

The room temperature measurements were performed
at the 7.05 Tesla wide-bore super-conducting magnet
(Oxford Instruments) with a Bruker Avance spectrom-
eter at the Max-Planck-Institute of Polymer Research
(MPI-P), Mainz. The relative inhomogeneity of this mag-
net across the sample volume is AB/B ~ 200 ppb which
was indirectly determined from the characteristic time
constant Ty (see section 4.1) of the measured FID using
Eq (2). The quality factor @ of the impedance-matched



TABLE 1. ®He sample cells used in this work with details
on their respective filling pressures at RT and volume ratios
Vs,eft/Vs. The inner cell volumes (empty cell), Vi, are identical
within the specified error limits: Vi = 0.126(10) .

cell pHe/bar po2/bar silica gel Vaet/ Vs
#1 0.7 5 - 1
42 5 5 - 1
#3 17.2 5 - 1
44 30 5 ; 1
#5 18 - : 1
#6 16 - v ~0.74
H#7 16 - vV+Gd ~ 0.74

NMR circuit was determined by means of a network ana-
lyzer to be Q = 161. Here we refer to the @-value defini-
tion in Ref. [26], i.e., Q@ = (wo/27)/A frap, where A frqp
is the bandwidth for which the reflected power of the
matched circuit is 7 dB below the incident power. At
the Leibniz-Institute of Solid State- and Materials Re-
search (IFW Dresden), the measurements at cryogenic
temperatures (to be more precise: 4.2 K < T < 300 K)
were carried out using their 7.05 Tesla wide-bore magnet
(Oxford Instruments) together with a NMR spectrom-
eter from Tecmag (Redstone) and a 1 kW rf-amplifier
(Dressler LPPA3008). The *He samples were mounted in
a cryostat cooled by *He (boiling point 4.2 K) and the
temperature regulated by a heating system (Lakeshore
335). Figure 4 shows the very end of the ~ 120 cm long
sample stick with the NMR probe head. The Q-value (Q
= 46) of the resonant circuit was spoiled by a 1.5 £ car-
bon composition resistor with negative temperature co-
efficient (aw & —200 ppm/°C) to reduce effects of a tem-
perature dependent @ factor on the SN R intensity [see
Eq. (3)]. The relative field inhomogeneity at the nominal
position of the sample cell inside the superconducting
magnet with AB/B ~ 0.7 ppm could be deduced from
the change of the measured Larmor frequencies when the
sample stick was lifted up in stages from the nominal po-
sition of the cell.

4. Experimental results
4.1 FID signals and SNR

Figure 5 shows the FID signals of the 30 bar cell
(#4, Table I) measured at the upper and lower bounds
of the investigated temperature range (MPI-P Mainz:
RT and IFW Dresden: 4.2 K). In each case, the sam-
ple magnetization was in thermal equilibrium and a res-
onant 7/2-pulse was applied to tip it perpendicular to
the magnetic field direction. The free induction decay
signals (real and imaginary part) at the *He spin pre-
cession frequency of w,/2r = 228.628 MHz are mixed

FIG. 4. Probe head showing the tuning and matching capac-
itors and the 1.5 Q resistor of the impedance-matched reso-
nance circuit with its receiver /transmitter coil wound around
the sample cell under investigation. The calibrated cryogenic
temperature sensor (Cernox) is placed inside the brass tube
next to the sample.

down to < 4 kHz and are recorded with a sampling
time of At = 1/fgw = 20 ps (MPIL-P) and 40 us
(IFW), respectively, corresponding to a bandwidth, fpw,
of 50 kHz and 25 kHz. The chosen acquisition time was
tal\f:gl'P = 30 ms at MPI-P and t;EXV = 40 ms at IFW.
For a given sample in a perfectly uniform magnetic field,
the FID should be a monotonic decreasing function in
time with Ty [see Eq. (2)]. However, the FID envelope
corresponding to suboptimal magnetic field homogene-
ity conditions may differ substantially from a pure ex-
ponential function. During our investigations we did not
put too much efforts in homogenizing the field across the
sample volume by optimizing the currents on the shim
coils. Particularly in the temperature dependent experi-
ments at [FW Dresden, the homogeneity changed slightly
with temperature due to thermal expansion of the sample
stick moving the sample into different regions inside the
magnet and the condensation of paramagnetic oxygen
which generates additional local field inhomogeneities.
At MPI-P Mainz an almost exponential decay of the
FID is observed with T35 = (3.4 £0.1) ms . A Fourier
transform of this oscillating signal shows a sharp peak
at the spin precession frequency (Fig. 5b), with an SNR
of 70. The width at half maximum (FWHM) of this res-
onance is about 110 Hz and is somewhat broader than
Av =1/(nTy) = (93 £ 3) Hz for a Lorentzian line-shape
expected in case of a purely exponential decay of the
time-domain NMR signal. The SN R of all presented data
was obtained from the Fourier transform of the FID (see
Appendix A). This was necessary because some of data,
like the one shown in Fig. 5c¢, turned out to have such
a high SNR that it was difficult to separate the noise
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FIG. 5. Free induction decay of the NMR spin precession sig-
nal and its Fourier transform measured at room temperature
(MPI-P Mainz) and at 4.2 K (IFW Dresden) using a sample
cell filled with 30 bar ®He. Paramagnetic oxygen (5 bar) was
added to reduce the Ti-time of the thermally polarized *He
gas. a) and c¢) show the real (black) and imaginary (red) part
of the NMR spin precession signal at 7.05 T, mixed down from
228.628 MHz to the audio-frequency range. Fourier transfor-
mation gives the spectrum of which only the real part (blue) is
shown with a phase corresponding to an absorption-mode line
shape. The dispersion mode (imaginary part) is not shown. In
b) the line shape to a good approximation shows a Lorentzian
profile, whereas the spectral peak in d) exhibits a shoulder due
to first and higher order magnetic field gradient distortions.
See text for more details.

from the signal within the chosen time window. In fre-
quency domain, one has a better separation of the spec-
tral peak (Fig. 5d) and the noise floor can be determined
after fitting and subtracting an offset baseline. The low-
temperature NMR signal (Fig. 5¢) and its Fourier trans-
form (Fig. 5d) are also an example of signal distortions
produced by first and higher order magnetic field gradi-
ents across the sample due to insufficient shimming and
magnetic susceptibility mismatch [6, 45]. Thus, the char-
acteristic decay time for the FID can only be specified
with a larger error, namely T5 = (2.2 &£ 0.7) ms. The
extracted SN R is about 3320.

room temperature
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FIG. 6. Pressure dependence of the SNR measured after
a 7/2 pulse. The NMR samples were thermally polarized
(~ 300K) in the field of the 7.05 T magnet at MPI-P, Mainz.
Inset: reproducibility and long-term behavior of SNR val-
ues, measured with the 17.2 bar cell (#3, Table I). A linear
fit (solid curve) to the SN R-data points results in a slope
m = —0.020(21) day ™', compatible with zero.

Figure 6 shows the dependence of the SNR from the
3He gas pressure measured at room temperature (MPI-
P Mainz) with cells #2, #3, and #4 (see Table I). The
samples again were in thermal polarization equilibrium
and a single resonant 7/2-pulse was applied to deduce
the respective SN R per scan. The curve shows a strictly
linear behavior with a slope of m = 2.32(2) bar™, so that
we expect an SNR > 200 in the accessible pressure
range up to 100 bar. The reproducibility of a measured
SNR is shown using the example of the 17.2 bar cell
(#3), a series of measurements that extended over two
months (inset of Fig. 6). This also constitutes a long-
term measurement that shows no obvious signal drop due
to 3He leakage within the fluctuations of the SN R data
points.

The temperature dependence of the measured SN R of
the 30 bar sample cell (#4, Table 1) is shown in Fig. 7.
From the fit to the data points (log-log plot) one de-
rives a o« T~9943) scaling of the SNR. This is in fairly
good agreement with the expected 1/T" dependence, for
which we have to assume that the quality factor @ of the
NMR resonance circuit does not depend on temperature
[see Eq. (3)], an assumption that is only fulfilled to a
first approximation. At room temperature, the measured
SN R values at MPI-P and IFW can be compared giving
R = SNRMPIP /SN RIFW — 70/63 = 1.11 . Considering
the o< /Q/fsw dependence of the SNR [Eq. (3)], the
expected ratio should be Rex, = 1.32 . We explain this
deviation of approx. 16% by the slightly different param-
eters K and 7 for coil geometry and filling factor, which
also influence the SN R [see Eq. (3)].
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FIG. 7. Log-log plot of the temperature dependence of the
SN R measured with the 30 bar cell (#4, Table I) in the range
4.2 K < T < 300K at IFW Dresden. From a linear fit (red
curve) to the data one deduces a oc T %93 ~ 1/T depen-
dence of the SNR on temperature.

4.2 T and T3 relaxation times

The longitudinal relaxation time T of our *He sam-
ples is measured by the saturation recovery method [46].
Saturation recovery comprises a train of NMR excitation
pulses that randomize the spins of the *He atoms. Then a
variable time gap 7 is introduced during which magneti-
zation recovers towards equilibrium. Finally, a /2 pulse
is applied to measure the magnitude of the NMR signal.
From the time evolution of the magnetization M (7) given
by M (1) = M,[1 — exp(—7/T1)], the T} time can be ex-
tracted. In case of the 30 bar 3He cell, the temperature
dependencies of the T} time and the transverse relaxation
time Ty (extracted from the measured FID) are shown
in Fig. 8. A striking feature is the pronounced depen-
dence of the T) time on the aggregate state of oxygen,
as highlighted by the three distinct color-coded regions.
At 5 bar oxygen filling pressure, the phase transitions
occur at 110 K (gaseous/liquid) and 54 K (liquid/solid).
Whereas oxygen is paramagnetic in the gaseous and lig-
uid phase with magnetic susceptibility x, o< 1/T > 0,
one can identify three crystallographic phases («,3, and
~) in the solid state, where the o and 8 phase represent
an antiferromagnetic order going along with a drop of
the magnetic susceptibility, but still x, > 0 [47, 48]. The
measured T} values and their temperature dependencies
in the gaseous phase can be described well (blue dashed
line in Fig. 8) by the empirical formula [Eq. (9)] from
B. Saam et al. [34], saying that a desired T} time can
be reached by adjusting the oxygen filling pressure. Be-
low T'= 110 K oxygen freezes out at the cell walls and
forms a thin layer of about 3.9 ym. The T} relaxation is
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FIG. 8. Temperature dependence of the longitudinal (77) and
transverse (T3 ) relaxation time of the 30 bar *He cell (#4, Ta-
ble I) in the temperature range 4.2 K < T < 300 K. The three
colored areas indicate the state of aggregation of the added
oxygen: yellow(gaseous), light blue(liquid), and grey(solid).
The blue dashed line is the expected Ti-relaxation of *He
in presence of gaseous, paramagnetic oxygen (filling pressure:
5 bar). See text for more details.

no longer controlled by the strong gas-phase intermolec-
ular dipolar relaxation, but is governed by the weaker
wall relaxation rate according to Eq. (5) with the sur-
face relaxivity, p, attributable to the paramagnetic oxy-
gen layer. The T; time increases and reaches its maxi-
mum of T7*** ~ 20 min at around 7" = 30 K, i.e., where
oxygen is already in the solid state (antiferromagnetic).
Below 30 K, T drops again and reaches 77 ~ 10 s at
T = 4.2 K. The decrease in T} towards lower temper-
atures is a result of the increased adsorption-dominated
relaxivity as the sticking time 74 per wall collision follows
Frenkel’s law [49] with 7 = 75, - exp(Eaa/ksT), where
FE,q is the adsorption energy and 75, ~ 107! s. Here,
the reader is advised to Ref. [35], where the tempera-
ture dependence of the surface relaxivity is discussed in
more detail. In contrast to the T} time, the transversal
relaxation time Tj remains essentially constant (within
a factor of 2) over the entire temperature range. We at-
tribute the small changes at temperatures below 80 K to
local field gradients induced by the magnetic susceptibil-
ity of the paramagnetic/antiferromagnetic oxygen layer
which change the field homogeneity across the sample
volume. The paramagnetism of oxygen in its gaseous
state is not seen by the co-located 3He spins in case of
spherical sample geometry. Otherwise, demagnetization
fields may change the local B-field and its homogeneity
[50]. Figure 9 shows the pressure dependence of the T}
relaxation measured at T" = 4.2 K. The pressure values
(at room temperature) are expressed in units of amagat.
We observe a linear dependence for both the bare cells
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FIG. 9. T1 relaxation plotted versus [*He] in units of amagat.
Error bars in part smaller than symbol size. The lines are
linear fits through the origin for bare cells (blue data points)
and cells with a solid Oz layer (red data points). The linear
dependence of T; (wall relaxation) on [*He] is expected at low
temperatures such as T'= 4.2 K.

and the sample cells with the added oxygen (solid oxy-
gen layer). The bare cell data was added the measured
Ty value on a 0.5 cm® NMR sample bulb (Pyrex) with
similar surface to volume ratio [20]. The respective sur-
face relaxivities p o< 1/T1, however, differ by a factor of
about 12 as can be deduced from the ratio of the slopes
from the straight-line fits to the data. A similar result
in Ty behavior (*He on solid oxygen and *He on bare
glass) was also observed in Ref. [51] in the temperature
range 14 K < T < 50 K at even lower particle densities
(2.5 x 1072 amagat). The pressure dependence of the T}
time gives some control over the characteristic time to
reach thermal polarization equilibrium and thus to set
the optimum sensor read-out rates. In some cases, this
may be advantageous over maximizing the already high
SN R and with it the associated measurement sensitivity
of the 3He magnetometer. The monolayer coverage, X, is
the criterium for observing a linear relationship between
the T wall relaxation and the particle number density
[62, 53]. A complete monolayer will be formed at tem-
perature T given approximately by

X = nyAin/So - exp(AW/kpT) = 1 (10)

where s, is the areal density of helium at mono-
layer completion (s, ~ 0.1472), n, is the par-
ticle number density in the sample volume with
ny = 6.28 x 10193 He|, Ay, is the thermal de Broglie
wavelength with Ay, ~ 104/V/T for ®He, and AW is
the adatom-substrate binding energy. In Ref. [51], AW
was determined to AW/kg(*He/O2) = (130 +15) K and
AW/kg(3He/glass) = (130 £ 20) K . For the data shown
in Fig. 9, monolayer completion is fulfilled. In contrast,

the T wall relaxation time is pressure independent for
X1

The measured T} relaxation times of the 3He cells filled
with silica gel [pure silica gel (#6) and Gd(III) loaded
silica gel (#7)] show a complete different temperature
dependence (see Fig. 10): In both cases there is a pro-
nounced minimum at around 7" = 12 K. Overall, the
functional dependence on temperature is the same, but
in absolute values the T} times of both samples differ by
about 2 orders of magnitude. Depending on the Gd(III)
concentration,[Gd*T], the desired T; times can be set,
approaching the pure silica gel T;-values for [Gd?’ﬂ — 0.
The temperature dependence of 77 can be described by
the Bloembergen—Purcell-Pound (BPP) model [54]. The
simplest approach for diffusion in ordered systems as-
sumes an exponential correlation function proportional
to exp(—t/7.) where 7. is the mean time for one of a pair
of interacting spins to jump. The corresponding spectral
density function is a Lorentzian function of frequency
1/7. . It is also assumed that 7. depends on temperature
T according to the Arrhenius form 7. = 7, -exp(E,/ksT)
where F, is the activation energy for the diffusive jump of
a spin. In the BPP model with a single activation energy,
1/T; is given by

1 Te 47,

TlH'<1+wgrg+1+4ngg> (1)
and the (73)~! minimum occurs for w?72 = 0.616. In
disordered systems the structural disorder will produce
a distribution of activation energies. The common ex-
tension of the BPP model for such cases is to inte-
grate over a Gaussian distribution of activation energies,
9(Es) = 1/(V270) - exp (—(Ea — (Ea))?/20?), to get the
weighted average of the ordered BPP model [55]

-1

@)= ([ o rae))” a2

The fit of (T1(T)) to the pure silica gel data is shown
in Fig. 10 by the red dashed line with the fit results for
the free model parameters given by 7, = 4 - 10713 s,
(Ea/kp) =838 K, o/kp =20 K, and H = 1.47 .

If we take a closer look at the measured T3 transver-
sal relaxation times, we can see that the temperature
dependence for the pure silica gel sample is essentially
the same as for the 30 bar 3He cell (see Fig. 8). On the
other hand, with the Gd(III) loaded silica-gel cell, the
T times drop significantly below 7" = 200K and reach
values < 0.1ms towards 4.2 K . Especially in the low-
est temperature range, the obvious high concentration of
Gd(IIT) ions has a detrimental effect on the achievable
sensitivity for the frequency estimation oy oc 1/(Ty)%/?
and thus for the accuracy of the B-field measurement.

4.3 Sensitivity in magnetic field measurement
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FIG. 10. Temperature dependence of the characteristic T3 re-
laxation time of thermally polarized *He for both the pure
silica gel cell (#6) and the Gd(III) loaded silica gel cell (#7).
Error bars in part smaller than symbol size. Both curves have
approximately the same course with a pronounced minimum
at T = 12 K. In case of Gd(III), however, the absolute T}
values are about 2 orders of magnitude lower. The red dashed
line is a fit to the pure silica-gel data based on the BPP model.

The accuracy of the cryogenic 3He magnetometer can
be determined using the available data. Measurement ac-
curacy means, that we are talking about the relative ac-
curacy in the determination of the B-field. For absolute
determination of the magnetic field, further requirements
must be met, which were not the focus of our investiga-
tions. In particular, the geometry of the sample container
is decisive. The suppression of susceptibility artefacts can
best be achieved with spherical cells, as in the case of a
gaseous NMR sample [29]. The influence of the sample
environment on the local field across the sample must also
be taken into account and is discussed in detail, e.g. in
Refs.[1, 6]. These measures would be the logical steps in
a further development stage of the cryogenic 3He mag-
netometer towards a sensor for absolute magnetic field
measurements. In order to determine the accuracy limits
of a relative measurement of magnetic fields, the CRLB
formula [Eq. (5)] will be utilized. We use the data from
the 30 bar 3He cell, as these measurements were car-
ried out at the highest spin density and therefore the
highest SN R values. In Fig. 11 is shown 6B/B (black
data points) as a function of temperature for single-pulse
NMR measurements with the 3He spin sample in ther-
mal polarization equilibrium. The 7/2 flip angle gives the
maximal NMR signal in case of Tg >> T3, where Ty is
the repetition time until the next excitation pulse. For
long T samples, e.g., T7 ~ 20 min at T = 30 K (see
Fig. 8), the sensor read-out rates become very moderate.
Therefore, a flip angle © < 7/2 is often applied for long
Ty samples to accumulate the signals with a short repe-
tition time. The flip angle that maximizes the available
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FIG. 11. Relative sensitivity (6 B/B) per NMR scan vs tem-
perature. Highest sensitivity (black squares) for 3He sample
(30 bar) in thermal polarization equilibrium (7/2 flip). Sen-
sitivity per NMR scan in case of field monitoring with repeti-
tion time Tr = 1 s (red circles) and Tr = 10 s (purple circles)
under the optimal flip angle O (Ernst angle). The input pa-
rameters for the CRLB magnetic field estimation [Eq. (5)] can
be found in the text and be taken from the relevant figures.

steady state magnetization, Mg, is called the Ernst an-
gle, O, with O = arccos [exp(—Tr/T1)] [56] and the
resulting magnetization in the transverse plane is given
by

1-— exp(—TR/Tl)

MJ_ = Mss ~sin@E = Mo
V1 —exp(—2Tw/T})

(13)

For Ty >> T3, we again obtain the maximum trans-
verse magnetization M| = M, as O asymptotically ap-
proaches 7/2. The respective magnetometer sensitivities
0B/B for Tg = 1 s and Tg = 10 s based on the T} data
in Fig. 8 are shown in Fig. 11, as well. In the temperature
range 100 K < T < 300 K there is hardly any drop in the
accuracy of field measurement, since we have Ty > T3.
Similar in going towards 4.2 K, where T7 approaches TR.
With the accumulation (n) of the NMR signals, the SN R
scales with y/n and so does the magnetometer sensitiv-
ity. For Tr/T1 < 1, the number of accumulated scans
required to achieve the same sensitivity as for the T}
sample in thermal polarization equilibrium is

n=(My/My)? ~2(Tr/Th) > 1 (14)

In the following, all characteristic parameters that are
relevant for the investigations carried out in the 7.05
Tesla field or could be determined therefrom are labelled
with the index ‘,’. They will be used as input param-
eters to obtain reliable information on 0B/B and SNR
for other B-fields, with the focus on lower magnetic fields
to examine the range limit down to which the *He mag-
netometer can be satisfactorily operated. Some simplified
but realistic assumptions are necessary, however, in order



to explore the accessible field range of this sensor: a) the
Q@Q-value of the NMR resonance circuit is constant and
we set Q(B,T) = 100 (Q, = 46); b) Ty is independent
of temperature (see Fig. 8) and its magnetic field depen-
dence is Ty = (T%)o - (Bo/B) The latter follows from
Eq. (2) assuming a constant relative field inhomogeneity
of 0.7 ppm with (73), = 1 ms ; c¢) the SNR shows a
1/T-dependence and scales with B2. The quadratic de-
pendence on B results from Eq. (3), being aware that in
the derivation of this equation [25] the quality factor @
exhibits a linear dependence on wy; d) as the SNR in-
creases linearly with the 3He pressure (Fig. 6), we take
p = 80 bar for the computation of the sensor’s sensitivity
limits instead of p, = 30 bar and SNR, refers to the
measured value at T' = 300 K, i.e., SNR, = 63; e) the
bandwidth (fsw)o of 25 kHz is adopted, although this
parameter can also be fine-tuned. The magnetic field and
temperature dependence of the SV R can then we written

SNRzSNR(,(g))z(%) %p% (15)

Figure 12 shows the expected sensitivities 6B/B of the
3He magnetometer as well as the corresponding SN R-
values both graded in magnitudes across the respec-
tive magnetic field- and temperature ranges 0.1 T <
(6B/B) < 7T and 4 K < T < 300 K. For SNR > 1,
the sensitivity limits which cover the range from 10~7 <
(0B/B) < 10711 are accessible in a single-pulse (7/2)
NMR measurement with the sample in thermal polariza-
tion equilibrium. Accumulation of NMR scans also allows
access to the edges of sensor operation, i.e., T'— 300 K
and low magnetic fields (= 0.1 T).

5. Conclusion

In this paper we have presented a sensitive 3He
magnetometer to monitor magnetic fields of B > 0.1 T
in an environment from ambient temperatures down to
4 K. Our approach is based on the NMR measurement
of the free induction decay of thermally polarized >He
after a resonant radio frequency pulse excitation. In
order to reach a high spin density, we use the selective
permeation of Helium through quartz to fill small
sample cells with a helium pressure up to 100 bar.
The otherwise long Tj-relaxation times of minutes to
hours to reach thermal polarization equilibrium could
be reduced to O (s) over a wide temperature range
that allows field monitoring with high sensor read-out
rates. The compact, reliable, and easy to handle >He
NMR, probes are ideal for shimming and measuring the
stability of superconducting solenoids with cryogenic
bores. The flexibility in positioning the probe enables
the acquisition of magnetic field maps.
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Appendix A: SNR Determination

The basis of Eq. (5) is an exponentially damped sinu-
soidal signal of frequency w, with a characteristic decay
time 7% . The signal strength is given by the amplitude
|S(t = 0)] = S, and the noise level by the standard devi-
ation o(noise)

S(t) = S, - exp(iwot — t/Ty + ip) + noise (A1)
This is a complex signal as typically detected in NMR ex-
periments to allow for a sign-specific Fourier transforma-
tion. The NMR radio-frequency signal is reduced to the
audio-frequency range by mixing out the high frequency
component: Aw, = W, — Wref - The low-frequency audio
spectrum is then digitized by N (complex) points sam-
pled at equal time intervals At and properly phase cor-
rected (¢ = 0), so that R(S(0)) = S, and I(S(0)) = 0.
The recorded FID is given by

Sk = S(kAt) =S, - exp((iAwo - 1/T2*)kAt> + noiseg
k=0,1,2,...,N —1 (A.2)



with N = tacq/At. The discrete Fourier transform (DFT)
transforms the sequence of N complex numbers {Sj} :=
So, 51, ..., SNy_1 into another sequence of complex num-
bers, which is defined by

N-1

1
= S - exp(—iw, kAt
oy l;) k- exp( )

~(N-1)/2<n< (N-1)/2

Fy

(A.3)

with w, = (n- Aw) . Here we used the symmetrical defi-
nition of the DFT as implemented by the used software
(GNU Octave, ver. 8.4.0). The discrete Fourier transform
of the digitized FID data produces a spectrum of N com-
plex points at frequency intervals Aw = 1/(INAt). Since
we must reference to the real, time-domain SN R value
as used in Eq. (5), the SNR in the frequency domain is
extracted from the real part of the DFT given by

L ZSigﬂal(n) §R(F;L)
\/N \/ﬁ Znoise(n) (%(Fn))Z

This means, that we have to sum over the signal carrying
part of the spectrum (signal(n):x~ 5x linewidth of the
spectral peak) and to divide by the standard deviation of
the noisy region noise(n) of the spectrum with a mean of
zero (after subtraction of an offset baseline). M denotes
the number of data points in the noise-data set.

SNR =
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