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The blocking of fine-capillary tubes used as flow impedances in *He evaporation cryostats to achieve
temperatures below 4.2 K is generally attributed to nitrogen or air impurities entering these tubes from the
main bath. The failure of even the most rigorous low-temperature laboratory best practices aimed at
eliminating the problem by maintaining the cleanliness of the helium bath and preventing impurities from
entering the capillary tubes suggests that a different cause is responsible for the inexplicable reduction of
impedance flow. Many low-temperature research laboratories around the world have suffered this nuisance
at a considerable financial cost due to the fact that the affected systems have to be warmed to room
temperature in order to recover their normal low-temperature operation performance. Here, we propose an
underlying physical mechanism responsible for the blockages based upon the freezing of molecular H,
traces present in the liquid-helium bath. Solid H, accumulates at the impedance low-pressure side, and,
after some time, it produces a total impedance blockage. The presence of H, traces is unavoidable due its
occurrence in the natural gas wells where helium is harvested, forcing gas suppliers to specify a lower
bound for impurity levels at about 100 ppb even in high-grade helium. In this paper, we present a simple
apparatus to detect hydrogen traces present in liquid helium and easily check the quality of the liquid.
Finally, we propose a solution to eliminate the hydrogen impurities in small- and large-scale helium
recovery plants. The solution has been implemented in several laboratories that previously experienced a

chronic occurrence of blocking, eliminating similar occurrences for more than one year.

DOI: 10.1103/PhysRevApplied.6.024017

I. INTRODUCTION

Liquid helium is the coldest fluid that exists in nature
(4.2 K at 100 kPa). It can be liquefied with the well-known
commercial industrial liquefaction plants [large-scale
helium recovery plants (LS HRPs)] derived from Collins
technology [1] or with the more recently developed closed-
cycle refrigerator-based plants [small-scale helium recov-
ery plants (SS HRPs)] [2-7]. Below its critical temperature
(T. = 5.2K), any unwanted substance present in the liquid
phase, i.e., any impurity, will be in solid form, resulting in
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mist, snow, suspensions, or particulates. The vapor pressure
of these solid impurities will be, in general, negligibly small
(<107 Pa), except for the case of the hydrogen isotopes
and their molecular combinations [8] for which the vapor
pressure is of the order of 1072 and 1073 Pa at 5.2 and
4.2 K, respectively. The solid impurities are usually
charged and can be easily eliminated by -electrostatic
precipitation using Petryanov filters to obtain “optically
clean” liquid, as demonstrated by Abrikosova and
Shal’nikov [8]. But even optically clean filtered liquid
helium may contain a significant quantity of nonsolid
hydrogen, i.e., molecular hydrogen traces.

The He-H, gas mixture has attracted much interest in the
scientific community because it is the simplest system for
the study of intermolecular potentials [9-11]. The inter-
action potentials of hydrogen and helium have been
extensively studied by Silvera [12]. The Lennard-Jones
potential wells for the weakly interacting He-He, He-H,,
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and H,-H, pairs are 10.8, 13.34, and 34.3 K, respectively.
According to this study, H, molecules may have a bound
state with He atoms, reside in liquid-He surface states, and
even penetrate into the liquid helium. Thus, in addition to
the possible presence of hydrogen molecules in the helium
vapor due to the non-negligible vapor pressure of solid
hydrogen at 4.2 K, there may exist also a non-negligible
amount of these hydrogen molecules “dissolved” in the
liquid-He phase.

Molecular H, is naturally present in crude helium gas as
extracted from natural gas sources [13]. In general, differ-
ent methods are used to eliminate H, prior to large-scale
helium liquefaction for worldwide distribution [14,15].
However, in spite of the effort to eliminate it completely,
very precise analytical methods indicate that even ultra-
high-purity commercial grade He gas, 99.9999% pure,
thus, having less than 1000 ppb in volume of total
impurities, may contain up to 500 ppb in volume of H,
(i.e., a hydrogen molar fraction yy, = 5 x 10~7 in He gas)
[16-19].

It is also known that recovered gas in helium liquefaction
plants may contain up to several parts per million in volume
of H, generated by oil degradation in compressors or
pumps, outgassing of metallic pipes, or diffusion of
naturally present atmospheric H, [20] through plastic pipes
and gas bags [21]. Thus, the presence of traces of H, in a
laboratory LS HRP and SS HRP up to the parts-per-million
range (yy, & 107) appears to be unavoidable.

In general, liquid helium in research laboratories is either
delivered by a distributor of specialty gases or produced by
liquefaction of both commercial grade and recovered gas.
Liquid helium is subsequently stored and transferred to the
application’s cryostat requiring cryogenic cooling at atmos-
pheric pressure and temperatures around 4.2 K. Since the
triple point of H, is at 13.84 K and 7.04 kPa, the
equilibrium vapor pressure of solid H, at those temper-
atures (approximately 4.2 K) is very small and of the order
of approximately 107> Pa. Therefore, if there is enough H,
in the He gas being liquefied to produce a partial pressure
higher than the equilibrium vapor pressure at 4.2 K, the H,
molecules will nucleate into solid clusters. At atmospheric
pressure (10° Pa), those solid clusters will be in equilib-
rium with a H, molar fraction in the vapor phase of the
order of 107"[yy, ~ (107> Pa/10° Pa) = 107'7].

Even though there are no experimental reports about the
solubility of H, in liquid helium, theoretical calculations
from classical solubility theory [22] indicate that the
limiting solubility of solid hydrogen in liquid helium at
4.2 K yields to molar fractions in the liquid phase xy, of the
order of approximately 1070, i.e., the same order of
magnitude as the H, molar fraction in the vapor phase yy,.

Furthermore, the solid-hydrogen vapor pressure and the
theoretical limiting solubility of solid hydrogen in liquid
helium decrease exponentially with temperature, becoming

both very small (approximately 10~ Pa and 1074,
respectively) below 3 K. Thus, the maximum concentration
of H, molecules present in liquid helium is determined by
the exact temperature and pressure conditions of the helium
bath. For the purpose of this work, the H, molar fractions in
the vapor yy, and in the liquid xy, below 3 K, both being of
the order of approximately 10~'* are considered negligible.
Furthermore, at temperatures near or below 1 K, hydrogen
may be regarded as being completely insoluble in He [22].

Thus, unless H, impurities are completely eliminated
prior to He liquefaction, i.e., its molar fraction is reduced
from its typical value in the range of yy, ~1070-107
down to approximately 1074, the liquid He as produced
contains traces of H, up to a maximum concentration level
determined by the temperature of the liquid (e.g. xy, =
10710 at 4.2 K). If the temperature of the liquid helium
is further reduced, as it is the case in small capillary
impedances for attaining very low temperatures 7' < 3 K,
the excess H, will precipitate and accumulate at the
impedance low-pressure side, and, after some time, it will
produce a total impedance blockage.

A large number of applications requiring liquid-helium
cooling are not sensitive to contaminants of any kind and,
consequently, do not require special provisions for helium
cleanliness and precautions to avoid contamination during
liquid-helium refills. On the other hand, there is a consid-
erable number of low-temperature applications that require
achieving temperatures below 4 K [23] that are very
sensitive to impurities present in the liquid, and, therefore,
those applications need extreme-purity liquid helium for
proper operation [24].

In Sec. II we present details of how H, impurities give
rise to the impedance-blocking problem. A plausible
mechanism is proposed, and a detection tool for verifying
the presence of molecular H, in liquid helium is described.
Section III deals with low-pressure He purification by
cryocondensation and solutions for eliminating H, impu-
rities in SS HRPs. Lastly, in Sec. IV high-pressure He
purification methods and solutions for eliminating H,
impurities in LS HRPs are given.

II. LOW-TEMPERATURE
IMPEDANCE BLOCKING

A. The impedance-blocking problem

The impedance-blocking problem arises when liquid
helium containing traces of H, is transferred to a low-
temperature application or cryostat in which the liquid has
to be pumped through a very small capillary or impedance
tube to produce temperatures below 4 K using evaporation
cooling, such as in magnetic-resonance-imaging systems
[25]. In general, the impedance Z is given in terms of the
flow through the capillary V and the pressure drop across it
AP (typically from 1 bar to 1 mbar) by
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where # is the viscosity of the liquid helium. Impedances in
the range of 10'" to 10'"' cm™ are typically used in
continuously pumping “He cryostats and inserts [26].
Cooling power of the order of 5 mW or more is easily
achievable at the impedance outlet once we consider the
heat of evaporation of “He (approximately equal to
83 J/mol) and a typical flow rate of V = 10~* mol/s that
can be obtained with a midsized mechanical pump. In
practice, the impedance is built with an appropriate length
of fine CuNi capillary tube, usually with a short length of
wire inside to increase the impedance value.

In an attempt to reduce any impedance blocking, a
widespread and generally accepted “low-temperature
best practice” is to stop any solid impurities at strategic
locations along the helium supply chain with submicron
metal sintered filters (e.g., Mott Corporation). The first
opportunity to do so in a typical laboratory workflow is
while transferring helium from a storage Dewar into the
application cryostat for the first time. For this purpose,
many laboratories incorporate a metal filter at the outlet
“tip” of the helium transfer line so that the solid
impurities are trapped in the line and not transferred
into the application cryostat. Once the helium transfer is
complete, the line is warmed up, the impurities are
flushed away, and the tip ultrasonically cleaned. If any
impurities should make it past the first filter, and,
furthermore, to filter any other solid impurities already
present in the application apparatus, a second “best
practice” employed by cryostat designers is to incorpo-
rate a similar type of filter at the inlet of the impedance
tube at the cold end of the apparatus cryostat.

It is important to appreciate, however, that mechanical
filtering of this type is limited in its effectiveness and
cannot selectively discriminate and separate H, molecules
from their helium carrier flow (a two-phase liquid- and
vapor helium flow), neither during liquid transfer nor
during pumping. This is because in spite of the relatively
high binding energies reported for hydrogen with the
surface of some solids [27,28], which involve potentials
of the order of several hundred kelvin, the specific surface
area per unit volume of the metal sintered filters commonly
used in this application (see, for example, Mott 316 L) is
below 0.5 m?/g. This is 3 to 4 orders of magnitude smaller
than the area per unit volume exhibited by state-of-the-art
solid-H, storage devices. Moreover, the porous size of the
media grade selected (0.5 um) is also more than 3 orders of
magnitude larger than the H, molecular radius. On the basis
of these considerations, the contribution of H, physical
sorption on the walls of the mechanical filter is estimated to
be very small and, furthermore, limited by the very small
vapor pressure of solid hydrogen at the temperature of
liquid He.

Thus, in light of these considerations, we postulate that
despite the adoption of these simple best practices, H,
molecules will inevitably enter first the application cryostat
during helium refills and then the impedance fine-capillary
tubes during continuous operation below 4 K. As a result,
part of the H, molecules carried by the helium flow will
freeze (or precipitate) inside the capillary. This is a
consequence of the reduction in temperature and total
pressure of helium, which is accompanied by a sizable
reduction in solid-hydrogen vapor pressure and in the
hydrogen-limiting solubility in liquid helium, so that
sooner or later depending on the specific dimensions and
helium flow rate pumped through the capillary, a blockage
will appear. When this happens, the whole setup has to be
warmed up, at least up to about 14 K (hydrogen melting
point) but more often to room temperature, with a dramatic
loss of time and cost of helium.

B. The impedance-blocking mechanism

Figure 1 illustrates molecular H, present in the liquid-
helium bath flowing through a submicron-sized metallic
sintered filter (for example, with a 500-nm average pore
size) placed to stop solid impurities from entering the fine-
capillary impedance tube. When the temperature in the
capillary is reduced below 3 K by evaporation cooling, the
H, vapor pressure, as well as the limiting solubility of H,
in helium, becomes negligibly small (yy,, xy, < 10714,
Therefore, as it will be quantitatively calculated in
Sec. IIT A, all the H, present in the liquid helium hetero-
geneously nucleates along the walls of the impedance tube.

Liquid-He
surface
o

Solid-hydrogen
cluster

Liquid >

He °

Solid-hydrogen
blockage

Liquid-helium flow

Molecular hydrogen

[ ]
100 KPa
=

42K
° ® =
o
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°

FIG. 1. Schematic description of low-temperature impedance
blockage by molecular H, present in liquid He.
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A similar mechanism for the freezing of water molecule
impurities in nitrogen gas has been proposed to explain
blocking in micromachined Joule-Thomson coolers oper-
ating at approximately 100 K [29,30].

As an example, a typically two-phase He flow of only 1
standard liter per minute (SLPM) having xy, = 0.35 ppb
(3.5 x 10719) of H, molecules [i.e., corresponding to the
vapor pressure of solid hydrogen in liquid helium under
typical laboratory conditions (4.2 K and 10° Pa)] pumped
through a cylindrical tube impedance of 66-um effective
diameter [e.g., the low-T impedance of a Quantum Design
physical property measurement system (PPMS)] [31] may
produce a solid-hydrogen cylindrical block of 66 um
diameter that in about 24 h will have 132 ym height.
The exact time for the blocking to occur will depend on the
exact solid-hydrogen distribution in the impedance.
Instead, several years are necessary to produce the same
effect when pumping helium with a lower concentration of
H, molecules like that corresponding to the vapor pressure
of solid hydrogen at 3 K, xy, = 0.0075 ppt (7.5 x 10~1).
This experimental fact is the reason why we consider the
vapor pressure of solid hydrogen at 3 K negligibly small
regarding impedance blockage.

C. Experimental apparatus for H,-blocking detection

To experimentally verify the validity of the proposed
blocking mechanism, an apparatus containing a “test
impedance” is built (see Fig. 2). It consists of a liquid-
helium transfer line adapted to receive a thin-capillary-
based impedance at one of its ends. The impedance is made
of a 150-um-inner-diameter stainless-steel capillary tube
fitted with a 135-um-outer-diameter copper/niobium fila-
ment inside of it. With the purpose of reducing the blocking
time as much as possible, a constriction is created in the
capillary tube by mechanically “pinching it” at a location
along its length. By pumping liquid helium with a scroll
pump connected at the other end of the line, a temperature
reduction of the cryogenic fluid flowing through the

Transfer
line

Lig-He
Dewar 1 T

FIG. 2. Left: Schematic setup of the hydrogen detection device.
Right: Photograph of the impedance at the end of a transfer line.

impedance is achieved. This temperature is measured with
a calibrated diode DT-670-SD from Lake Shore. Moreover,
a mass flow and pressure meter (implemented with model
GSB-B9TA-BB26 from Vogtlin Instruments) is used to
measure the He mass flow through the impedance and the
pressure at its output.

The apparatus is inserted inside a commercial liquid-He
transport Dewar. Pumping He through the apparatus
produces a temperature reduction from 4.2 to below 3 K
as read by the diode thermometer located near the imped-
ance. At this temperature, the solid-hydrogen vapor pres-
sure and its limiting solubility in liquid helium are
negligibly small; thus, all the molecular hydrogen passing
through the impedance is solidified. The data in Fig. 3 (top)
show that in about 10 h a complete blockage in the
impedance appears, and then the temperature increases
to 4.2 K, while the He flow decreases to zero. To
demonstrate unambiguously that the H, molecules are
responsible of the blockage, the apparatus is moved up
along the Dewar neck until the temperature reading of the
diode reaches 15 K just above the hydrogen normal melting
point (14 K). Then, it is again introduced in the liquid He
with a consequent recovery of gas flow and a reduction of
temperature below 3 K, as shown in Fig. 3 (bottom). This
confirms that solid H, is the most likely candidate for the
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FIG. 3. Top: Temperature and gas flow measured with the test

impedance during the blocking process. The blockage occurs
after about 10 h. Bottom: Detail of the impedance unblocking.
The impedance is heated to about 15 K by moving it up in the
Dewar neck where the flow is partially reestablished and, then, is
cooled again.

024017-4



HYDROGEN-FREE LIQUID-HELIUM RECOVERY PLANTS: ...

PHYS. REV. APPLIED 6, 024017 (2016)

FIG. 4. Top view of a liquid-helium Dewar through a meth-
acrylate cover. The hydrogen clusters project a shadow on the
Dewar bottom.

observed blocking-unblocking results under the above
conditions.

The setup and the experimental data are shown in Figs. 2
and 3, respectively. It is worthwhile mentioning that no
blockage at all is observed when liquid helium is just
circulated (i.e., with no pressure drop) through a metal
sintered filter alone, thus, confirming that H, physisorption
on the sintered filter walls is negligible in this configura-
tion. This behavior is indeed analogous to what occurs in
commercial cryostats such as the PPMS. In these systems,
the precise control of the sample temperature is flawless,
even when H, is present in the helium bath as long as the
temperature at the outlet of the impedance is maintained
above 4.2 K. However, when a temperature below 4.2 K is
set and the system starts pumping on the flow impedance
creating a pressure drop across it, the flow will plug
within 24 h.

The direct visualization is definitive proof of the hydro-
gen presence in liquid He. For this purpose, we use a
transparent methacrylate cover on the top of a liquid-
helium Dewar having a wide neck. Using this setup, it is
possible then to directly view the liquid-He surface from
the top. When the hydrogen concentration in the Dewar is
higher than that corresponding to the vapor pressure of H,
at the boiling point of He, solid “clusters” nucleate. Since
hydrogen is the only solid element with a density lower
than that of liquid He (80 vs 125 g/L), these solid clusters
float on the surface of the liquid and project a shadow on
the Dewar bottom so that they are seen very clearly (see
Fig. 4 and Video 1).

III. SOLUTION FOR SMALL-SCALE HELIUM
RECOVERY PLANTS: THE LOW-PRESSURE
GREEN HELIUM PLANT CONCEPT

As explained in Sec. II, in order to eliminate the
impedance-blockage problem, the hydrogen concentration
in helium has to be reduced from the typical values found in
commercial or in recovered gas, that is, yy, & 10771079,
down to molar fractions of the order of yy,, xy, ~ 107 in

VIDEO 1.
helium.

The video shows floating hydrogen clusters in liquid

the liquid and in the vapor phases. Such very low hydrogen
concentrations can be attained by (i) lowering the temper-
ature of the gas down to 3 K using a cryocondensation
purification process (see Sec. III A) (as we explain in
Sec. III C, this is feasible only for flow rates below 10
SLPM) or (ii) circulating the gas through a nonevaporable
getter-based in-line purifier.

However, for process (ii) to be effective, the input gas of
the in-line purifier should be free of any other impurity
different from H,, otherwise, the total sorption capacity of
H, is reduced by the reactions of the getter material with
0,, N,, H,O, and other impurities.

Thus, as explained in detail in what follows, the
combination of processes (i) and (ii) appears to be the
optimum solution for any flow rate and any impurity
concentration level.

A. Purification of He by cryocondensation

In general, purification by cryocondensation is accom-
plished by causing a phase change of the impurities sought
to be removed from the gas to be purified. The effectiveness
of this method depends upon the vapor pressure of the
impurities at the purification temperature.

When a mixture of helium gas and its typical impurities
with total constant pressure p, is cooled down for purifi-
cation using cryocondensation, the partial pressure of any
impurity in the vapor phase p;(T) remains constant with 7'
until the condensation saturation line of the impurity is
reached. This change in partial pressure occurs at a
temperature 7; that depends on the initial molar fraction
¥;(300 K). In other words, above T, the p;(T) values can
be approximated by the product of the initial molar fraction
in the vapor phase and the total gas pressure [32]:

pi(T) = (300 K)P,, T>T; (2)

Once the corresponding vapor-pressure saturation line of
the impurity is reached at 7, the partial pressure of the
impurity in the vapor phase coincides with its vapor
pressure z;(T),
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Therefore, once the condensation of a given impurity
starts, its molar fraction in the vapor phase is not constant
anymore but decreases dramatically with 7, as z;(T) also
does, and is given by

i(T) ==, r<T, (4)
Pi

Figure 5 shows the molar fraction variation y;(7) of O,
and H, calculated from Egs. (2) and (4), having initial
molar concentrations of 10~ and 1077, respectively, for a
helium-gas purification pressure p, = 10° Pa. For clarity,
the figure also includes the P-T liquid-vapor saturation line
for the condensed phase of the carrier gas, He (I), and the
P-T liquid-vapor and solid-vapor saturation lines for the
most frequent impurities typically found in recovered
helium, from 3 up to 300 K. The critical point of He (I)
and the triple points of the impurities are marked.

Thus, from a simple inspection of Fig. 5 we conclude
that below 20 K, only Ne and H, may have a non-negligible
gas molar fraction in He. Furthermore, below 6 K, only H,
gas can flow together with liquid helium after mechanical
filtering.

In fact, the presence of O, and N, molecules in helium
can be neglected below 24 and 20 K, respectively.
However, the presence of H, molecules cannot be
neglected until temperatures well below 3 K are reached.

Thus, to obtain ultrapure liquid helium using this
purification method, i.e., to get liquid He free of any
relevant molar fraction of any impurity and, more specifi-
cally, free of molecular H, (that we will call “green helium”
in what follows), the He temperature shall be reduced down
to at least, 3 K.

100 _~* Y 10°
102 fHe“) - 10
10% - - 10!
10 - - 10t
108 - - 103 %;
100 - 10°%
10122 | - 107
10-14 10°

300

Temperature (K)

FIG. 5. Molar fractions y;(T) and partial pressures p;(T) of O,
(blue) and H, (red) in recovered helium as a function of T, for
initial molar fractions of 107 and 1077, respectively, at STP
(10° Pa and 300 K). Black solid lines are the equilibrium vapor
pressure P-T line of He (I) and the vapor-pressure lines of some
typical impurities z;(T) as a function of T [33], in the
range 3-300 K.

B. Pumping two-phase liquid-vapor He through
a capillary impedance tube

When two-phase liquid-vapor He is pumped from a bath
at4.2 K and 10° Pa through a capillary impedance tube, the
He stream cools down through its P-T vapor-liquid
equilibrium saturation line, 7y (7T) (see Fig. 5). Thus, if
there is enough hydrogen to form solid clusters, the
saturation molar fraction of molecular H, in the vapor
phase will be the starting concentration, yHZ(T)\eq. This

value can be calculated using the vapor-pressure saturation
line of hydrogen 7y, (T) by Eq. (4),

ﬂHZ(T)
”He(Yj

i, (T)leq = .,  T<42K (5)

On the other hand, at the very low concentration levels
under discussion, solid hydrogen may dissolve in the liquid
[22]. In that case, the molar fraction of solid H, dissolves in
the liquid phase xy,(7) and may be estimated from
classical solubility theory.

Figure 6 shows the saturation molar fraction of H, in the
vapor phase yy, (T) |eq calculated using expression (5) in the
interval 3—4.2 K (solid line). Similarly, the molar fraction of
H, obtained from its theoretical limiting solubility in the
liquid phase xy, (T) |eq obtained from expression (1) in the

work of Jewel and McClintock [22] (dashed line) is also
shown. Both are very similar.

Thus, a well-defined lower limit for H, concentration as
a function of the temperature in the helium-vapor phase is
obtained from the vapor pressure of solid hydrogen. Since
solid hydrogen can be considered as a volatile solute (i.e.,
the solute vapor pressure is not negligible) for 7 > 3 K,
there is a well-defined minimum solubility in the liquid
phase for each temperature. This minimum solubility is

10°
10710 - ,ﬂ'-/
o -11 v
- ’t
_57' 10 12 ’a"
g je
() s
4
013 ’,’
104
3 3.2 3.4 3.6 3.8 4 4.2
Temperature (K)

FIG. 6. Low-temperature H,-saturation molar fraction in he-
lium obtained from the limiting solubility of H, in He [dashed
line, tz(T)|eq [22]] and from the H, equilibrium-saturation
vapor pressure [solid line, sz(T)|eq [33]1, as a function of T in
the range 3-4.2 K at zy (7).
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also obtained from the vapor pressure. Furthermore, to
know whether the actual value of the solubility of H, in the
liquid phase is higher than the minimum value is not
relevant because this already justifies the experimentally
observed blockage times. In fact, if it is higher, it will just
reduce the blockage time of the impedance.

Thus, when the pumped helium stream expands and
cools down inside the capillary impedance from 4.2 to 3 K,
the H, molar fraction in the two-phase liquid-vapor helium
(g, (T)]oqym, (T)|,) flowing through the impedance
decreases by 4 orders of magnitude (from approximately
1071° to approximately 10~'%), and, consequently, the
excess H, freezes or precipitates and blocks the capillary.

C. The solution for low-pressure (P < P,) SS HRP
based on smart advanced technology purifiers
and advanced technology liquefiers

Our green helium (extreme purity He free of molecular
H,) low-pressure (P < P_.) SS HRP concept is depicted in
Fig. 7. The plant is initially fed commercial grade 99.999%
pure helium gas that may contain up to a H, molar fraction
of 1070 [14] (“red helium”). The gas is further purified by
cryocondensation by one or more cryo-refrigerator-based
advanced technology purifiers (ATPs) [2] each with a total
effective volume to store solid impurities of several liters
and a maximum purification flow rate of around 10 SLPM
at 3 K and 30 SLPM at 20 K. The special prototype of
ATP30 [2] used in this work traps H, and any other
impurity present in the gas by lowering the temperature of
the input gas stream down to 7 < 3 K, at a pressure of
240 kPa, just slightly above the critical pressure of He. At

Instruments Transport
I_@_Dewars
~ |
Gasbag  Vent

| PR
Bypass
Commercial
pure He
BOTTLES

T <3 K, all the H, molecules are trapped inside the
purifier, since its residual vapor pressure becomes negli-
gibly small (<10~ Pa).

The H,-free He from the ATPs is then fed through the
bypass, a parallel ensemble of advanced technology lique-
fiers (ATLs) [2,4] that produce H,-free (“green”) ultrapure
liquid helium. The instruments are always filled with ATL
green liquid helium. Obviously, commercial liquid helium
should never be transferred to hydrogen-sensitive instru-
ments unless the absence of H, is first verified using a test
apparatus like the one described in Sec. II C (e.g., gas-flow
measurement through the test impedance remains constant
during several hours). In this helium recovery plant, helium
boiloff from the cryogenic instruments is collected in a
gasbag and compressed in the recovery bottles at 20 MPa.
A H,O dryer plumbed in series after the compressor, not
shown in the scheme of Fig. 7, should always be used.

When a pressure drop develops between the input and
the output of one of the ATPs due to the accumulation of
solid impurities (H,, N,, O,), an ATP regeneration process
is automatically initiated (see Fig. 8). The input and the
output gas ports of the given ATP are closed, so that this
ATP is now isolated, and the entire ATP Dewar volume is
heated up to around 130 K so that all the low-vapor-
pressure impurities collected in solid form, e.g., H,, N,, and
O,, are sublimated and released into the atmosphere
through a vent valve. Before restarting a new purification
cycle, the ATP cools down again to the temperature of
normal operation at 3 K.

In this way, H, molecules are completely eliminated,
but the ATP input flow is restricted by the available cold-
head cooling capacity at 3 K, e.g., around 10 SLPM for

FIG. 7. Schematic configuration of a

::;2\;;2 small-scale low-pressure (<250 kPa) green
helium recovery plant (free of hydrogen).
| » Gasbag, compressor, and recovery helium

bottles are not completely free of H,
(orange). The commercial He bottles are
the main source of contamination (red).
The bypass is closed when the ATP oper-
ation temperature is 7 > 3 K.

400kPa (;v)

250 kPa( A
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I ] FIG. 8. ATP output pressure and
125 Normal operation : : Normal Operation || 3x105 temperature during regeneration.
= = = . . .
T=3k | | T=3K - Purification temperature remains
100 1 1 t [ around 3 K in normal operation
% . E . ! : —TK 2x10° 5 and reach;s around 130 K during a
5 35 | | —P(Pa) F regeneration process. Then, after
g o |3 1 ! 1 e releasing all the collected impu-
B = 3 .. .
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25 0 20 40 60 80 !
Time (h) 1 (240 kPa, 3 K).
0 ‘ , : , : —t— , 0
0 10 20 30 40 50 60 70 80
Time (h)

a 1-W class Gifford-McMahon two-stage cryorefrigerator
(Sumitomo RDK-408), and, in addition, a small amount of
He (around 1% on average) is lost during each regener-
ation cycle.

For higher input flows from 10 up to 30 SLPM, the
purification temperature is in the range between 5 and 20 K,
and this does not guarantee a negligible vapor pressure of
solid H, or a negligible solubility in liquid He. Thus, the
purified gas will still contain H, molecules that need to be
eliminated before liquefaction. A solution tested in this
work consists of the chemisorption of the remaining H,
molecules in the ATP output gas by a getter material at
room temperature. The nonevaporable getter materials used
in this work are (i) [Zr (70%) V (24.6%, Fe (5.4%)]-based
alloy working at room temperature and (ii) [Ni (31%) NiO
(32%) Si0, (24%) MgO (13%)]-based oxides working at
room temperature (Quantum Design part no. HM1172).

At high flow rates, the ATP loses efficiency long before a
pressure drop appears. The ATP includes the so-called
“soft-regeneration” process (see Fig. 9), during which only
the cold-head region of the ATP is warmed above 80 K,
while the output filter is kept below 25 K so that all the
trapped H, molecules in solid form are now sublimated and
captured by the getter. The solid N, and O, still have a
negligible vapor pressure below 10~ Pa (see Fig. 5) and

30 3.5x10°
Soft
regeneration
” ; i 3.0x10°
Normal Normal
operation ! : operation 2.5x10°
.20 1 4K<T<5K ! 4K<T<5K T
< 1 1 a
s | 1 - 2.0x10°
215 I 1 TR 3
: . | —P(Pa) | 15x10° §
£ 10 ! ' 5
§ . | - 1.0x10° 3
] 5
f I - 5.0x10* ©
1 }
0 : . 1 1 T 0
0 10 20 30
Time (h)

FIG. 9. ATP purification temperature remains around 4 K in
normal operation and reaches around 25 K during a soft-
regeneration process. At this moment, a great quantity of
hydrogen accumulated is released and is trapped by the getter
material. Then the purifier returns to a normal operation.

remain frozen in the ATP till a regeneration due to a
pressure drop is needed.

During soft-regeneration processes, the ATP continues
feeding the ATL liquefiers through the getter. This solution
is extremely efficient since there are no helium losses at all.
On the other hand, in this configuration, the getter traps
only hydrogen and it does so in a reversible way. Therefore,
once it is near saturation, typically every two years, it can
be regenerated by heating it to a specific H, desorption
temperature (typically, >500 °C).

When a getter material is used, the purification temper-
ature can be in the range of 10-30 K, and the ATP can use a
10-K class cryorefrigerator (i.e., Sumitomo CH-208 R) that
is more economical than a 4-K class cryorefrigerator.

This green helium gas at the getter output is eventually
liquefied in a commercial ATL and transferred directly or
by intermediate transport Dewars into the application
instruments. The evaporated gas from non-H,-sensitive
instruments that could be initially filled with commercial
“no-green” liquid (e.g., NMRs, Magnetoencephalographs,
high-field magnet cryostats, etc.) and can have a hydrogen
quantity equal to or below that corresponding to the vapor
pressure of the hydrogen at 4.2 K and 10° Pa (ie.,
yu, = 3.5x1071%) is also collected in the gasbag, com-
pressed, and injected again in the ATPs for purification and
complete elimination of the H, impurities.

The validity of the green helium plant concept is
demonstrated by the fact that impedance blockages are
completely eliminated for more than one year when the
plant configuration is implemented in the Cryogenic
Liquids Service at the University of Zaragoza.
Furthermore, the efficiency of the thermally activated getter
media in trapping H, is verified by the continuous in-line
H, monitoring described below. The graphs in Figs. 10(a)
and 10(b) show the filter temperature of the ATP special
prototype as a function of time. During the test, this
temperature is varied from the base temperature of the
purifier up to about 25 K and back to the base temperature
in about 2.5 h. The hydrogen concentration in the helium-
purified carrier gas is monitored using a mass spectrometer
(helium leak detector QualyTest HLT260 from Pfeiffer
Vacuum with hydrogen mass selected). During the test, the
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solid H, collected in the ATP sublimates. The getter
efficacy capturing H, molecules is demonstrated by placing
the H, detector to analyze the helium gas at the output of
the ATP [see Fig. 10(a)] and at the output of the heated
getter [see Fig. 10(b)], respectively.

The hydrogen concentration data [H,(7)] obtained with
the above technique can be represented as a function of the
ATP output filter temperature 7(f) for a proper under-
standing. Figure 11 shows the [H,(7T')] concentration peak
in arbitrary units (red circles) observed at the ATP output
after a period of a six days purifying recovered helium of a
SS HRP recovery plant without the getter element. The
green circles correspond to data taken in the same SS HRP
plant at the output of the getter after five days purifying
recovered helium gas (of the order of 103 standard liters in
both cases). Clearly, the H, concentration is drastically
reduced below the hydrogen detector background level,
from 107 to less than 2 arb. units. Thus, the green points
correspond to data taken in a hydrogen-free green helium
recovery plant.

2.7x10°% 30
=——H, (arb. units),

— T (K) F 25

2.6x10% -

2.5%10°

._.
w
Temperature (K)

H, signal intensity (arb. units)

2.4x1075
F 5
2.3x10° T T 0
0.00 1.00 2.00
Time(h)

(@)

2.7x10%
- —— H, (arb. units) -
£ —T(K) L 25
3 2.6x10° <
£ - 20 o
0, 5
Z 2.5x10% F15 B
£ 3
g - 10 £
£ 24x10° 2
2 -5
i)
v, 2.3x10%5 , . 0
= 0.00 1.00 2.00

Time(h)

(b)

FIG. 10  On-line monitoring of H, content in the He (g) at the
outlet of ATP (a) and getter material (b).

120
=4
100 - N5, v e
2 o« % ‘g ° PN ?
g 80 - . -. e 0 -+ T T*
3 X " T 10 15 20 25
E . . Temperature (K)
§ P
g N kY « Six-day (ATP) (162.500 sL)
£ a0 . “, .
8 ... « Five-day (ATP-Getter)
Q % (101.782 s1)
8 20 - ™~
£ e
0 —® ‘v_‘ T o .T.
0 5 10 15 20 25 30
Temperature (K)
FIG. 11. Red circles: H, concentration in arbitrary units after

about six days purifying recovered helium in a SS HRP recovery
plant without a getter element. Green circles: H, concentration
after five days purifying recovered green helium gas. The amount
of purified gas is of the order of 10° sL in both cases.

The liquid produced with green helium gas does not
contain floating solid hydrogen; thus, the surface is
optically clean, as can be seen in Video 2.

IV. SOLUTIONS FOR LARGE-SCALE HELIUM
RECOVERY PLANTS: HIGH-PRESSURE GREEN
HELIUM LIQUEFACTION PLANTS

Large installations are prone to H, accumulation up to
problematic levels over time [34]. Typically, the metallic
piping of recovery systems and the storage cylinders outgas
H,. Also, oils in pumps and compressors will produce H,
when heated. If the central liquid storage is kept cold and
full for a long time without routinely warming all content,
H, will accumulate inside it until it reaches critical levels.

In Leiden, we install a catalytic unit with the purpose of
removing H, traces from the recovered helium just before it
enters the liquefaction unit(s). This is a DeOxo commer-
cially available (BASF) catalyst specifically designed for
the removal of O, and/or H, from gas streams at room

VIDEO 2. Top view of a liquid-helium Dewar through a
methacrylate cover. The video shows liquid produced with green
helium gas.
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liquid storage —_ PSI
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40 bar

160 bar

-i-- IIII From 2016
1 1 1 1
1 I 1 1

obar__(H;0

Compressor

temperature. The hydrogen molecules are dissociative
chemisorbed on the catalyst surface and further oxidized
to H,O (g) by the O, impurities also present in the
incoming gas.

Water produced in the helium stream after the DeOxo is
trapped by a H,O trap, while excess water present in the
helium gas before the DeOxo is filtered by another H,O
trap (see Fig. 12). DeOxo catalysts can be made with either
platinum- or palladium-based precious metals and are
typically impregnated on alumina oxide (Al,O3) spheres
or pellets. The catalyst can operate from atmospheric
pressures up to several hundred pounds per square inch.
In Leiden, it is operated at 40 bar. Since the H, trace
filtering system was installed in Leiden in 2010, H,
blocking has not occurred.

V. CONCLUSIONS

In conclusion, we propose a plausible mechanism to
explain the blockage of capillary tubes used as flow
impedances to achieve temperatures below 4.2 K in “He
evaporation cryostats that are used in many low-
temperature research laboratories. Our experimental work
demonstrates that H, impurities at molar fraction levels in
He of the order of 107'° are at the origin of this worldwide
experienced problem, which has considerable opex costs.
Estimates of the blockage time are consistent with the H,
concentrations calculated from the vapor pressure of solid
hydrogen at 4.2 K. We develop and implement solutions for
both small- and large-scale helium recovery plants, which
are proven to be highly effective over periods of years.
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