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Abstract. We present a design and performance tests of an intense source of cold hydrogen atoms for
loading large magnetic traps. Our source is based on a cryogenic dissociator of molecular hydrogen at
0.6 K followed by a series of thermal accommodators at 0.5, 0.2 and 0.13 K with inner surfaces covered
by a superfluid helium film. All components are thermally anchored to corresponding stages of a dilution
refrigerator. The source provides a continuous flux of 7 x 10 H atoms/s in a temperature range of 130—
200 mK. We have successfully used the source for loading a large loffe—Pritchard magnetic trap recently
built in our laboratory (Ahokas et al. in Rev Sci Instrum 93(2):023201, 2022). Calorimetric measurements
of the atomic recombination heat allow reliable determination of the atomic flux and H gas density in
the trap. We have tested the performance of the source and loading of H atoms into the trap at various
configurations of the trapping field, reducing the magnetic barrier height to 75% and 50% of the nominal
value of 0.8 T (0.54 K) as well as at the open configuration of the trap at its lower end, when the atoms are
in contact with the trapping cell walls covered by a superfluid helium film. In the latter case, raising the
trapping cell temperature to 200-250 mK, the low-field seeking atoms at densities exceeding 10! ¢cm ™3
can be stored for the time over 10® s, sufficiently long for experiments on precision spectroscopy of cold H

gas.

1 Introduction

Experiments with hydrogen atoms were at the core
of many discoveries in quantum physics and precision
spectroscopy in the history of physics. The dispersion of
atomic velocities due to the thermal motion is always a
limitation for reaching highest resolution and accuracy.
Obtaining an intense beam of slow hydrogen atoms
or cooling trapped hydrogen gas is important for fur-
ther improvements in optical, hyperfine and gravita-
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tional spectroscopy [1] and for potential discoveries of
new phenomena. Laser cooling routinely used for many
other atoms and molecules is very difficult for hydrogen
due its low mass and VUV range of the required exci-
tation from the ground electronic state. Magnetic trap-
ping and evaporative cooling are the methods which
were successfully used for reaching quantum degener-
acy and BEC in H gas in the end of the last century
[2]. Revisiting this techniques, we have recently built a
large magnetic trap which is planned to be used for a
variety of experiments with ultra-cold hydrogen atoms
by the GRASIAN collaboration [3]. Loading such a
trap requires an intense source of low-field seeking (Ifs)
atoms at sub-Kelvin temperatures. Here, we describe
the design and operation of such a source and demon-
strate its efficiency for a loading the magnetic trap.
The source is based on a cryogenic dissociator oper-
ating at 0.65 K and a hydrogen transfer line covered
by superfluid helium film and thermally anchored to
different stages of a dilution refrigerator. A gradient of
magnetic field separates low-field and high-field seek-
ing (hfs) atoms. The source can be used as a stand-
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alone beam of slow hydrogen atoms. Elastic scattering
from a superfluid helium covered surfaces can be uti-
lized for further manipulation of the beam velocity and
intensity.

In Sect. 2 of this paper, we present a brief review of
the cold atomic hydrogen sources and techniques used
for various experiments, in Sect. 3 we describe shortly
our experimental setup with a magnetic trap and a
dilution refrigerator, Sect. 4 contains a description of
the low-temperature hydrogen dissociator and hydro-
gen transfer line with the thermal accommodators. We
present results of the tests of the source operation and
loading the magnetic trap as well as of decay of the
trapped gas in the Sect. 5. Finally, we analyze further
improvements of the source for getting colder atoms
with higher flux and suggest some ideas on the manip-
ulation of the cold H beam using quantum reflection
from a superfluid helium covered surface.

2 Background

In the pioneering work of I. Silvera and J. Walraven [4]
an intense cryogenic beam of H was obtained by dis-
sociating Hy at room temperature in the RF discharge
and further thermal accommodation in a nozzle cooled
by liquid helium. The atoms were cooled to ~ 8 K in
collisions with the nozzle walls and a fairly large flux
of prr ~ 2.4 x 106 atoms/s was demonstrated. Such
a cold nozzle technique was then used for high preci-
sion optical spectroscopy with atomic hydrogen [5-7],
microwave spectroscopy [8] and experiments on quan-
tum reflection of slow hydrogen beam [9,10]. In these
experiments the typical thermal distribution of atomic
velocities after the nozzle corresponded to the temper-
ature of ~ 6 K with a velocity peak at ~ 350 m/s.
A special time-of-flight technique allowed a selection of
slowest atoms in this distribution down to 50-60m/s
[10,11]. Further reduction was not possible due to the
low intensity of the atomic flux and insufficient sensi-
tivity of the detection system.

The performance of the cold nozzle technique is lim-
ited by the recombination of atoms adsorbed on its
wall which is strongly enhanced at low temperatures.
It turned out that the only way to go further down in
temperature is to use a superfluid helium film for the
wall coverage which has the lowest adsorption energy
of H ~ 1 K [12-15]. This has been realized in exper-
iments by I. Silvera and J. Walraven [16] where the
atoms were stabilized in a sample cell covered by super-
fluid helium and located in a strong magnetic field of
7 T. The atoms were accumulated in a high-filed seek-
ing (hfs) spin state which strongly suppressed recombi-
nation. In the follow-up experiments H densities above
107 e¢m™3 were reached at temperatures of 0.2-0.5 K
[17,18].

At this stage of experiments with spin-polarized
hydrogen, dissociation of molecular Hyo was performed
at room temperature after which the atoms were trans-
ported into the 4 K nozzle and then in the low temper-
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ature region covered by a superfluid helium film. The
superfluid film flow toward warmer regions, evaporat-
ing at ~ 1 K and re-condensing back onto the cold
surfaces, created severe heat load on the dilution refrig-
erator. Also, the part of the H transfer line between the
4 K nozzle and the 1 K region, not covered by a super-
fluid helium film, had large losses due to the recombina-
tion. A much simpler method for producing cold H was
introduced by W. Hardy at UBC [19,20]. They built
a cryogenic Hy dissociator in which dissociation of Hs
was performed in a cryogenic discharge below 1 K. This
technique was later used by nearly all groups working
with spin-polarized H. A typical flux of hAfs H into the
sample cell located in a strong magnetic field was 1-
5 x1013 atoms/s at temperatures down to ~ 100 mK.
Although superfluid helium film was used to cover the
walls, further cooling of H gas was not possible due to
the adsorption of the atoms on its surface which finally
became an insurmountable obstacle.

To overcome the surface recombination problems and
reaching BEC, a magnetic trapping of Ifs H atoms with
evaporative cooling was proposed by H. Hess [21] and
realized in experiments by the MIT [22] and Amster-
dam [23] groups. Transport of the gas into the magnetic
trap partially occurred in the low-field region where
the recombination and relaxation processes are substan-
tially faster. Atomic fluxes of Ifs were somewhat lower,
approaching ~ 5x 102 atoms/s [22,23], which was how-
ever sufficient for loading small magnetic traps at MIT
and Amsterdam.

The above-mentioned methods of cold H gas produc-
tion based on cryogenic techniques, require sophisti-
cated equipment based on dilution refrigerators. Other
approaches were pursued to avoid these complications,
e.g., using all-optical systems for decelerating H beams
or using Zeeman decelerators (see Ref. [24] for a
review). Laser deceleration methods are well known and
used for a large variety of atoms and molecules. For a
hydrogen, straightforward implementation of this tech-
niques requires excitation of 1S-2P transition at the
wavelength of 121.6 nm the which so far remains a chal-
lenge. Several other methods were proposed, including
a two-photon deceleration using 1S-2S transition at
243 nm [25], an optical deceleration of hydrogen beam,
using a moving optical lattice [26] and a magic wave-
length trapping of H [27].

3 Experimental setup for magnetic
trapping of H gas

One of the goals of the GRASIAN collaboration [28,29]
is to build a large magnetic trap for atomic hydrogen,
accumulate large quantities of hydrogen gas in the trap,
and cool the gas to temperatures below 1 mK. The
atoms can be used in various experiments or will be
transferred into a second shallower trap for a further
cooling into the WK range. A magnetic trap of the Ioffe—
Pritchard type (IPT) was built recently in Turku [3].
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The trap consists of an octupole magnet (OM) for radial
confinement, two pinch coils for axial confinement (UP
and LP), and a 3 T magnet used for a cryogenic dis-
sociator (DS). The atoms are confined by the magnetic
field barrier of ~ 0.54 K. Hydrogen gas is isolated from
the vacuum space of the dilution refrigerator (DR) in a
plastic sample cell (SC) located in the bore of the IPT
and covered inside by superfluid helium film. The IPT
and SC geometry is optimized for a largest effective vol-
ume of the trapped gas. The SC has an inner diameter
of 10.5 cm and a length of 35 cm. Its walls are thermally
anchored to the mixing chamber of the DR and can be
cooled down to 120 mK.

Aiming at accumulation and storage of the largest
possible amounts of H gas, one could also increase the
gas density. However, the decay of the trapped gas is
governed by the process of two-body dipolar relaxation,
with the rate increasing as a second power of density.
At our conditions the rate constant ~ 107'° cm?/s
[30] sets a limitation on the maximum density of the
stored gas for a given lifetime, e.g., at the density of
10*2 ecm ™3 the half-decay time is ~ 1000 s. Then, the
total number of trapped atoms of 6 x 10'* is sufficiently
large to start evaporative cooling and reach our goal:
over 10'? atoms below 1 mK. Realization of these plans
requires a powerful enough source of atoms for filling
the SC. For accumulating the above-mentioned number
of atoms within 10 min the incident flux should exceed
2 x 1013 Ifs atoms/s.

Our cryogenic setup (see Fig. 1) is based on a wet-
type dilution refrigerator Oxford 2000, with a cool-
ing power of 300-500 pW at 100 mK. The IPT [3] is
mounted inside the vacuum can of the refrigerator and
thermally anchored to its 1 K pot operating nominally
at 1.4 K. An experimental space below the IPT is 40 cm
high and 22 cm in diameter. We plan to arrange there
a second shallower trap for further cooling the H gas
into the sub-mK range. Experiments on quantum reflec-
tion of ultra-slow atoms from a liquid helium surface,
observations of a Gravitational Quantum States above
a liquid helium surface of finite thickness [31] and a
superfluid He bulk [32], and precision spectroscopy are
on the list to be set up in this space.

4 The H source

4.1 General considerations

Dissociation of molecular hydrogen is normally per-
formed by electron impact in a plasma of DC or RF
discharge in a gas. Maintaining a discharge continuously
in a sufficiently large volume cannot be done below
1 K. Therefore, the first cryogenic hydrogen dissoci-
ator constructed by W. Hardy and coworkers [19,20]
operated in a pulsed mode with the duty cycle ~ 1073,
typical energy per pulse ~ 10 wJ and average power
of ~ 1 mW. This technique has been utilized by sev-
eral other groups, with a most detailed study performed
by Helffrich [33]. The inner surfaces of the dissociator
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Fig. 1 Schematic of the experimental setup based on a
large Ioffe-Pritchard trap (IPT). DR—dilution refrigera-
tor, DS—dissociator solenoid, UP—upper pinch coil, SC—
Sample cell, OM—octupole magnet, LP—lower pinch

chamber of several cm?® volume were plated by a thin
layer of solid Hs, on top of which a superfluid helium
film was condensed. During the RF pulse, the helium
film is partially evaporated and a discharge starts in
the helium vapor. Electrons of the discharge bombard
the solid Hy layer and dissociate molecules. Hydrogen
atoms partially remain trapped inside the solid layer,
partially escape into the bulk of the chamber. After
the RF pulse, helium condenses rapidly back onto the
wall, and the remaining hydrogen gas flows from the
dissociator into the experimental chamber. Applying a
magnetic field in the region of the dissociator or in the
experimental chamber below, provides separation of hfs
from [fs atoms and reduces recombination.

One of the main advantages of the cryogenic dissocia-
tor operating below 1 K is that it provides a simpler and
more reliable solution of the problem related with the
re-condensing of the superfluid helium film. Compared
with the cold nozzle followed by a liquid helium covered
part of the transfer tube, the heat load on the refrigera-
tor and the atomic recombination are reduced by orders
of magnitude. The suppression of the recombination is
especially effective for experiments with hfs atoms. The
dissociator is located at the fringe of the superconduc-
tive magnet and transport of the atoms into the sam-
ple cell is assisted with the magnetic field gradient. The
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sample cell may be cooled to temperatures approach-
ing 150200 mK without substantial atomic loss at the
surface because of the high degree of polarization of the
electron and the nuclear spin in the strong magnetic
field [34].

The situation is different for loading magnetic traps
with Ifs atoms. In this case, the magnetic field gradi-
ent is opposite: the dissociator is located in the strong
field of 34 T and the Ifs atoms need to travel into
the low-field region of the magnetic trap, being cooled
to the trappable temperature (typically ~100 mK) by
thermalization with the walls. Recombination on the
surface at the final stage of the transfer line is much
faster and the line design requires special care. In exper-
iments in Amsterdam and MIT this was resolved by
shortening the part between the dissociator and the
trapping cell as much as possible which still allowed
to cool the trapping cell to below 100 mK without dis-
charge. During the discharge operation, the trapping
cell was overheated to 200-300 mK. Continuous fluxes
of Ifs ~ 2 x 10*? atoms/s at 150 mK were reported in
the trapping experiments at Amsterdam [23]. The MIT
group used a short term operation mode for loading
their magnetic trap: a discharge was run for 30 s during
which the trapping cell was heated up to 300 mK [35].
The estimated flux of Ifs was ~ 10 atoms/s. After
loading, the trapping cell required about 3 min to cool
to 100 mK. During this time, the gas was not isolated
from the walls leading to a large recombination loss.

In the construction of our H source described below,
we aimed at a continuous operation with the H gas flux
above 10'3 atoms/s and entering the SC at a temper-
ature ~ 100 mK. This required three thermal accom-
modation stages between the cryogenic dissociator and
the trapping cell.

4.2 Cryogenic dissociator

Our cryogenic dissociator has a similar construction to
that of the trapping experiments in Amsterdam [23].
We built it and have used in our lab for nearly 20 years
for studies of hfs hydrogen in high magnetic field. It is
a cylindrical copper chamber with the inner diameter
of 1.8 cm and the length of 3cm. A helical resonator
made of 1.5 mm thick copper wire is located inside
the chamber and inductively coupled by one loop to
a coaxial cable feed-through at the top of the cham-
ber (Fig. 2). The helical resonator has a resonance fre-
quency of 330 MHz and a quality factor of ~ 200. The
dissociator chamber is thermally anchored to the bot-
tom of the Still of the dilution refrigerator having typ-
ically a temperature ~ 0.6 K. The thermal link is pro-
vided via an annealed high purity copper rod of 12 mm
diameter and length of 40 cm. At the top of the dissoci-
ator chamber there is a thermally isolated feedthrough
of a capillary for loading Hs. Typically ~ 1 mmole of
Hs was condensed onto the inner surfaces of the dissoci-
ator chamber at ~ 1 K while heating the inlet capillary
and the rest of the Hy loading line above 15 K. Loading
process lasts typically ~ 30 min and is controlled by the
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Fig. 2 Schematic of the H source setup. Atomic hydro-
gen is generated in a cryogenic dissociator at =~0.65 K,
passes two thermal accommodation stages Acl (0.4 K) and
Ac2 (0.25 K), and enters the SC via the cell inlet tube (CI)
at 0.13 K. The lower end of the CI is extended approxi-
mately into the middle of the magnetic trapping well

frequency shift of the helical resonator. Typically, after
condensing Hs the resonator frequency decreased by
~ 0.3 MHz. This implies that part of the Hy is also con-
densed on the surface of the helix, but does not provide
reliable evaluation of the solid hydrogen layer thickness.
From our previous experience such amount is sufficient
for several weeks of continuous source operation below
1 K.

Normally, we operate our cryogenic dissociator with
RF pulses of 0.5-1 ms length and 20-50 Hz repetition
rate. RF power is provided by an oscillator operat-
ing in CW mode which is then modulated by a rect-
angular pulse and finally amplified by a 10 W ampli-
fier. We estimate that about 5/1 mW of peak/average
power is absorbed in the dissociator when it operated
in the optimal conditions for getting largest flux of
atoms. This leads to the overheating of the dissocia-
tor by ~ 40 mK above the value when the discharge is
off. The power load to the Still of the dilution refriger-
ator caused by the RF discharge is substantially lower
than the ~ 10 mW heating required to provide nominal
circulation rate of the refrigerator.

4.3 Hydrogen transfer line

Hydrogen gas produced in the dissociator contains both
electron spin components. For reducing recombination
on the way to the trapping cell having temperature
of ~ 100 mK, these spin state should be separated as
soon as possible after leaving the dissociator. Therefore,
the transfer line is designed to provide a strong mag-
netic field gradient along its sections and an optimal
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Table 1 The effect of the amount of He film on the tem-
peratures of the H filling line sections with no RF discharge
in the dissociator

He Dissociator Acl Ac2 CI

mbar-dl mK mK mK mK
0 644 265 249 146
5 603 357 241 152
10 612 437 246 143
20 613 436 240 138

temperature gradient for efficient thermal accommoda-
tion (Fig. 2). After the dissociator, located in a 3 T
magnetic field, the gas of Ifs is pulled into the first ther-
mal accommodator (Acl) which is thermally anchored
to an upper part of the continuous heat exchanger
of the DR bringing the diluted stream of the mix-
ture (*He/“He) into the Still. It has an unloaded tem-
perature of ~ 360 mK. After a 90° turn the gas flows
into the second accommodator (Ac2) having unloaded
an temperature of ~ 220 mK. It has a thermal link to
the 0.1 K plate of the DR which is cooled by the diluted
stream leaving the upper step heat exchanger of the
DR. Ac2 has two 90° turns. Both accommodators are
machined out of a block of high purity annealed copper.
The accommodators are connected to each other and to
the dissociator by pieces of thin walled CuNi tubes of
4.5 mm i.d. and the length of ~ 2.5 cm. After the Ac2
the gas enters the last section called the cell inlet (CI)
via an In sealed flange and edge welded bellows. CI is
thermally anchored to the mixing chamber (MC) of the
DR and can be cooled down to the minimum tempera-
ture of ~ 130 mK.

Adding *He to the H loading system creates a super-
fluid film on its walls. The film is pulled into the
regions of higher temperature by the fountain pres-
sure. Inside the dissociator the saturated vapor pres-
sure of *He is sufficiently high to create a stream of the
vapor moving down and condensing back in the Acl
and Ac2. This leads to an extra thermal link between
the transfer lines sections and may change its tempera-
tures significantly. To minimize this effect, strong ther-
mal links to the corresponding parts of the DR were
made using 12mm diameter high purity copper rods.
To verify the overheating effects due to the presence
of a superfluid film, we added helium in small por-
tions and recorded temperatures of each mentioned
above transfer line section. Results of this measure-
ment are presented in Table 1. One can see that adding
superfluid film somewhat cools the dissociator cham-
ber and strongly heats up the Acl, while the Ac2 and
CI remain almost unchanged, with some weak cooling.
Heating due to the re-condensing film increases with
the film thickness, which leads mostly to the overheat-
ing of the Acl where obviously the major part of the
helium vapor is condensed. The effect is saturated after
adding 10 mbar-dl meaning that the saturated helium
film thickness is reached and adding extra helium just
creates bulk liquid at the SC bottom.
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Fig. 3 Magnetic field (solid line) and temperature (dashed
line) along the path from dissociator to the end of the trans-
fer line inside the loffe—Protchard trap

The magnetic field configuration is rather complex
between the dissociator coil and the octupole magnets
since the field decreases not only in magnitude but also
changes the direction. The actual field profiles along
the transfer line were evaluated using the BiotSavart
program [36] and used in the design of each section.
The length of each section was done as short as possi-
ble, however taking into account that H atoms should
experience on the average 1-2 sticking collisions with
the wall. To increase the number of collisions, the 90°
turns were included. This also prevents a direct access
of “hot” atoms into the trapping cell. The turns as
well help to fit all sections in a fairly small space avail-
able inside the dissociator coil and octupole magnets.
In Fig. 3 we present a schematic plot of the magnetic
field and temperatures changes across different section
of the transfer line. One can see that the magnetic field
drops by ~ 1.5 T between the dissociator and Ac2 and
the temperature decreases from 600 to 320 mK on a
short length of ~ 15 cm. This provides effective sepa-
ration of the Ifs and hfs before the [fs enter the CI, the
coldest and longest part of the transfer line.

The last part of the transfer line (CI) is made of a
90° turn at the top (see Fig. 2) followed by a 3mm i.d.
copper tube of the length ~ 6 cm. The lower end of
the tube is covered by a short end cap spraying incom-
ing atoms with the nearly 45° with respect to the trap
axis. The end of the CI extends for about 5cm below
the upper flange of the trapping cell, in the region with
magnetic field of =~ 0.5 T. This way we can load H gas
into the trap at the level of roughly half of the trap-
ping barrier and reduce the kinetic energy gained by
the atoms when they settle in the trap. The incoming
gas temperature of ~130 mK is comparable with the
magnetic energy difference of ~0.2 K between the end
of the CI and the trap bottom and a factor of ~ 3
smaller than the 540 mK trap barrier. This provides
effective trapping of a large fraction of the incoming
gas. The average number of sticking collisions in the CI
is ~ 3, which is somewhat larger than needed. There is
a danger of enhanced recombination on the walls of the
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CI, since the surface residence time increases exponen-
tially with decreasing of temperature [37]. However, in
this part of the line the gas is well polarized. The mag-
netic compression factor separating the [fs from the hfs
is exp(2upAB/pT) ~ 10%. We installed a heater on the
CI outside the trapping cell, which can be used to warm
up this section in order to decrease recombination.

Analyzing thermal accommodation in different sec-
tions of the transfer line, we estimate the number of
sticking collisions with the wall. On the surface the
atoms may recombine or thermalize to the wall tem-
perature and continue motion toward the trapping cell
after the desorption. Recombination is not important
on the first sections due to fairly high temperature.
The sticking probability s of hydrogen atoms on the
liquid helium surface vanishes at low energies and fol-
lows the law s &~ 0.33- T, [37], where T}, is the gas tem-
perature. In the operating temperature range of our
transfer line between Acl and CI the sticking proba-
bility varies between 0.12 and 0.04. Non-sticking col-
lisions are mostly elastic and specular (in case of suf-
ficiently smooth surface) [38]. The number of sticking
collisions in the circular tube of radius r and length [ is
~ s-3/8(l/r)? [4]. Then, we estimate a required tube
length for having one sticking collision as [ ~ r4/8/3s.
For the transfer line sections Acl, Ac2, and CI this gives
the [ = 2, 3 and 3.5 cm accordingly. The lengths of first
two stages are done close to this estimate.

This consideration does not take into account the
effect of the re-condensing of helium in the first two
sections. Re-fluxing vapor works in a way similar to the
old diffusion pump: atoms of the *He vapor collide with
H and push them toward the colder sections of the line.
This effect was utilized for H gas compression in the
research with hfs and is known as HEVAC (HElium
VApor Compression) [34]. The quantitative evaluation
of the HEVAC effect is not possible. But in general, it
should make the transfer of atoms faster and decrease
the probability of sticking. In terms of the thermaliza-
tion efficiency this is compensated by collisions with the
helium vapor.

4.4 Sample cell for the trapped gas

The hydrogen sample cell (SC) is a cylinder made of
G10 Glass Epoxy Laminate tube [39] with inner diam-
eter of 105mm and wall thickness of 1.6 mm (Fig. 4).
It fits inside the IPT with a ~ 0.8 mm gap to the
inner surface of the octupole system. Centering and
control of the gap between SC and IPT is performed
with 8 polyether ether ketone (PEEK) rods screwed
through the cores of the race track coils of the octupole
magnets and pressing onto the SC tube with sharpened
ends. Cooling of the SC is provided by the thermal links
made of ribbons of 0.15 mm diameter insulated copper
wire glued to the outer surface of the G10 tube. This
helps reducing the heating of the SC by eddy currents
during ramps of magnetic field. SC top and bottom end
plates are manufactured from a 6 mm thick G10 sheet.
Copper wire ribbons are glued to the copper plates at
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Fig. 4 Left: schematic drawing of the sample cell inside the
IPT. Right: Photo of the SC with the IPT lowered down

the SC top and bottom. Separate copper bars connect
these plates to the mixing chamber of the DR. The
bar for the SC bottom is placed outside the IPT. Tem-
perature sensors and heaters are fixed to the top and
bottom SC plates. This allows independent control of
the SC top and bottom temperatures.

For the temperature measurements we used RuOs
chips [40]. The sensors were installed on the main com-
ponents of the dilution refrigerator: 1K pot, Still, 0.1 K
plate, Mixing chamber (MC), as well as on the dissoci-
ator, Acl, Ac2, CI, SC top and bottom flanges. For a
control of the IPT temperature during current ramps,
the sensors were attached to the OM, DS and LP coil
mandrels.

In future, we plan to implement two-photon spec-
troscopy of the 1 S-2S transition for the diagnostics of
the trapped gas. The laser system at 243 nm and lumi-
nescence detectors were not ready for this work, and we
used calorimetric techniques for the characterization of
the trap loading and decay of the H gas. The simplest
way to do this is to monitor the recombination power
of the atoms recombining on the inner SC walls. Accu-
rate measurement of the power released in the SC is
performed by active stabilization of the temperatures
of the MC and the SC. Using two separate thermal
links for the SC top and bottom plates required sta-
bilizing them separately using dedicated sensors and
thermometers. Changes of the voltages provided by the
temperature controllers (TC) of the SC top and bottom
are detected during the SC loading and after switching
off the H source. The absolute power released in the SC
can be measured with ~ 0.1 wW resolution which corre-
sponds to the recombination rate of Nyee ~ 3x 10 71,

For reaching better sensitivity, we installed a bolome-
ter at the bottom of the SC (Fig. 4). The bolometer
has two temperature sensors located on different sides
of a dielectric substrate. The sensors are carbon resis-
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tors made by painting Aquadag (colloidal solution of
carbon particles in water [41]) between the thin elec-
trodes sputtered on the substrate. We used a 0.1 mm
thick sapphire sheet for the bolometer substrate with
an area of ~ 2 cm?. The substrate is thermally coupled
to the SC wall by a 50 pm thick superconductive wire
of ~ 1 cm length. Temperature sensors on both sides
of the substrate provide the possibility of an absolute
power measurement. For this, one Aquadag resistor is
used as a heater using a high excitation current. A sec-
ond resistor serves as a thermometer, measured with a
very low excitation. This also allows stabilization of the
substrate temperature at a given value avoiding uncer-
tainties with the overheating effect of the Aquadag layer
with respect to the helium film on it.

Bolometers are capable of detecting power changes
at a pW level. However, they detect only a fraction of
the total recombination heat equal to the ratio of the
geometrical area of the bolometer to the area of the
inner surface of the SC. This is ~ 1/700 for our SC.
Taking this into account, the bolometers are still a fac-
tor of 10-100 more sensitive than the temperature con-
trollers described above. The presence of H gas provides
an extra cooling channel via thermal accommodation
of the gas [42]. This effect depends on the gas density.
As we shall see below, this makes interpretation of the
bolometer signals rather complicated.

5 Experimental results

5.1 Loading the sample cell with H gas

In the first loading experiments, we charged the IPT
coils to the currents which provide nearly the same trap-
ping barrier for the axial and radial confinement. The
currents which we fixed as nominal to operate the IPT
safely with minimal risk of a quench were 120, 95, and
32 A for the octupole system, lower pinch, and upper
pinch accordingly. We denote this configuration as the
full “100%” IPT charge. Later we will describe experi-
ments where the IPT was charged to smaller fields. In
all cases, the dissociator coil was charged to a nomi-
nal value of 95 A corresponding to ~ 3.5 T. The full
charge in the IPT provides a minimum trapping barrier
of > 0.8 T (0.54 K) in the so-called leakage points [3]
where the field of the octupole magnets is partially can-
celed by the field of the pinch coils. In the other regions
the field is higher, reaching a maximum of ~ 1.2 T.
Measurements were performed at SC temperatures in
the range of 119...243 mK. The mixing chamber was
stabilized at the lowest possible temperature which the
DR could provide under a certain heat load from the
SC, the transfer line components and the dissociator
running the RF discharge. Typically the MC operated
in the range 40-70 mK. The bolometer at the SC bot-
tom was stabilized to 315 mK.

After stabilization of the SC temperature, we turned
on the RF discharge in the dissociator and recorded
voltages of the SC temperature controllers and the
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Fig. 5 Results of the IPT accumulation and decay of the
trapped gas for the SC temperatures of 167 (blue solid line)
and 134 mK (dashed brown line). The feedback power of
the TC temperature controllers is plotted as a function of
time. The discharge was turned on at ¢ ~ —1000 s and
turned off at ¢t = 0. RF pulse parameters are marked on the
plot with H/L meaning RF on/off time in ms. Note that
for measurement at 134 mK, at ~ —500s the dissociator
L (power OFF) time was decreased to 30 ms

bolometer stabilization power. The power delivered to
the dissociator was varied by changing the power of the
RF oscillator by 6 dB or changing the duty cycle of its
pulses. The average power absorbed in the dissociator
running RF discharge was ~ 0.5 mW. Normally we used
pulses of H/L = 0.8/(20...40) ms with “H”= RF power
ON and “L”= RF power OFF times. After 10-15 min of
loading we stopped the dissociator and monitored the
decay of the trapped gas. In Fig. 5 we presented results
of such an experiment for the fully energized trap at the
SC temperature of 134 and 167 mK. One can see that
running the dissociator provides extra recombination
power, which leads to a decrease of the temperature
controller power required for stabilization of the SC.
The effect is saturated after ~ 1000 s of accumulation
with a power change of ~ 25 WW. Taking into account
the recombination energy of 3.7 x 10~'° J per atom, we
evaluate that a flux of ~ 7 x 10'® atoms/s is coming
into the SC. For the Tsc = 134 mK we first run the dis-
sociator pulsing with H/L=0.8/40 ms, then increased
the duty cycle by reducing L to 30 ms. This led to an
increase of the detected atomic flux by about a factor of
2. Finally, the temperature controllers were not capa-
ble to keep stabilizing the SC since the recombination
power exceeded the limit set by the temperature differ-
ence between the MC and SC (= 25 uW in this case)
with the dissociator OFF. The flux of atoms evaluated
at 134 mK is about the same as for 167 mK.

In order to check that the observed change of the SC
heating is related with the flux of atoms followed by
the recombination, we run a control experiment when
there was no molecular hydrogen uploaded into the dis-
sociator. Running the discharge under the same con-
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Table 2 Temperatures (mK units) of the H transfer line
stages under discharge and its absence

Discharge Dissociator Accol Acco2 SCin
OFF 592 364 221 154
ON 634 522 324 185
Overheating 41 158 102 31

ditions, we observed some heating of the dissociator
and accommodators. No change of the heating power
in the SC was detected within the noise, at the level
of < 1 pW. In this regime some part of the super-
fluid helium film inside the dissociator is evaporated
and re-condensed in the accommodators before reach-
ing the SC. The large difference in the heating due to
the hydrogen flux demonstrates a high efficiency of the
transfer line and a proper design of the accommodators.

We present the temperatures of the dissociator and
the other components of the transfer line for the disso-
ciator ON/OFF conditions in Table 2. One can see that
running the discharge, heats mostly the Acl, somewhat
less Ac2 and rather little the SC inlet.

In order to find optimal operating parameters for
getting the largest atomic flux, we varied the disso-
ciator RF power, SC temperature and the magnetic
field configuration. We found that the maximum flux is
obtained at the lowest achievable SC temperature and
largest tolerable dissociator power. These two parame-
ters are related to each other. Increasing the dissociator
power leads to stronger heating, up to the limit of the
refrigerator at the given temperature, like it is demon-
strated for 134 mK in Fig. 5. At higher SC temperature,
the refrigerator can absorb larger recombination power
and we may increase dissociator power. However, we
observed that increasing the RF power at SC temper-
atures above 150 mK leads to a decrease of the atomic
flux. The data presented in Fig. 5 correspond to the
optimal parameter configuration for reaching largest
flux. We note that the temperature range above 150 mK
is also not good for the trapping of H gas since the wall
recombination of atoms escaping from the trap starts
to be too slow for efficient evaporating cooling.

The efficiency of the dissociator and the H transfer
line can be evaluated by taking the ratio of the recombi-
nation heat released in the SC to the average RF power
absorbed during discharge. At optimal RF power used
for getting maximum flux, we measured that ~ 0.5 mW
is released in the dissociator. The recombination power
in the SC measured at this condition is ~ 25 wW which
corresponds to a dissociation efficiency of ~ 5%. This
can be compared with the efficiency of 2% obtained by
the Amsterdam group (23] and 5% in MIT experiments
working with a similar cryogenic dissociator [35].

5.2 Bolometer data

At SC temperatures below ~ 150 mK the signals
detected by the bolometer are very similar to that of
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Fig. 6 Comparison of the power changes detected by the
SC temperature controllers and the bolometer at the SC
bottom recorded during SC loading and decay at 134 mK.
The bolometer signal is multiplied by the factor of 700 equal
to the ratio of the SC inner wall area to the area of the
bolometer surface

the temperature controller. We present both signals at
Tsc = 134 mK in Fig. 6 for comparison. The heat
detected by both methods originate from the recom-
bination of the incoming atoms. It is well known that
the recombination occurs at the surface of the experi-
mental chamber and results in Hy molecule in a highly
excited ro-vibrational state. Only a small fraction of the
recombination energy, < 1 % is absorbed by the surface
at the recombination site [43]. The remaining energy is
distributed by the excited molecules to the rest of the
walls. In this case, the power detected by the bolome-
ter should be smaller than the total power detected by
the temperature controller by the ratio of the geomet-
rical area of the SC walls to the bolometer surface area.
However, one can see in Fig. 6 that the ratio of pow-
ers ~ 4000 is much larger than the geometrical factor
of =~ 700 for our SC. This ratio increases to ~ 8000 at
124 mK and decreases with increasing temperature. At
Tsc > 160 mK it becomes equal to the geometrical fac-
tor. This observation implies that the bolometer detects
a substantially smaller fraction of recombination power
at low temperatures.

These results were obtained with the temperature
of the bolometer (T, ~ 315 mK) being substantially
higher than that of the SC walls. The above assump-
tion of even distribution of the recombination energy
between surfaces having different temperatures may not
be correct. If the excited molecules have larger proba-
bility for relaxation in collisions with colder surface,
then the colder walls will receive a larger fraction of the
energy than the warmer parts. To our knowledge, the
rate of the ro-vibrational relaxation in collisions with
a wall was newer studied at so low temperatures. Our
data indicate that below 150 mK the bolometers can-
not be used for a reliable measurement of the absolute
power released in recombination at the surface. How-
ever, this technique provides a more sensitive measure-
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Fig. 7 Comparison of the power changes detected by the
temperature controllers and the bolometer for the SC tem-
perature of 243 mK. Note the different vertical axes for the
TC power (left) and the bolometer (right). A kind of “over-
shooting” behavior is seen in the bolometer signal after
switching off the dissociator (at ¢ = 0). An extra cooling
power of the order of 0.8-1 nW appears due to the thermal
accommodation of H gas

ment of the power changes and can be used for the
analysis above 160 mK.

Results of the SC loading at a higher temperature
Trc = 243 mK are presented in Fig. 7. One can see
that after switching off the dissociator, the bolometer
signal increases above its baseline before accumulation.
There appears an extra cooling channel which leads to
an increase of the power required for its stabilization.
Such cooling is provided by the thermal accommodation
of hydrogen gas present near the SC wall at the location
of the bolometer. The gas has a temperature equal to
that of the walls of the SC which is &~ 72 mK lower than
the bolometer temperature. The cooling power P, is
proportional to the gas density near the bolometer ng
and the temperature difference between the gas and the
bolometer AT =T, — Ti;:

1
Pacc = inHUthAakBATa (1)

where A is the bolometer surface area, vy, is the thermal
velocity of atoms, kp is the Boltzmann constant and
a =~ 0.5 - T, is the thermal accommodation coefficient
[38]. Using this equation and the “overshooting” power
of the bolometer P,.. ~ 1 nW we evaluate that the den-
sity of the H gas near the bolometer is ~ 8 x 10! cm™3.
The magnetic field in the location of the bolometer is
~ 0.9 T and the magnetic compression factor for the gas
located in the trap center is exp(upAB/kgTrc) ~ 12
for a temperature of 243 mK. As we shall see below,
the maximum density of Ifs atoms in the trap center at
243 mK is about 1.2 x 10" ¢m™3. Then, near the wall
the density of Ifs should be ~ 10'" ¢cm™3, much smaller
than estimated from the bolometer cooling. Therefore,
the gas which provides cooling cannot be in the Ifs state,
but is most likely in the Afs. At so high temperature of
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Fig. 8 The decay of the trapped gas for the SC temper-
atures of 134 mK. Recombination power detected by the
sample cell TC is shown (blue solid line). Number of atoms
in the trap calculated from the integral of the TC signal is
plotted with a dashed orange line

the SC this conclusion does not look surprising. The
magnetic separation cannot effectively separate elec-
tron spin states and the recombination at the wall is
slow enough to allow substantial density of H gas. The
latter is also seen from very slow decay of the bolometer
signal after switching off the dissociator.

For lower SC temperatures, bolometer data do not
show a clear cooling effect. As expected, the cooling
power due to the gas accommodation rapidly decreases
with temperature due to the decrease of the gas density
(Ifs) near the bolometer, which is an indication of a
decoupling of the trapped gas from the wall. This is
essential for the gas trapping and further evaporative
cooling.

Although, the bolometer is more sensitive for detec-
tion of the power changes in the SC during the load-
ing and decay of H gas, the interpretation of its signal
depends in a complicated way on the gas density and
temperature. Therefore, we used the bolometer signal
only for qualitative estimates, mostly at highest SC
temperatures. For the absolute determination of the
atomic flux and number of loaded atoms we used signals
of the SC temperature controllers.

5.3 Decay of the trapped gas

Measuring the recombination rate with the SC tem-
perature controllers after switching off the dissociator,
when there is no incident flux, provides data about the
decay of the accumulated sample and allows determina-
tion of the absolute number of atoms which are stored
in the trap. This is done by integrating the TC power
starting from the end of the decay. In Fig. 8 we present
results of such a measurement at Tsc = 140 mK and
after loading with a flux of 3 x 10'3 atoms/s. One can
see that in the beginning of the sample decay we have
~ 2 x 10'® atoms accumulated in the trap.
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After loading the trap and turning off the dissoci-
ator, the atoms having energies larger than the trap
height ¢; escape from the trap. The remaining atoms
restore an equilibrium distribution with reduced tem-
perature. This evaporative cooling mechanism is the
main method used to cool H gas in magnetic traps
[44,45]. The atoms escaping from the trap collide with
the sample cell walls. They can stick to the wall and
recombine or desorb and return in the trap. Also, they
can scatter elastically from the wall. For the evapo-
rative cooling operating efficiently, it is required that
the atoms recombine at the wall rather than return
back into the trapping volume. This however, depends
strongly on the SC wall temperature. Temperatures
near 100 mK or lower are required to effectively elim-
inate evaporating atoms. In these experiments we are
close to this condition at the lowest SC temperatures
used.

Relaxation to the hfs states due to exchange and
dipolar interactions is the second reason for the loss of
the atoms. Various channels for the exchange and dipo-
lar relaxation are analyzed and calculated in [30]. Dur-
ing loading both Ifs hyperfine states ¢ =| F = 1; Mp =
0) and d =| F' = 1; Mp = 1) are pushed into the trap.
Soon after switching off the H source, ¢ atoms relax
to the hfs states due to rapid spin exchange in two-
body collisions, escape from the trap and recombination
on the SC walls. At this stage the number of atoms
decreases most rapidly. Having no methods for direct
measurement of the gas density and temperature, we
cannot analyze what happens in our trap at this stage.

The rate of evaporative cooling slows down when
the gas temperature decreases substantially below the
trap depth. It was found in the experiments of the
MIT group [46], that the gas temperature is reduced
to ~ 1/10 of the trap height soon after stopping accu-
mulation and remains stable at this level. At this stage
the decay of the trapped d-state gas is governed by a
two-body dipolar relaxation. The rate constants for the
dipolar relaxation was calculated in [30] and experimen-
tally determined by the MIT [46] and Amsterdam [47]
groups. It weakly depends on temperature and mag-
netic field and under the conditions of our experiments
is in the range 1 — 2 x 1071% cm?/s.

5.4 Effective volume and density of the trapped gas

For characterization of the processes in the trapped gas
we need to define the effective volumes of our trap. The
evaluation of the effective volume is done by straight-
forward integration of the magnetic compression factor
over the volume of the SC:

_upB@)
Vi, = / o dr. 2)

Knowing the effective volume and total number of
atoms NN one can find density of the gas in the trap
center as ng = N/Vi.. Since we do not have yet any
method to measure the gas temperature, an accurate
determination of the effective volume is not possible.
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Table 3 Effective volumes for H gas in our SC Vi./Va.
in cm® for different temperatures (left column) and mag-
netic field configurations: 100%, 75%, and 50%of the full
IPT charge

Trap depth (%) 100 75 50

Ty, mK

60 351/167 412/232 570/319
134 631/342 813/453 1090/626
167 763/416 970/546 1280/753
205 904/499 1130/650 1444/889
243 1033/589 1272/740 1589/1014

Assuming that during the accumulation the gas tem-
perature is close to that of the SC wall, we obtain a
lower bound for the gas density in the trap bottom
of ng ~ 3 x 10'2 cm™3 in the beginning of the decay
shown in Fig. 8. The gas can be colder during the load-
ing process due to evaporative cooling and also due to
the fact that we deliver it into the middle of the trap-
ping potential where the end of the cell inlet line is
extended. In the other extreme case when the gas tem-
perature is 1/10 of the trap depth, ~ 60 mK, the effec-
tive volume is nearly factor of 2 smaller and we would
get ng ~ 6 x 10'2 ecm™3.

We may also make a rough estimate of the steady
state density in the end of the gas accumulation using
the known value of the dipolar relaxation rate con-
stant Ggq and assuming that the atoms are mostly
accumulated in the doubly polarized d-state, which is
known from other experiments [44,45]. In the steady
state, the incoming flux ® is balanced by the losses due
to the relaxation and subsequent recombination in the
trapped gas having the rate Gqqn?. Integrating over the
density distribution, we may write:

dN _ dng

[— —_— = - 2
FTET Vie=® 2Gddn0‘/2€7 (3)

where the second term in the right hand side is the loss
due to relaxation and

_2upB)
Vge:/e T dr (4)

is the second order effective volume for the two body
process of dipolar relaxation [45]. We present calcula-
tions of the effective volumes for the range of temper-
ature and magnetic fields used in this experiments in
Table 3.

In a steady state we set the time derivative to zero
in Eq. 3 and get:

o 1/2
o= <2GddVQe) ' 5)

The data for the incoming flux ® are obtained from the
TC signal as explained above. Then taking the incom-
ing flux of 3x 1013 atoms/s, V. ~ 400 cm? evaluated for
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Fig. 9 TC power changes during accumulation at the
Tsc = 134 mK and various configurations of the magnetic
field in the IPT: 100%, 75%, 50%, and for the configura-
tion “0%” (open bottom)

134 mK, and Ggq = 1.5 x 10715 ¢cm? /s taken from Ref.
[30] we obtain ng = 3.6 x 10'2 cm™3. A more detailed
consideration of relaxation processes which occur at the
accumulation stage is presented in Appendix A. In a
steady state we obtained the densities of the Ifs hyper-
fine state n. ~ 0.7 x 10'2 and ng ~ 3.6 x 10'2 cm—3.
Comparing the total density ng+n. ~ 4.3 x 10'2 cm =3
with the above estimate obtained from the integrated
TC signal, we can conclude that the trapped gas tem-
perature is somewhere between 60 and 134 mK and the
gas is cooled during the loading process below the SC
wall temperature. This is what we expected to reach
with the technique of loading into the middle of the
trapping potential.

After loading the trap, we attempted to perform
forced evaporative cooling of the trapped gas by lower-
ing the field of the IPT coils. This procedure is techni-
cally fairly simple and can be done with the rate suf-
ficient for effective evaporative cooling. However, the
eddy current heating of the SC due to the field ramp
is comparable with the recombination heat of escaping
atoms already in the beginning of the ramp. The num-
ber of trapped atoms decreases by orders of magnitude
in the evaporative cooling cycle and cannot be detected
calorimetrically.

5.5 Loading at various trap depths and SC
temperatures

We performed a series of measurements with the IPT
coils energized to 100%, 75%, 50% and for the configu-
ration “0%” when the DS and UP pinch were energized
at 100% while all other coils fully discharged (zero field
in IPT), so-called open bottom configuration (OB). In
the latter case the trap is open at the bottom while
there is > 0.6 T field in its upper part. The atoms
are not confined magnetically at the lower part of the
SC and freely interact with the SC walls. In Fig. 9
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we present results of the temperature controller signal
during accumulation of the H gas for the above men-
tioned magnetic field configurations in the IPT. At each
configuration we performed a series of measurements
for various SC temperatures in the range Tgc = 134—
255 mK. In Fig. 10 we present results of the accumu-
lation for some values of temperature in this range and
fully charged IPT.

One can see that decreasing magnetic field has a weak
effect on the incoming flux into the SC. The TC signals
in Fig. 9 are saturated at smaller power changes. How-
ever, this decrease reaches at most 25% for the case
of the trap open at the bottom. This indicates that
the operation of the dissociator and H transfer line
does not depend on the magnetic field in the IPT coils
which provide magnetic confinement for Ifs of H gas.
All H gas entering the SC eventually recombine when
the accumulation is saturated. The total power released
in recombination solely depends on the incoming flux
which is nearly the same irrespective of the field in the
IPT.

However, at decreased trapping field the coupling of
the atoms to the walls is increased, which should lead
to a faster recombination. Since the total recombination
rate is nearly the same, this means that the steady state
density at lower trapping fields should be smaller. To
verify this we integrated the TC signals at the decay
stage. This provides the total number of stored atoms
in the end of the accumulation. Results are presented
in Fig. 11.

The trapped number of atoms somewhat decreases
for reduced field, from 3.5 x 10'® at fully charged trap
down to 2 x 10 for the trap with the open bottom.
Now, if we take the values of the effective volume Vi,
from Table 3, we get the following starting densities:
3.5 x 10" cm ™3 for the full field; 2.3 x 10" cm ™3 for
75%; 1.7 x 10'2 ecm =3 for 50%; 1.2 x 10'2 cm =2 for 0%.

Comparing the loading curves at various tempera-
tures in Fig. 10, we can see that the flux of atoms
decreases for higher SC temperature, a feature which
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Fig. 11 Total number of stored H atoms after accumula-

tion in various magnetic field configurations and SC tem-

perature of 134 mK

we already discussed in Sec. 5.1. At the highest tem-
perature of 243 mK, we have not reached steady state
after 10 min of accumulation. Filling of the SC proceeds
much more slowly due to a larger effective volume and
reduced incoming flux.

6 Summary and conclusions

We have demonstrated successful operation of our cold
H source for loading a large magnetic trap, with a flux
of atoms of 7 x 10'3 atoms/s and with an overall ~ 5%
efficiency of the dissociation plus thermal accommoda-
tion to ~ 130 mK. The heat released in the dissocia-
tor running the RF discharge did not exceed 0.5 mW
which is fairly small value even for modest power dilu-
tion refrigerator. The RF power can be increased by an
order of magnitude for getting a larger flux of atoms.
In the present work this does not help because of too a
weak thermal link between the SC and mixing chamber
of the DR. Increasing the flux of atoms just leads to an
overheating of the SC. The enhancement of the ther-
mal link by an order of magnitude can be easily done.
This will allow a substantial increase in the atomic flux.
We estimate that with the technique described in this
work atomic fluxes approaching 10! atoms/s can be
reached. The thermal link improvement will also allow
operation at temperatures of the SC below 100 mK.
This will ensure better decoupling of the trapped gas
from the walls and faster removal of the atoms escaping
from the trap which is important for efficient evapora-
tive cooling of the gas.

Our H source provides nearly the same flux of atoms
into the sample cell when the trapping field is reduced
to zero. This can be used for a wide range of other appli-
cations where an intense cold beam of H is required,
not using a strong and expensive magnetic trap. At
130 mK the average thermal velocity of H atoms is
~ 50 m/s. This velocity range is sufficient for the obser-
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vation of the Gravitational Quantum States as planned
by the GRASIAN collaboration [10]. Such slow atoms
can be transported over substantial distances using a
tube lined with a superfluid helium film due to the
enhanced reflectivity from the helium surface [38,48].
They can be converted in to a beam using a parabolic
mirror [49] or focused to a point [38]. These manipu-
lations in the phase space can be done with minimal
losses of the atomic number. Releasing the beam into a
vacuum outside the cryostat, can be done after solving a
problem with the superfluid helium film flowing toward
the warm regions. There are ready solutions for this,
based on a special film cutters [50-52]. Further slowing
of the H beam using a Zeeman decelerator [53] should
be fairly easy. Starting with 50m/s, two deceleration
stages will be enough for a full stop of the beam.

Acknowledgements This project was supported by the
Jenny and Antti Wihuri foundation. FN and PY acknowl-
edge support from IEA QRECH 2021-2022 and IRP
GRASIAN 2024-2028. The work of PC was supported by
the European Research Council (Grant 818053-Mu-MASS)
and the Swiss National Science Foundation (Grants 197346
and 219485).

Author contributions

All authors contributed to the concept and the design
of the experimental setup. Setting up and running the
experiment were performed by AS, JA, SD, and SV.
Data collection and processing was done by AS, JA
and SV. The first draft of the manuscript was written
by AS and SV. All authors commented on the previ-
ous versions of the manuscript and approved its final
version.

Funding Information Open Access funding provided by
University of Turku (including Turku University Central
Hospital).

Data Availability Statement The datasets generated
and/or analyzed during the current study are available from
the corresponding author on request.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in
any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to
the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this arti-
cle are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statu-
tory regulation or exceeds the permitted use, you will need
to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. D (2025) 79:23

107134 ;
.G
.
ey
3 5
* 1 &
. ] fal
Ies i [4-,
107144 = : ey
*s 1 E —
- : :
1 i s
i :
*s :
R | Py
., Gy, .
ey e
() ] - |
M 10-15 TP & E
IS b : . Gz
o :  ——
- 3 g 1
(0] N e R
5 ] g
e : I s
€ -7 k.
} RN
0>-‘ 10-16 4 ”’ :G4 -
i} r : . >
.
.
+
e
sss ccoaa | : e
3 . .
cc-bd 1 ‘.
10-17 4 cc-ac ! 1 ‘4"
=== cCobb ¥ *,
3 4 N
= cc—bc 3 H -~
=== cd—ac | A |
cd—»ab 1 N
cd-bd
10-18 | dd—aa
dd - ad
T
107! 10°

Magnetic field, T

Fig. 12 Plot of the relaxation rate constants for the pro-
cesses relevant for our case. Adapted from Ref. [30]

Appendix A

Relaxation processes which may occur in a magnet-
ically trapped gas due to the exchange and dipolar
interactions in binary collisions were analyzed in Ref.
[30]. Collisions of pairs of atoms of all four hyperfine
states were considered in this work. In the following
consideration, we restrict ourselves to the binary col-
lisions of the atoms in the two [fs hyperfine states
c=|F=1Mp=0)and d=| F =1;Mp = 1) which
may however, after relaxation result to any pair of the
four, including the hfs states a =| F' = 0; Mp = 0) and
b=| F =1,Mr = —1). We present relevant a relax-
ation rates in Fig. 12 as a function of the magnetic field
at zero temperature. The field of interest between 0.15
and 0.32 T is outlined. This region corresponds to the
magnetic field experienced by the trapped atoms for
100% trap charge. We follow the notations of Ref. [30]
for the relaxation channels between the pairs of atoms,
e.g., cc-ac means collision of two c-state atoms result-
ing to atoms in the a and c states with a corresponding
rate constant denoted as Gecac. Our next assumption is
that the atoms of the hfs states a and b resulting from
relaxation events leave the trap and recombine of the
SC walls. We assume that the hydrogen source provides
equal fluxes of atoms &, = &5 = ®/2 of the ¢ and d
states. Then, the rate equations for the relaxation loss
rate for bulk densities n.(r) and ng4(r) of the ¢ and d
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states will include the following terms:

dn,
n = - 712 (QGccaa + 2(;ccbd
dt ” Al
+Gccac + Gccbc + 2(;’ccbb) ( )
—neng (Gedab + Gedba)
dn
ditd = —nj (2Gadaa + Gadaa)
(A2)

— neng (Gedab + Gedba)
+ niGccbd

As it is seen in Fig. 12, for the magnetic field region
where our trapped gas is located (0.15-0.32 T), the rel-
evant relaxation rate constants merge into four major
values: Geebd ~ Geeae = 2 X 1071 ecm™3 /s, Gydaa ~
Gedab = Geepb = 1.5 X 101 Cmfg/& Gadad = Gecaa ~
Geebe &~ 5 X 1016 CmiS/S, Geaba ~ Gedac = 2.5 X
10716 ¢cm™3 /s, which we denote as G, Ga, G3, and G4
accordingly. Then, integrating Egs. A1 and A2 over the
volume of the trap we obtain a set of equations (see also
Eq. 3 and definition of the effective volumes in Sec.5.4):

d’/lco P

_@
ar Vie = 5 [nco(3G3 + 3G + 2G2) (A3)
+ neonao(Ga + G4)]Vae
dn 0]
Wdo‘ﬁe =3 [n3,(2G2 + G3)
(A4)

+ neondo(Ga + Ga)
- ngoGl]‘/Ze

for the densities n;q in the trap center. In the steady
state during accumulation we set time derivatives to
zero. Subtracting the second equation from the first,
we get

Neo _ 2G; + G 12
TLZO 4G + 2G5 + 3G ’

(A5)

which gives n%,/n3, ~ 0.2 after substituting the numer-
ical values of the rate constants. Then, using this den-
sity ratio and summing Eqs. A3 and A4 after simple
algebra, we evaluate the steady state density of the d-
state in the trap center:

o\ 12
nSy ~ 1 x 107 [em ™3 - 5]/2 <V2) (A6)

For the effective volume V. =~ 390 cm? evaluated at
134 mK and a total incoming flux of 3 x 10'* atoms/s
we get the values of the steady state densities during
accumulation nf, &~ 7 x 10 ¢cm™ and nf, ~ 3.6 x
10'2 cm 3.

@ Springer



23 Page 14 of 15

References

1.

10.

D. Comparat, C. Malbrunot, S. Malbrunot-Ettenauer,
E. Widmann, P. Yzombard, Experimental perspectives
on the matter-antimatter asymmetry puzzle: develop-
ments in electron EDM and H experiments. Philos.
Trans. R. Soc. A 382(2266), 20230089 (2024). https://
doi.org/10.1098 /rsta.2023.0089

D.G. Fried, T.C. Killian, L. Willmann, D. Land-
huis, S.C. Moss, D. Kleppner, T.J. Greytak, Bose—
FEinstein condensation of atomic hydrogen. Phys. Rev.
Lett. 81, 3811-3814 (1998). https://doi.org/10.1103/
PhysRevLett.81.3811

J. Ahokas, A. Semakin, J. Jarvinen, O. Hanski, A.
Laptiyenko, V. Dvornichenko, K. Salonen, Z. Burkley,
P. Crivelli, A. Golovizin, V. Nesvizhevsky, F. Nez, P.
Yzombard, E. Widmann, S. Vasiliev, A large octupole
magnetic trap for research with atomic hydrogen. Rev.
Sci. Instrum. 93(2), 023201 (2022). https://doi.org/10.
1063/5.0070037

J.T.M. Walraven, LF. Silvera, Helium-temperature
beam source of atomic hydrogen. Rev. Sci. Instrum.
53(8), 1167-1181 (1982). https://doi.org/10.1063/1.
1137152

C.G. Parthey, A. Matveev, J. Alnis, B. Bernhardt, A.
Beyer, R. Holzwarth, A. Maistrou, R. Pohl, K. Pre-
dehl, T. Udem, T. Wilken, N. Kolachevsky, M. Abgrall,
D. Rovera, C. Salomon, P. Laurent, T.W. Hénsch,
Improved measurement of the hydrogen 1S-2S transi-
tion frequency. Phys. Rev. Lett. 107, 203001 (2011).
https://doi.org/10.1103/PhysRevLett.107.203001

A. Matveev, C.G. Parthey, K. Predehl, J. Alnis,
A. Beyer, R. Holzwarth, T. Udem, T. Wilken, N.
Kolachevsky, M. Abgrall, D. Rovera, C. Salomon, P.
Laurent, G. Grosche, O. Terra, T. Legero, H. Schnatz,
S. Weyers, B. Altschul, T.W. Hansch, Precision mea-
surement of the hydrogen 1S-2S frequency via a 920-km
fiber link. Phys. Rev. Lett. 110, 230801 (2013). https://
doi.org/10.1103/PhysRevLett.110.230801

A.D. Brandt, S.F. Cooper, C. Rasor, Z. Burkley, A.
Matveev, D.C. Yost, Measurement of the 2S;,, —
8Ds/2 transition in hydrogen. Phys. Rev. Lett. 128,
023001 (2022). https://doi.org/10.1103/PhysRevLett.
128.023001

M. Diermaier, C.B. Jepsen, B. Kolbinger, C. Malbrunot,
O. Massiczek, C. Sauerzopf, M.C. Simon, J. Zmeskal,
E. Widmann, In-beam measurement of the hydrogen
hyperfine splitting and prospects for antihydrogen spec-
troscopy. Nat. Commun. 8(1), 15749 (2017). https://
doi.org/10.1038 /ncomms15749

C. Killian, Z. Burkley, P. Blumer, P. Crivelli, F.P.
Gustafsson, O. Hanski, A. Nanda, F. Nez, V.
Nesvizhevsky, S. Reynaud, K. Schreiner, M. Simon, S.
Vasiliev, E. Widmann, P. Yzombard, Grasian: towards
the first demonstration of gravitational quantum states
of atoms with a cryogenic hydrogen beam. Eur. Phys.
J. D 77(3), 50 (2023). https://doi.org/10.1140/epjd/
s10053-023-00634-4

C. Killian, P. Blumer, P. Crivelli, O. Hanski, D. Klop-
penburg, F. Nez, V. Nesvizhevsky, S. Reynaud, K.
Schreiner, M. Simon, S. Vasiliev, E. Widmann, P. Yzom-
bard, Grasian: towards the first demonstration of grav-
itational quantum states of atoms with a cryogenic

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Eur. Phys. J. D (2025) 79:23

hydrogen beam. Eur. Phys. J. D 77(3), 50 (2024).
https://doi.org/10.1140/epjd/s10053-024-00916-5

S.F. Cooper, A.D. Brandt, C. Rasor, Z. Burkley, D.C.
Yost, Cryogenic atomic hydrogen beam apparatus with
velocity characterization. Rev. Sci. Instrum. 91(1),
013201 (2020). https://doi.org/10.1063/1.5129156

A1 Safonov, S.A. Vasilyev, A.A. Kharitonov, S.T.
Boldarev, I.I. Lukashevich, S. Jaakkola, Adsorption and
two-body recombination of atomic hydrogen on *He-*He
mixture films. Phys. Rev. Lett. 86, 3356-3359 (2001).
https://doi.org/10.1103/PhysRevLett.86.3356

R.W. Cline, T.J. Greytak, D. Kleppner, Nuclear
polarization of spin-polarized hydrogen. Phys. Rev.
Lett. 47(17), 1195 (1981). https://doi.org/10.1103/
PhysRevLett.47.1195

M. Morrow, R. Jochemsen, A. Berlinsky, W. Hardy,
Zero-field hyperfine resonance of atomic hydrogen for
0.18 < T < 1 K: The binding energy of H on liquid *He.
Phys. Rev. Lett. 46(3), 195 (1981). https://doi.org/10.
1103/PhysRevLett.46.195

A. Matthey, J. Walraven, I.F. Silvera, Measurement of
pressure of gaseous H|: Adsorption energies and surface
recombination rates on helium. Phys. Rev. Lett. 46(10),
668 (1981). https://doi.org/10.1103/PhysRevLett.46.
668

LF. Silvera, J.T.M. Walraven, Stabilization of atomic
hydrogen at low temperature. Phys. Rev. Lett. 44,
164-168 (1980). https://doi.org/10.1103/PhysRevLett.
44.164

R.W. Cline, D.A. Smith, T.J. Greytak, D. Kleppner,
Magnetic confinement of spin-polarized atomic hydro-
gen. Phys. Rev. Lett. 45, 2117-2120 (1980). https://
doi.org/10.1103/PhysRevLett.45.2117

H.F. Hess, D.A. Bell, G.P. Kochanski, D. Kleppner, T.J.
Greytak, Temperature and magnetic field dependence
of three-body recombination in spin-polarized hydrogen.
Phys. Rev. Lett. 52, 1520-1523 (1984). https://doi.org/
10.1103 /PhysRevLett.52.1520

R. Jochemsen, M. Morrow, A. Berlinsky, W. Hardy,
Magnetic resonance studies of atomic hydrogen at zero
field and low temperature: recombination and binding
on liquid helium. Physica B4+C 109-110, 2108-2110
(1982). https://doi.org/10.1016,/0378-4363(82)90252-2
B.W. Statt, W.N. Hardy, A.J. Berlinsky, E. Klein,
Esr studies of spin-polarized atomic hydrogen using
a 114-GHz heterodyne spectrometer. J. Low Temp.
Phys. 61(5), 471-504 (1985). https://doi.org/10.1007/
BF00683698

H.F. Hess, Evaporative cooling of magnetically trapped
and compressed spin-polarized hydrogen. Phys. Rev.
B 34, 3476-3479 (1986). https://doi.org/10.1103/
PhysRevB.34.3476

H.F. Hess, G.P. Kochanski, J.M. Doyle, T.J. Grey-
tak, D. Kleppner, Spin-polarized hydrogen maser. Phys.
Rev. A 34, 1602-1604 (1986). https://doi.org/10.1103/
PhysRevA.34.1602

R. van Roijen, Atomic hydrogen in a magnetic trap.
Ph.D. thesis, University of Amsterdam (1987)

P. Jansen, F. Merkt, Manipulating beams of paramag-
netic atoms and molecules using inhomogeneous mag-
netic fields. Prog. Nucl. Magn. Reson. Spectrosc. 120—
121, 118-148 (2020). https://doi.org/10.1016/j.pnmrs.
2020.08.002


https://doi.org/10.1098/rsta.2023.0089
https://doi.org/10.1098/rsta.2023.0089
https://doi.org/10.1103/PhysRevLett.81.3811
https://doi.org/10.1103/PhysRevLett.81.3811
https://doi.org/10.1063/5.0070037
https://doi.org/10.1063/5.0070037
https://doi.org/10.1063/1.1137152
https://doi.org/10.1063/1.1137152
https://doi.org/10.1103/PhysRevLett.107.203001
https://doi.org/10.1103/PhysRevLett.110.230801
https://doi.org/10.1103/PhysRevLett.110.230801
https://doi.org/10.1103/PhysRevLett.128.023001
https://doi.org/10.1103/PhysRevLett.128.023001
https://doi.org/10.1038/ncomms15749
https://doi.org/10.1038/ncomms15749
https://doi.org/10.1140/epjd/s10053-023-00634-4
https://doi.org/10.1140/epjd/s10053-023-00634-4
https://doi.org/10.1140/epjd/s10053-024-00916-5
https://doi.org/10.1063/1.5129156
https://doi.org/10.1103/PhysRevLett.86.3356
https://doi.org/10.1103/PhysRevLett.47.1195
https://doi.org/10.1103/PhysRevLett.47.1195
https://doi.org/10.1103/PhysRevLett.46.195
https://doi.org/10.1103/PhysRevLett.46.195
https://doi.org/10.1103/PhysRevLett.46.668
https://doi.org/10.1103/PhysRevLett.46.668
https://doi.org/10.1103/PhysRevLett.44.164
https://doi.org/10.1103/PhysRevLett.44.164
https://doi.org/10.1103/PhysRevLett.45.2117
https://doi.org/10.1103/PhysRevLett.45.2117
https://doi.org/10.1103/PhysRevLett.52.1520
https://doi.org/10.1103/PhysRevLett.52.1520
https://doi.org/10.1016/0378-4363(82)90252-2
https://doi.org/10.1007/BF00683698
https://doi.org/10.1007/BF00683698
https://doi.org/10.1103/PhysRevB.34.3476
https://doi.org/10.1103/PhysRevB.34.3476
https://doi.org/10.1103/PhysRevA.34.1602
https://doi.org/10.1103/PhysRevA.34.1602
https://doi.org/10.1016/j.pnmrs.2020.08.002
https://doi.org/10.1016/j.pnmrs.2020.08.002

Eur. Phys. J. D (2025) 79:23

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

S.F. Cooper, Z. Burkley, A.D. Brandt, C. Rasor,
D.C. Yost, Cavity-enhanced deep ultraviolet laser for
two-photon cooling of atomic hydrogen. Opt. Lett.
43(6), 1375-1378 (2018). https://doi.org/10.1364/OL.
43.001375

S.F. Cooper, C. Rasor, R.G. Bullis, A.D. Brandt, D.C.
Yost, Optical deceleration of atomic hydrogen. New J.
Phys. 25(9), 093038 (2023). https://doi.org/10.1088/
1367-2630/acf72c

T. Udem. Private communication. http://www2.mpq.
mpg.de/~haensch/hydrogen/clock.html

S. Vasiliev, J. Ahokas, J. Jarvinen, V. Nesvizhevsky, A.
Voronin, F. Nez, S. Reynaud, Gravitational and matter-
wave spectroscopy of atomic hydrogen at ultra-low ener-
gies. Hyperfine Interact. 240, 1-10 (2019). https://doi.
org/10.1007/s10751-018-1551-x

Grasian collaboration. https://grasian.eu/

H.T.C. Stoof, J.M.V.A. Koelman, B.J. Verhaar, Spin-
exchange and dipole relaxation rates in atomic hydro-
gen: rigorous and simplified calculations. Phys. Rev.
B 38, 4688-4697 (1988). https://doi.org/10.1103/
PhysRevB.38.4688

P.P. Crépin, E.A. Kupriyanova, R. Guérout, A. Lam-
brecht, V.V. Nesvizhevsky, S. Reynaud, S. Vasiliev,
A.Y. Voronin, Quantum reflection of antihydrogen from
a liquid helium film. Europhys. Lett. 119(3), 33001
(2017). https://doi.org/10.1209/0295-5075/119/33001
P.P. Crépin, E. Kupriyanova, R. Guerout, A. Lam-
brecht, V. Nesvizhevsky, S. Reynaud, S. Vasiliev, A.Y.
Voronin, Quantum reflection of antihydrogen from a lig-
uid helium bulk. Hyperfine Interact. 240(1), 58 (2019).
https://doi.org/10.1007/s10751-019-1603-x

J. Helffrich, M. Maley, M. Krusius, J.C. Wheatley,
Hydrogen dissociation below 1 K. J. Low Temp.
Phys. 66(5-6), 277-304 (1987). https://doi.org/10.
1007 /bf00682258

IL.F. Silvera, J.T.M. Walraven, Spin-polarized atomic
hydrogen, Prog in Low Temp Phys, vol. X. (North-
Holland, Amsterdam, 1986), p.139. https://doi.org/10.
1016/S0079-6417(08)60023-2

T.C. Killian, Phd. thesis: 1S-2S Spectroscopy of
Trapped Hydrogen: The Cold Collision Frequency Shift
and Studies of bec. Ph.D. thesis, MIT (1999)

M. Reynolds. Biotsavart magnetic field calcula-
tor. https://www.ripplon.com/. Ripplon Software Inc.,
Burnaby, BC, Canada

J.J. Berkhout, E.J. Wolters, R. van Roijen, J.T.M. Wal-
raven, Vanishing sticking probabilities and enhanced
capillary flow of spin-polarized hydrogen. Phys. Rev.
Lett. 57, 2387-2390 (1986). https://doi.org/10.1103/
PhysRevLett.57.2387

J.J. Berkhout, J.T.M. Walraven, Scattering of hydrogen
atoms from liquid-helium surfaces. Phys. Rev. B 47,
8886—-8904 (1993). https://doi.org/10.1103/PhysRevB.
47.8886

Accurate plastics. https://acculam.com/

RCW575 Dale chips by Vishay Co. www.vishay.com/

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 15 of 15 23

K.T. Salonen, L.F. Silvera, J.T.M. Walraven, G.H. van
Yperen, Ballistic heat pulses in spin-polarized atomic
hydrogen to T = 200 mK. Phys. Rev. B 25, 6002-6005
(1982). https://doi.org/10.1103 /PhysRevB.25.6002
V.V. Goldman, Kapitza conductance between gaseous
atomic hydrogen and liquid helium. Phys. Rev. Lett. 56,
612-615 (1986). https://doi.org/10.1103/PhysRevLett.
56.612

S.A. Vasilyev, E. Tjukanov, M. Mertig, A.Y. Katunin, S.
Jaakkola, Distribution of surface recombination energy
of spin-polarized hydrogen on liquid helium. Euro-
phys. Lett. 24(3), 223 (1993). https://doi.org/10.1209/
0295-5075/24/3/011

A.L. Melott, J. Einasto, E. Saar, I. Suisalu, A.A.
Klypin, S.F. Shandarin, Cluster analysis of the
nonlinear evolution of large-scale structure in an
axion/gravitino/photino-dominated universe. Phys.
Rev. Lett. 51, 935-938 (1983). https://doi.org/10.
1103/PhysRevLett.51.935

0O.J. Luiten, M.W. Reynolds, J.T.M. Walraven, Kinetic
theory of the evaporative cooling of a trapped gas. Phys.
Rev. A 53, 381-389 (1996). https://doi.org/10.1103/
PhysRevA.53.381

J.M. Doyle, Phd. thesis: Energy distribution of magnet-
ically trapper spin polarized atomic hydrogen: evapo-
rative cooling and surface sticking. Ph.D. thesis, MIT
(1991)

R. van Roijen, J.J. Berkhout, S. Jaakkola, J.T.M. Wal-
raven, Experiments with atomic hydrogen in a magnetic
trapping field. Phys. Rev. Lett. 61, 931-934 (1988).
https://doi.org/10.1103/PhysRevLett.61.931

I.A. Yu, J.M. Doyle, J.C. Sandberg, C.L. Cesar, D.
Kleppner, T.J. Greytak, Evidence for universal quan-
tum reflection of hydrogen from liquid “He. Phys. Rev.
Lett. 71, 1589-1592 (1993). https://doi.org/10.1103/
PhysRevLett.71.1589

V.G. Luppov, W.A. Kaufman, K.M. Hill, R.S. Ray-
mond, A.D. Krisch, Focusing a beam of ultracold spin-
polarized hydrogen atoms with a helium-film-coated
quasiparabolic mirror. Phys. Rev. Lett. 71, 2405-2408
(1993). https://doi.org/10.1103 /PhysRevLett.71.2405
W. Kaufman, T. Roser, B. Vuaridel, Ultra-cold atomic
hydrogen beam. Nucl. Instrum. Methods Phys. Res.
Sect. A 335(1), 17-29 (1993). https://doi.org/10.1016/
0168-9002(93)90252-D

K.S. Ketola, S. Wang, R.B. Hallock, Anomalous wet-
ting of helium on cesium. Phys. Rev. Lett. 68, 201-204
(1992). https://doi.org/10.1103/PhysRevLett.68.201
P.J. Nacher, J. Dupont-Roc, Experimental evidence
for nonwetting with superfluid helium. Phys. Rev.
Lett. 67, 2966-2969 (1991). https://doi.org/10.1103/
PhysRevLett.67.2966

S.D. Hogan, A.W. Wiederkehr, H. Schmutz, F. Merkt,
Magnetic trapping of hydrogen after Multistage Zee-
man Deceleration. Phys. Rev. Lett. 101, 143001 (2008).
https://doi.org/10.1103/PhysRevLett.101.143001

@ Springer


https://doi.org/10.1364/OL.43.001375
https://doi.org/10.1364/OL.43.001375
https://doi.org/10.1088/1367-2630/acf72c
https://doi.org/10.1088/1367-2630/acf72c
http://www2.mpq.mpg.de/~haensch/hydrogen/clock.html
http://www2.mpq.mpg.de/~haensch/hydrogen/clock.html
https://doi.org/10.1007/s10751-018-1551-x
https://doi.org/10.1007/s10751-018-1551-x
https://grasian.eu/
https://doi.org/10.1103/PhysRevB.38.4688
https://doi.org/10.1103/PhysRevB.38.4688
https://doi.org/10.1209/0295-5075/119/33001
https://doi.org/10.1007/s10751-019-1603-x
https://doi.org/10.1007/bf00682258
https://doi.org/10.1007/bf00682258
https://doi.org/10.1016/S0079-6417(08)60023-2
https://doi.org/10.1016/S0079-6417(08)60023-2
https://www.ripplon.com/
https://doi.org/10.1103/PhysRevLett.57.2387
https://doi.org/10.1103/PhysRevLett.57.2387
https://doi.org/10.1103/PhysRevB.47.8886
https://doi.org/10.1103/PhysRevB.47.8886
https://acculam.com/
www.vishay.com/
https://doi.org/10.1103/PhysRevB.25.6002
https://doi.org/10.1103/PhysRevLett.56.612
https://doi.org/10.1103/PhysRevLett.56.612
https://doi.org/10.1209/0295-5075/24/3/011
https://doi.org/10.1209/0295-5075/24/3/011
https://doi.org/10.1103/PhysRevLett.51.935
https://doi.org/10.1103/PhysRevLett.51.935
https://doi.org/10.1103/PhysRevA.53.381
https://doi.org/10.1103/PhysRevA.53.381
https://doi.org/10.1103/PhysRevLett.61.931
https://doi.org/10.1103/PhysRevLett.71.1589
https://doi.org/10.1103/PhysRevLett.71.1589
https://doi.org/10.1103/PhysRevLett.71.2405
https://doi.org/10.1016/0168-9002(93)90252-D
https://doi.org/10.1016/0168-9002(93)90252-D
https://doi.org/10.1103/PhysRevLett.68.201
https://doi.org/10.1103/PhysRevLett.67.2966
https://doi.org/10.1103/PhysRevLett.67.2966
https://doi.org/10.1103/PhysRevLett.101.143001

	Cold source of atomic hydrogen for loading large magnetic traps
	1 Introduction
	2 Background
	3 Experimental setup for magnetic trapping of H gas
	4 The H source
	4.1 General considerations
	4.2 Cryogenic dissociator
	4.3 Hydrogen transfer line
	4.4 Sample cell for the trapped gas

	5 Experimental results
	5.1 Loading the sample cell with H gas
	5.2 Bolometer data
	5.3 Decay of the trapped gas
	5.4 Effective volume and density of the trapped gas
	5.5 Loading at various trap depths and SC temperatures

	6 Summary and conclusions
	Author contributions
	Appendix A
	References
	References




