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Chapter 2

Experimental set-up and

methods

To optically study dense and cold atomic hydrogen we basically need only three ele-

ments: a tunable light source, a gas sample and a light detector. Unfortunately, for

each of these three elements an intricate piece of instrumentation is needed. Nar-

rowband tunable light at the deep-UV wavelengths needed for optical excitation of H

can only be generated by a complex laser system. The sample requires a cryogenic

environment and a high magnetic field to be stable. The detection of deep-UV fluores-

cence and transmission is a third nontrivial task. The symbiosis between the cryogenic

system and the high power laser setup necessary to generate deep-UV is particularly

hard to achieve. A further important requirement on all elements is reliability, since

the experiment can only be performed if both the optical and cryogenic systems are

working simultaneously. The laser system that generates narrowband Lyman-α light

has been developed and used by Luiten, Setija and Pinkse [1, 2, 3] for diagnostics

and optical cooling of low field seeking H in traps. Although our requirements on the

light source are different, its design is flexible enough to be used in our experiment

without major modifications. Since the laser system is described in detail in [3], we

will only give a brief description in section 2.3.

In contrast to the laser system, our hydrogen compression cell is completely new,

and the cryogenic and magnetic system around it has undergone a major revision. The

H↓ compression apparatus which prepares and stabilizes the sample is described in

section 2.1. The apparatus fits inside the bore of a superconducting solenoid, which is

capable of providing a bias field of up to 7 T. This high field prevents depolarization of
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14 EXPERIMENTAL SET-UP AND METHODS

the electron spins. It also prevents low field seeking atoms from entering the apparatus

and recombining there. Cobalt-iron parts adjust the field profile inside the apparatus,

a dilution refrigerator provides the low temperature environment.

The system we use to detect fluorescent light is based on color conversion in an

Figure 2.1: The cryostat containing the hydrogen compression apparatus. The setup is 3m

high. The Lyman-α light is generated near the bottom of the cryostat and propagates up

along the axis of the apparatus, through the inner vacuum can of the cryostat, traversing the

hydrogen filled buffer volume and compression cell. Lyman-α fluorescence from the hydrogen

atoms in the compression cell is converted to visible light and then guided to the small PMT

on top of the cryostat by means of an optical fiber.
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organic material. The Lyman-α light is hard to handle, on average there is a loss of

50 % of the intensity per optical element. To avoid these high losses, the scattered

Lyman-α is converted to visible light in the cell. The visible light is guided to a room

temperature photomultiplier with acceptable losses, see section 2.4.

2.1 Cryogenic Apparatus

To obtain a degenerate gas of two-dimensional H on the surface of liquid helium, a high

density has to be reached in combination with a low temperature. Our experiment

aims at crossing the KT transition at a temperature T & 100 mK, where it will

occur at a density of 1.3 × 1013 atoms per cm2. At such a high density, the three

body recombination process is important. The three-body recombination constant is

Kbbb = 2 × 10−24 cm4/s [4], leading to a lifetime of only 3 ms for an adsorbed atom.

To take a Lyman-α spectrum of the system, we typically need several seconds. The

atoms lost due to recombination must therefore be replaced to extend the measuring

time. If the surface is in contact with a sufficiently large reservoir filled with bulk gas,

the adsorbate and bulk will exchange atoms on a time scale comparable to the mean

surface residence time τa, which can be expressed (for a non-degenerate adsorbate)

as [5]

τa =
2π~

skBT
exp(Ea/kBT ), (2.1)

where Ea/kB = 1.01 K is the surface adsorption energy and s is the sticking proba-

bility, for the temperature range of interest s ≈ 0.3T [K] [5]. This leads to τa = 0.3

ms at 100 mK, which is much shorter than the lifetime of the adsorbed atoms, sig-

nifying that the atoms stick and desorb many (>10) times before recombining. In

this quasi-equilibrium situation surface recombination losses will be compensated by

atoms from the bulk gas. As the equilibrium bulk gas density at the KT transition is

1016 atoms per cm3 at 0.13 K, a homogeneously filled spherical volume would need

to have a radius of more than 10 cm to maintain a quasi-equilibrium situation for ten

seconds. To avoid the construction of such a large volume, one has to either actively

compress the hydrogen with moving components, or choose an adequate spatially in-

homogeneous setup. We have chosen a setup that employs two H filled reservoirs, a

≈ 0.3 K buffer volume and a 0.1 K compression cell. The compression cell is small,

and its effective surface area is reduced further by applying a field gradient, which

compresses the H↓ so that its density is highest at the bottom of the cell, where it is

in contact with a meniscus of bulk liquid helium. The optical system is constructed

to probe the sample at this highest density point. In consequence, the adsorbed H
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Figure 2.2: The superconducting solenoid containing the core of the apparatus. The optical

fiber and the quartz rod guide the fluorescent light from the cell to a room temperature PMT.

The cell mount assembly is thermally pinned at 200 and 500 mK. The solenoid operates at

4 K.
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recombination is negligible everywhere except at the meniscus. The effective surface

area for recombination is ≈ 4 mm2 for temperatures of interest, see Fig. 5.2. The

30 cm3 buffer volume stores enough hydrogen to feed a prospective degenerate two-

dimensional gas sample for several tens of seconds. The flux of atoms from the buffer

volume to the cell is regulated by means of a thermal ‘valve’: a region of low magnetic

field which is present between the buffer volume and the compression cell. For the H↓,
this region acts as a potential barrier, and the flux of atoms that crosses this barrier

depends exponentially on temperature. An injector tube, which is thermally linked to

the buffer volume, guides atoms across this barrier. By controlling the temperature

of this injector we can directly exert control over the flux of H atoms into the com-

pression cell. Atoms that flow into the cell thermalize to the lower cell temperature

and therefore lack the thermal energy to reach the injector and return to the buffer.

This leads to a significant thermal compression of atoms into the cell.

The buffer volume and compression cell (Fig. 2.2) reside in the 37.3 mm bore of a

(nominally 12 T) superconducting solenoid [6], operated at 4 K. The magnetic field

of this solenoid, which we typically used at 7.5 T, keeps the electron spins of the H

polarized. A cryogenic discharge is run to dissociate H2 molecules, this dissociator

is placed in the fringe field of the superconducting solenoid. The high field seeking

atoms are guided into the buffer volume by a copper tube, the low field seeking atoms

can diffuse towards lower field into the H2 filling tube, where they recombine on the

walls. Under optimal conditions a flux of 1013 atoms per second arrives in the buffer

volume. The buffer volume provides an environment that is optimized for stabilizing

H↓. Its inner walls are fully wetted with a film of superfluid helium, which reduces

surface adsorption and subsequent recombination, and its temperature is typically

0.3 K. This temperature is low enough for depolarization of the electron spins in

thermal collisions to be negligible, but high enough so that only a small fraction of

the atoms is adsorbed to the walls. Magnetically pure materials are chosen for the

walls beneath the helium film, in order to prevent relaxation of the nuclear spins.

2.1.1 Magnetic compressor

The superconducting solenoid provides a bias field to separate the H↓ from the H↑
and to prevent depolarization of the electron spins. This bias field is smooth and varies

only little over the volume of the buffer volume and compression cell. Magnetic pole

pieces are used to create the field gradients needed in the experiment. These pieces

are made of a cobalt-iron (CoFe) alloy [7], which is a soft ferromagnetic material with

a saturation magnetization µ0M = 2.35 T. The CoFe is driven into full saturation by
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Figure 2.3: The compression cell and bottom half of the buffer volume.

the field of the superconducting solenoid, its magnetization is aligned to the applied

field. The use of CoFe to modify the field profile has some advantages over the use of

small superconducting coils: the material can easily be machined in almost any shape,

it cannot quench and it does not require wiring. The force the solenoid exerts on the

pole pieces is considerable (1500 N, directed upwards). For this reason, they are fixed

relative to the solenoid’s frame by a rugged support construction. Since the CoFe

pieces are at a much lower temperature than the solenoid, the supports are long (to

reduce thermal conduction) and adequate thermal pinnings are in place to intercept

the heat-load. The wires of the solenoid also experience a force due to the field of

the CoFe. This force is mostly directed vertically (downwards). The wires normally
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experience mainly radial forces. The extra forces cause the solenoid to quench at a

current below its critical current, although the critical field of the wires is not exceeded

anywhere. To investigate this effect, and to remove it by training, we performed a

separate cooldown. Training is the phenomenon in which a superconducting magnet

can operate at higher currents after the occurrence of a quench. Probably, training

occurs due to shifts of components of the magnet system relative to each other . In

the training run no cell was present, but only the CoFe pieces, their supports and a

magnetometer. During the first ramp up of the field we found the solenoid to quench

at 6 T in presence of the CoFe. After this one training quench, the solenoid was able

to reach the desired field strength of 7.5 T.

Field profile calculation

The soft ferromagnetic CoFe pieces experience an external field which is much larger

than the field needed to saturate them, therefore their magnetization will be equal

to the saturation magnetization of the material. Since the applied field is also larger

that the field corresponding to the magnetization of the material, the direction of the

magnetic field lines inside the material remains predominantly vertical. Therefore, we

can assume the pieces to be magnetized uniformly in the vertical direction. Numerical

calculations of the field profile support this assumption. The field due to a piece of

uniformly magnetized material can be calculated by integrating the field due to the

bound surface current density Kb [8, 9]:

Kb = M × n̂. (2.2)

Here, n̂ is a unit vector normal to the surface, and M is the magnetization vector. A

thin disk of radius a and thickness ∆h that is magnetized perpendicular to its surface

will act as a current loop with I = Kb∆h. The field on the axis of such a current

loop can be found from the Biot-Savart law,

Bz(z) =
µ0Ia2

2(a2 + z2)3/2
=

µ0M(∆h)a2

2(a2 + z2)3/2
. (2.3)

The ferromagnetic pole pieces in our apparatus can be decomposed for calculational

purposes into a stack of conical disks (see Fig. 2.4). The field due to the conical disk

shown in Fig. 2.5 can be found by in turn decomposing it into infinitely thin disks

and then summing over the contributions from these disks, leading to the integral

Bz(z) =
µ0M

2

∫ h

0

dh′ (ρ1 + th′)2

((ρ1 + th′)2 + (z1 + h′ − z)2)
3/2

; (2.4)

h = z2 − z1 ; t = (ρ2 − ρ1)/h.
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Figure 2.4: The shapes of the pole pieces can be decomposed into conical disks. The field

due to each conical disk is expressed analytically, see Eq. (2.5).
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Figure 2.5: One conical ‘slice’ of the CoFe pole; the shape is revolved around the z axis.

The integral can be evaluated to give

Bz(z) =
µ0M

2s2

[

z̃1 − tρ1

r1
− z̃2 − tρ2

r2
+

t2

s
ln

(

z̃1 + r1s + ρ1t

z̃2 + r2s + ρ2t

)]

(2.5)

with the substitutions

z̃1,2 = z1,2 − z,

r1,2 = (z̃2
1,2 + ρ2

1,2)
1/2, and

s = t(1 + t−2)1/2.

This simple expression can be evaluated for each of the sides of the iron pieces to

obtain the field profile in the apparatus.
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Figure 2.6: Magnetic field profile in the cell. We have fitted calculated profiles (lines) to

the data (points) to verify the saturation magnetization and the relative positions of the

elements.

The field profile was checked during the training run, using a semiconductor Hall

probe (Siemens KSY 14) on a translator stick, which could be controlled from its room

temperature end. The Hall probe was read using an AVS47 ac resistance bridge, and

the Hall coefficient was determined by calibrating the probe in the field of the solenoid,

far away from the CoFe pieces.

Figure 2.6 shows the measured field profile for a number of solenoid currents.

The measured profile was found to agree very well with the calculation. We used

the measurements to verify the position of the elements relative to the center of the

solenoid and to determine the saturation magnetization of the CoFe.

2.1.2 Buffer volume

The buffer volume is designed to hold a large number of atoms which accumulate

when the dissociator is running. It has an interior volume of 32 cm3. Since the field

inside the buffer volume is slightly inhomogeneous its effective volume for holding

H↓ atoms is temperature dependent (see Fig. 5.2). Typically we reach densities of

nB = 1015 atoms per cm3 in the buffer volume, corresponding to 3 × 1016 atoms

in total. The flux of atoms from the buffer volume into the compression cell can

be controlled sensitively during the actual experiment by heating the buffer volume
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and the injector tube. The effusive flux ΦB→C of atoms from the buffer volume into

the compression cell is exponentially dependent on the temperature TB of the buffer

volume,

ΦB→C =
1

4
K∗v̄AinjnBe−µB(Bbuf

max−Binj

min
)/kBTB , (2.6)

where Bbuf
max −Binj

min ≈ 2.5 T is the difference between the maximum field in the buffer

volume and the field minimum, Ainj = 3.14 mm2 is the cross section of the injector

tube, and v̄ is the thermal speed of atoms in the buffer volume (see Eq. A.2). The

effective Clausing factor K∗ ≈ 0.5 is discussed below eq. 5.28 on page 90. The flux of

atoms that arrives in the compression cell when the buffer volume is suddenly heated

can be very high, at nB = 1015 cm−3, TB = 0.4 K we find ΦB→C = 1015 atoms per

second, i.e. two orders of magnitude higher than the dissociator flux.

During dissociation the temperature of the buffer volume is kept relatively low so

that only a small flux of atoms goes to the cell. The dissociator produces atoms in the

a and b state, but since the a atoms recombine more efficiently [10], the gas becomes

polarized in the b state. Relaxation of the spins is reduced by a careful choice of wall

materials [11]: the buffer volume was machined out of a block of very pure copper,

and after machining the copper was etched in dilute nitric acid to remove possible

iron impurities. A Kapton [12] film was glued (using Stycast 1266 epoxy) to the

inside of the buffer volume to reduce its effective surface area with a non-magnetic

material. Kapton has a very smooth surface. Once it is covered by a helium film

we may assume that the effective surface area of the buffer volume for adsorption of

H atoms approaches the geometrical surface area [13], which is 60 cm2. The buffer

volume is weakly thermally linked to a ≈ 0.2 K heat exchanger in the dilution unit

and temperature stabilized at temperatures between 0.17 and 0.4 K. Above 0.4 K

the buffer volume cannot be used as the fountain effect causes dripping of helium

from the injector tube into the compression cell. At low temperature, the fountain

effect in superfluid helium can be viewed as radiation pressure on the helium surface

due to excitations in the liquid. The low-energy part of the excitation spectrum

in the liquid is purely phonon-like, and this leads to a fountain pressure [14, 15] of

Pfount = (251PaK−4)T 4, equivalent to a gravitational head of

Pfount

ρg
= (0.177m/K4)T 4. (2.7)

The liquid helium is slightly diamagnetic (with a magnetic susceptibility of χm/µ0 =

−0.69PaT−2), in the strong field gradients in the cell gravity is effectively reduced

by ≈ 20% (this diamagnetism has been used to levitate droplets of liquid helium, in

geometries involving even stronger field gradients).
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Figure 2.7: Detail view of the compression cell showing the helium meniscus and the

hydrogen atmosphere. The fluorescent light is frequency converted to visible wavelength by

a thin layer of TPB at the surface of the quartz light guide, see section 2.4.

When we raise the temperature of the injector above 0.4 K, the local equilibrium

pressure on the helium film will become positive and drops of helium will grow at the

end of the injector. These droplets then fall into the compression cell, causing the

helium surface to oscillate. This causes spurious noise on the transmission spectra.

In case 3He is present, the fountain effect may be aggravated: 3He quasiparticles give

rise to an extra osmotic pressure contribution that adds to the fountain pressure [16].

2.1.3 Compression cell

In the compression cell the H is in contact with a cold helium surface (T≈ 0.08

K). The substrate is bulk superfluid helium, which has the key advantages that its

thermal conductivity is superior to any other material, it is transparent to Lyman-α

and it provides a magnetically pure environment for the adsorbed H. In addition,

long range substrate effects on the H adsorption behavior can be ruled out [17]. A

bulk liquid substrate has some disadvantages too, most importantly it cannot be

constructed at room temperature and the position of its surface must be determined

during the experiment. The procedure used for this is outlined in section 3.6. A

second disadvantage is the possibility of sloshing due to mechanical vibrations or due
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to the fountain effect. To prevent this sloshing, mechanical vibrations in the cryostat

have to be minimized and the temperature of the buffer volume must be kept below

0.4 K, or even lower if 3He is present (see section 2.1.2).

The cell bottom, which is filled with superfluid helium, contains the CoFe magnetic

field intensifier and the fluorescence detection optics, see Fig. 2.7. A thick copper heat

conductor connects the cell to the mixing chamber of the dilution refrigerator. To

ensure good thermal contact between the liquid and the cell housing a few mm3

of silver sinter is present. Two resistance thermometers are mounted on a Kapton

support disk inside the liquid. During many of the experiments, one of these was used

as a heater, permitting quick manipulation of the helium temperature.

To check the helium level in the cell a capacitive level gauge is present. The

capacitance of this coaxial capacitor will change as it fills up with liquid helium. It

is part of a tunnel diode oscillator [18], the frequency of this oscillator is inversely

proportional to the capacitance of the level gauge. The absolute accuracy of this

gauge is not good enough to use it to determine the correct position of the helium

level, but it can be used to simplify filling the cell with helium. The absolute position

of the helium meniscus was inferred from the hydrogen spectra, as described in section

3.6.

2.1.4 Cell optics

The windows that permit the Lyman beam to enter the apparatus require a carefully

designed mount in order to be reliable at low temperatures. The only suitable win-

dow materials are single crystals of magnesium fluoride (MgF2) and lithium fluoride

(LiF), the latter being an impractical choice as this material is both very brittle and

hygroscopic. Magnesium fluoride is much tougher and although it is described in

the literature [19] as weakly hygroscopic, we never observed any degradation due to

atmospheric water vapor under normal laboratory conditions. The contraction upon

cooling of magnesium fluoride is smaller than that of the materials of the cell body

(copper and stainless steel). Moreover, it is anisotropic. In previous experiments in-

dium seals were used to seal windows of a diameter up to 10 mm. This technique was

also used for the small window on top of the buffer volume. To ensure maximum re-

liability, small steel springs were inserted under the screws that compress the indium

seal. Thermal contractions can then be compensated by the spring while the indium

remains under compression. The window is not horizontal, it is mounted at an angle

to eliminate the possibility of a window reflection (≈ 10% of the beam) giving stray

light on the fluorescence detector.
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Figure 2.8: Window mounting flange designed to reduce stress on the single crystal

window when cooling down.

The lower window, with a diameter of 25 mm, cannot be reliably sealed in a rigid

construction, as we found in preliminary tests of the apparatus. Its radial thermal

contraction is strongly mismatched from the steel flange that surrounds it. Differential

thermal contraction normal to the window surface can be compensated for by inserting

a calibrated thickness of indium so that the average contraction of magnesium fluoride

plus indium just equals that of the steel flange, but radial differential contraction

cannot be sufficiently compensated. A very thin window holder made of a flexible

material was designed to cope with the strain due to differential thermal contraction.

It is important that no components of the cell deform inelastically as this will cause

leaks upon thermal cycling. Furthermore, the stress on the MgF2 optics should be

low, and it should never be negative, as the crystal will cleave. We used the polymeric

material Vespel SP-1 (unfilled polyimide), which remains relatively flexible down to

low temperatures. A mounting ring with a thickness of 0.2 mm was machined to fit

around the window, and a filled epoxy with a low thermal coefficient of expansion

(Stycast 2850 GT) was used to glue the window in the ring, and the Vespel to the steel

window flange (see Fig. 2.8). Contamination of the optical surfaces of the window

during the curing of the epoxy was prevented by temporarily coating them with

a removable polymer film [20]. No degradation of the Lyman-α transmission was

observed. An important disadvantage of the use of Vespel is that it is permeable

to helium at room temperature, which hampers leak detection. Fortunately, this

permeability disappears upon cooling. Leaktesting of the cell was carried out by

cooling it in a helium atmosphere inside a simple test cryostat. In this test, silicon

diodes were used as simple thermometers. It was found that at a temperature of 150

K the helium diffusion rate becomes too small for our leak detector to detect, i.e.

less than 10−10 ml(NTP)/s. To test for a possible superleak, we immersed the cell in
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Figure 2.9: Resistance of Dale miniature resistors vs. temperature. The temperature is

determined by a resistance thermometer which has been calibrated against the 3He melting

line. Due to the age of this calibration, a ±5 mK drift cannot be ruled out.

superfluid helium, no helium was detected even after several minutes.

2.1.5 Thermometry

Although the temperature of the H gas in the cell is determined from the optical

spectrum, many other relevant temperatures, like that of the bulk helium and that

of the dense H gas in the buffer volume, cannot be obtained in this way. In our

experiments, a highly accurate measurement of these temperatures is not required.

Resistance thermometers are well suited as they are small, relatively easy to read out,

and very sensitive at dilution refrigerator temperatures. We used surface mounted

device (SMD) miniature thick film resistors made by Dale electronics [21] to monitor

the temperatures of the buffer volume and the helium in the compression cell. Two

of these resistors were glued to a Kapton foil that was suspended in the cell, well

below the liquid level, while one was glued to the outside of the buffer volume. Four

more were on a Cu pole that was attached to the mixing chamber, together with

a pre-calibrated carbon resistor. All resistance thermometers were read out using

a four point AC bridge technique [22], dissipating less than a pW in the sensors,

and all thermometers were wired using thin superconducting wires. The production
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process of the Dale SMD resistors is extremely well-controlled so that differences in

composition between resistors are minimal. The resistance of these thermometers has

been found to follow [23]

R(T ) = R0 exp[

(

T4

T

)1/4

], (2.8)

where R0 and T4 are phenomenological constants that may differ slightly between

batches of resistors, but are expected to be the same within one batch. To de-

termine the values of R0 and T4 for our batch, we measured the resistance of the

four resistors on the Cu pole at various temperatures (see Fig. 2.9). We obtained

R0 = 331(1)Ω; T4 = 1.77(1) K, while for the resistor in ref. [23] it was found that

R0 = 438Ω; T4 = 1.11 K, calibrated in a slightly wider temperature range.

We avoided a time-consuming calibration run by relying on batch calibration

curves. The thermoresistance curves of different resistors in the same batch are

expected to be very similar. We have used uncalibrated resistors as temperature

sensors in the buffer volume and compression cell, and to obtain an indication of the

absolute temperature we calibrated four other resistors from the same batch against

a pre-calibrated carbon-glass resistor. The calibrations were done during the same

cooldown as the actual experiment. The four calibration resistors were found to dis-

play the expected uniform behavior, from which we inferred the above values for

R0 and T4. We may, with caution, assume that this calibration curve holds for all

resistors from this batch.

The two resistors in the cell showed a different resistance at low temperature (see

Fig. 2.10). The thermoresistance curve is very steep in this temperature regime, so

that a small temperature difference could already explain this behavior. However,

these two resistors are close together in a superfluid helium filled cell, therefore they

must be at the same temperature, and apparently the thermoresistance of at least

one of them deviates. Since the cell is far away from the calibration thermometers, we

cannot know its absolute temperature, and we have no information as to which of the

cell thermometers deviates from the batch behavior. In principle, it is possible for both

cell thermometers to deviate from the batch behavior, but this is very unlikely. The

best guess of the cell temperature is the average value of the inferred temperatures for

the two thermometers, and an extra calibration uncertainty has to be accepted. The

inferred temperatures are different by only 3.1 mK at temperatures of interest (0.08

K), this is of the order of the possible calibration error of the carbon-glass reference

resistor we used. The additional calibration uncertainty is therefore 1.6 mK, and the

total calibration uncertainty is estimated to be 5 mK. The thermometer of the buffer
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Figure 2.10: Resistance of the two cell thermometers (Dale resistors) vs. excitation voltage

of the AC resistance bridge. The helium temperature is kept constant during the experiment.

The power dissipated in the sensor is roughly V 2
exc/R, which is ≈ 1 nW at the maximum

excitation voltage, this does not significantly heat the helium bath although the sensor is

measurably heated.

volume is subject to the same calibration uncertainty.

Either of the compression cell thermometers can be used as a heater, while the

other is used to form a feedback loop to a temperature controller. This way the

compression cell temperature can be regulated to within 2 mK. However, since the

cell is quite strongly linked to the mixing chamber it is not possible to cool the system

rapidly if the cell has been heated for a while, as the dilution unit will be too warm.

The buffer volume also has a heater attached to it so that its temperature can be

regulated by a second temperature controller. The buffer volume is more weakly

thermally linked, therefore it can be heated without disrupting the operation of the

dilution refrigerator.

2.2 Isotopic purification of 4He

The fluorescence detector and the magnetic pole piece inside the cell are submerged in

superfluid helium. Approximately 4 cm3 of liquid is present in the cell corresponding

to 3 liters of gas at NTP. To be sure the atoms interact with a 4He surface, the helium
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Figure 2.11: The helium purification apparatus. The apparatus is made out of glass, the

Vycor superleak is held in a brass tube. The apparatus is inserted in a glass cryostat which

is filled with commercial purity 4He to a level above the superleak.

must be isotopically purified. Commercial helium contains about 0.5 ppm of 3He.

Since at low temperatures the 3He will accumulate on the surface this concentration

is too high. The cold surface in our cell is of order 50 mm2 in size. A monolayer of
3He on this surface area is reached at ≈ 6.4 × 1014 atoms/cm2 [16], that is 3 × 1014

atoms. This corresponds to about 1× 10−5 cm3 of gas at NTP, or about 4 ppb of the

helium charge in our cell. It was found in earlier experiments [5] that a coverage of a

fraction of a monolayer will not perceptibly change the way the H interacts with the

surface. We only need to reduce the impurity by slightly more than three orders of

magnitude to have a well-defined adsorption energy.

We built a superleak helium purifier, based on a design by Fatouros et al. [24].

Below 2.17 K, 4He is superfluid – it can then flow without resistance through a porous

material. A porous material can be modeled as a bundle of thin tubes [25]. The normal

flow rate through such a system is inversely proportional to its length, the superfluid

flow is independent of length and depends only on the temperature. If the temperature

is low enough, the flow of superfluid 4He can be very high while 3He impurities will

pass through the porous material only diffusively. The purification apparatus, shown

in Fig. 2.11, consists of a superleak made from Vycor porous glass and a glass bulb to

collect the purified liquid. Once superfluid helium is collected inside, it will creep up
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the glass tube that leads to the room temperature gas handling system, evaporate from

the hot walls higher up and heat the collected liquid. To prevent this heating, the tube

contains a flow constriction (area with smaller tube diameter). This reduces the flow

of the superfluid film, since the critical flow is proportional to the smallest perimeter

in the system. As a bonus, the flow constriction also reduces the reflux of hot gas into

the cold part of the apparatus. The apparatus is made out of glass so that the helium

level can be checked visually. At room temperature, helium diffuses in at a rate of

1.5×10−5 ml(NTP)/s. Upon cooling down and filling the cryostat with normal helium

at 4K, the detected helium diffusion remains of the same order. When we pumped

the cryostat, the helium outside the purifier became superfluid. However, no increase

in the amount of helium vapor was detected by the leak detector. Only after ≈ 20

minutes the leak detector detected large amounts of helium vapor and liquid began

to fill the bulb. It took 15 more minutes to fill a substantial fraction of the bulb. A

probable explanation for this long time delay is the following: The adsorption energy

of helium to the channels in the Vycor heats the system locally. Heat is transported

diffusively in Vycor, therefore it takes some time for the whole superleak to cool down

to below the critical temperature. From the ratio between the normal flow rate and

the superflow rate we estimate a purification factor of > 105, taking into account that

the normal flow continued for some minutes after the temperature was raised above

the Lambda point. The purified liquid was evaporated and the vapor was stored in a
3He-free container, from which the cell was filled later.

2.3 The Lyman-α source

The Lyman-α transition of the hydrogen atom at λ = 122 nm lies in the vacuum ultra-

violet (VUV). Radiation in this part of the electromagnetic spectrum does not propa-

gate through air. Neither lasers nor efficient second harmonic generation schemes are

available for this range of wavelengths, which complicates spectroscopy. We gener-

ate narrowband tunable light in this wavelength region using pulsed third-harmonic

generation in krypton. This scheme may have the disadvantage of being inefficient,

but it is very reliable. As an off-resonant method it is probably the easiest way to

generate widely tunable narrowband VUV.

2.3.1 Vacuum ultraviolet generation

We produce light at 122 nm by frequency tripling of UV laser pulses. These nar-

rowband UV pulses are in turn generated by frequency doubling of a 729 nm laser
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source, in the setup shown in Fig. 2.12. A stabilized, tunable continuous wave (CW)

titanium-sapphire laser at 729 nm provides a seed frequency for the laser pulses. This

CW laser can be tuned over a range of 30 GHz and its frequency is calibrated using

a stable reference cavity to provide a frequency accuracy of better than 30 MHz. Its

output power is 0.3 − 0.5 W. The light from this laser is amplified in a three-stage

pulsed dye amplifier (PDA). This amplifier is pumped by a 100 MW XeCl excimer

laser, and delivers 20 ns pulses. It is typically used at a repetition rate of 10 Hz

for optimum signal to noise. The amplified 729 nm pulses are frequency doubled

in a KDP (potassium di-hydrogen phosphate) crystal, and the resulting 365 nm UV

pulses are amplified in a fourth PDA stage. The amplified UV pulses have an energy

per pulse of typically 15 mJ. The intense UV pulses are focused into the tripling cell

To dye laser

multi-line green

Argon ion laser

8 W

Ti-Sapphire

729 nm, 0.5 W CW
single mode

Stabilization & diagnostics

AOMoptical isolator

pulsed dye amplifiers

KDP

XeCl
excimer

laser

308 nm
400 mJ

729 nm
30 MHz, 20 mJ

365 nm
60 MHz, 15 mJ

l/2
plate to

tripling
cell

Figure 2.12: Optical set-up to generate the 365 nm light, which is used as an intermediate

frequency in the Lyman-α source. The typical energies and bandwidths of the pulses are

indicated.

which contains a mixture of krypton and argon. The krypton has a high third-order

susceptibility, enabling frequency tripling, and the presence of argon prevents the dis-

persion in the krypton gas from causing destructive interference between the third

harmonic light generated at different positions in the beam path (phase matching

[26]). Typically 1010 VUV photons are generated per pulse, but most of this power

is dissipated in the optics, as each optical element absorbs approximately half of the

incident light. A lens at the exit port of the tripling cell focuses the VUV beam onto
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the H sample in the cryostat, where approximately 5× 107 photons per pulse arrive.

UV and VUV

THG focus

inspection window

exit lens

entrance
window

365 nm light

gas valve

Figure 2.13: Drawing of the tripling cell. The UV enters from the left, the right side of

the tripling cell attaches to the monochromator. The MgF2 exit lens refocuses the Lyman-α

beam.

2.3.2 VUV monochromator and beam steering

The 122 nm light produced in the Kr/Ar cell is copropagating with a fundamental

beam that is ten million times more intense. It is absolutely necessary to separate

these beams since the 365 nm light would otherwise heat our sample cell and saturate

our detectors. This separation is accomplished by a monochromator consisting of two

magnesium fluoride prisms, shown in Fig. 2.14. The monochromator is kept under a

low pressure of Ar to prevent contamination of the VUV optics by materials ablated

from the walls by the intense UV light. The second prism can be used to overlap

a visible light beam with the VUV. The main purpose of this feature is to enable

two-color spectroscopy, such as resonance enhanced two-photon spectroscopy (RETS,

see section 3.6.2 and Ref. [3]). The ability to accurately overlap a visible light beam

with the VUV is also extremely valuable for alignment purposes. About 10% of

the VUV light is reflected by the second prism, this light is detected by a reference

detector, which is insensitive to 365 nm and visible light (‘solar blind’). The signal

from this detector is used to monitor VUV production. Pulse to pulse fluctuations of

the excimer laser are high, of order 10%. We reduce the noise on our spectra by up

to a factor 10 by dividing the transmission signal by the VUV reference signal. After

this division signal to noise is no longer limited by the pulse to pulse fluctuations, but

by mechanical oscillations of the helium surface (for the transmission signal) and by

shot noise (for the fluorescence signal).

2.3.3 Double seed laser operation

The frequency of the Lyman-α light can be scanned by varying the frequency of the

CW laser. This laser, a Coherent 899-21 titanium-sapphire laser, is tunable over
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Figure 2.14: Drawing of the monochromator which separates the Lyman-α from the much

intenser UV light. On the left the exit lens of the tripling cell is visible. The MgF2 prism

P1 separates the intense UV from the VUV, P2 enhances the separation and can be used to

overlap a visible beam with the VUV.

a range of 30 GHz under optimal conditions. Part of this width is required for

frequency stabilization, leaving a useful scan width of 18 GHz. This results in a

Lyman-α scan width of 108 GHz, which is wide enough to perform spectroscopy on

any single line of the Lyman-α spectrum. The center frequency can easily be changed

but this requires operator intervention and 60 seconds for recalibration, during which

time the measurements are paused. The signal arising from the adsorbed gas is at a

different frequency than the σ4 line of the bulk H, which is the most suitable line for

determining the bulk temperature and density. The distance between these lines is 300

GHz. It is desirable to be able to change the laser frequency quickly so that adsorbate

and bulk gas spectra can be probed quasi-simultaneously. This was achieved by using

an extra seed laser at 729 nm. This laser, a Coherent 699 dye laser, was tuned to

the broad resonance of the adsorbate, while the titanium-sapphire laser was used for

spectroscopy of the 3D gas. The dye laser was not externally frequency stabilized, it

may drift several tens of MHz per hour. Since the line shape of the adsorbate signal is

very broad (hundreds of GHz) this drift is acceptable. Both seed lasers are equipped

with an acousto-optical modulator (AOM) that functions as a light valve, at each

pulse of the PDA only one AOM is activated so that only one laser frequency is used

to seed the amplifier. The difference between the laser frequencies cannot be larger

than ≈ 100 GHz as the phase matching condition in the KDP frequency doubling
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crystal must be fulfilled for both frequencies.

2.4 Transmission and fluorescence detection

The part of the VUV beam that is not scattered in the cell or the buffer volume

propagates through the IVC to the top of the cryostat, where a solar-blind PMT

detects it. The quantum efficiency of this PMT is of order 10% at 121 nm, taking

into account the absorption in the MgF2 windows on top of the buffer volume and

on top of the cryostat, the overall detection efficiency is estimated to be 2.5%. The

dynode chain of the PMT is sensitive to a single photoelectron. The light flux in

the cell is estimated to be 2 × 107 Lyman-α photons per pulse, taking into account

loss in the MgF2 optics. This would lead to 5 × 105 photoelectrons per pulse on

the transmission PMT in the absence of a sample. In practice we detect a signal

that is an order of magnitude weaker. Possible explanations for this discrepancy are

contamination of the optics in the cryogenic environment, small angle scattering of

light by the optics in the monochromator or a degradation of the quantum efficiency

of the PMT.

The PMT has a very low sensitivity to 365 nm light, so that an offset signal due

to the stray UV can be neglected. (We verified this by introducing air into the VUV

monochromator, after which any remaining signal cannot be VUV and therefore must

be due to stray light). It is also insensitive to light at the Balmer-α transition, which

is useful when exciting two-color transitions [3]. The enormous dynamic range (over

106 if one adjusts the dynode voltages) of the PMT is useful when aligning the beam

to the aperture in the cryostat: even when the beam is misaligned by several beam

diameters a signal is detected

To sensitively detect fluorescence from the adsorbed H, a second PMT is used.

The environment of the cell (small space, high field, cryogenic temperatures) is not

suitable for placing a fluorescence detector close to the sample. Bolometers, such as

used in ref. [1] will not work in our cell as the heat fluxes due to the recombining H

greatly exceed the light pulse energy. Therefore, the light is channeled out to a room

temperature PMT. To reduce losses in the optical elements, the light is converted

into visible light in the cell by an organic fluorescent material, tetraphenyl butadi-

ene (TPB) [27]. A thin layer of TPB is applied on a quartz light guide. The TPB

molecules absorb scattered Lyman-α and emit radiation at ≈ 400 nm. This blue

light is then channeled by a system of quartz light guides into an optical fiber, which

guides the light to a PMT. The overall efficiency of this system is calculated to be

3 × 10−5 photoelectrons per photon scattered by a H atom [28]. This estimation
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Figure 2.15: Geometrical efficiency (arbitrary units) of the fluorescence collector versus

height.

includes factors such as transmission and reflection losses, conversion loss in the TPB

and the quantum efficiency of the PMT. Since photoelectrons can be detected with

unit efficiency, we can detect a photon flux that is as low as 105 scattered photons per

pulse. In practice we can detect scattering of order 1% of the incident light, or better

if we average the signal over many pulses. The most important advantage of using

a PMT is its large dynamic range. The intensity of the fluorescence of the adsorbed

gas is very low while a large amount of fluorescent light hits the detector when the

light source is tuned to a bulk H line. It is convenient to have the PMT at room

temperature as in the event of a breakdown it can easily be replaced. In preliminary

tests we established that small PMTs (Hamamatsu 1635) could not be placed inside

the cryostat as they do not work at T < 150 K [28], probably because the gallium

arsenide dynodes fail. An important feature of the fluorescence detection system is

that its geometrical collection efficiency is strongly position dependent, as shown in

Fig. 2.15. The efficiency drops sharply about 3 mm from the helium surface; in this

way a large cross-talk signal form off-resonant scattering of light by the atoms in the

buffer volume is avoided.
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