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Abstract

The sticking probability of atomic hydrogen on superfluid 4He has been measured for
atom temperatures between 300 yuK and 4 mK. Data are presented for a superfluid
4He film at 85 mK on a sintered silver substrate with film thickness varied from 0.5 nm
to a bulk puddle. The results of the sticking probability measurements for bulk 4He
provide the first experimental evidence for universal quantum reflection and are in
good agreement with recent theories. The observed film thickness dependence of the
sticking probability clearly demonstrates the influence of the van der Waals-Casimir
force due to the substrate.
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Chapter 1

Introduction

Atom-surface collisions explore interesting physics from the point of view of fun-

damental theory as well as practical applications. The collision can study surface

structures and inter-atomic interactions. They also present well-defined and impor-

tant quantum many-body problems. The work presented here tests the fundamental

concept of universal quantum reflection and explores long-range inter-atomic forces

by measuring the sticking probability of ultracold atomic hydrogen on a superfluid

4He covered surface.

In this chapter, surface sticking theories are briefly described. The latest theoret-

ical and experimental results concerning the sticking probability of atomic hydrogen

on liquid 4He are also reviewed. The findings of this work and the outline of the rest

of the thesis are presented at the end of this chapter.

1.1 Theory of Surface Sticking

The sticking probability, s(Ex), of a particle on a surface is the transition probability

from continuum states to bound states of the particle-surface interaction potential

normalized to unit incident flux, where E1 is the energy of the incoming particle

associated with the motion perpendicular to the surface. Various theories have been

predicted different values for s(E-=O). A classical analysis claims s(O) should always
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Figure 1-1: Simple description of surface sticking. (a) classical model; (b)
quantum model.

go to unity [1]. A quantum analysis could predict that s(0) is zero [2, 3] or even a
value between 0 and 1 [4, 5] depending on the strength and nature of the interaction.

This fundamental question is still unresolved.

Simple descriptions of surface sticking theory in both classical and quantum mod-

els are described in this section. As a result of a simplified quantum model, universal

quantum reflection is predicted. A popular quantum approach to this problem by

distorted-wave Born approximation is also presented.

1.1.1 Simple Descriptions of Classical Adsorption and

Quantum Reflection

Consider a simplified one-dimension particle-surface potential well and an incident

particle with energy E± as shown in Figure 1-1. The potential well has a finite length

with depth Vo (> El) and an infinite barrier at z = O. In Figure 1-1 (a), the incident

particle is a classical point-like particle. As E -* 0, any finite excitation of the surface

by the particle inside the potential well dissipates the energy of the incoming particle

and, therefore, causes the particle to become trapped. Thus s(O) -, 1 for classical

CO
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adsorption. The adsorption could be caused by the coupling between surface waves

(ripplons) and the particle, or more exotic mechanisms. Quantum mechanically, the

incident particle is represented by a quantum wave function, Oinc(z), as in Figure 1-

1 (b). In order to match the incoming wave function at the boundary of the potential,

the amplitude of the wave function inside the potential well, Ai,, is reduced by

Ain oc Aout0 E±/Vo (as El -- O) (1.1)

where A,,ot is the amplitude of the incoming wave function outside the potential well.

According to the definition of the sticking probability,

s(E±) oc I (/bnd Hint |in,) 12/(flux of incoming particle)

oc I (Vbndl Hint Iinc) 12/(A 2,tvnc) (1.2)

where kbbnd) is the bound state of the potential, Hint is the coupling Hamiltonian,

and vinc(oc VE_) is the velocity of the incoming particle. Since the bound state

is localized inside the potential well, the numerator of the above equation is just

proportional to Ai,. Substituting Ai, by Ao,,t E±/Vo,

s(El) oc Ai,/(A, ) = F E/Vo (1.3)

Therefore, s(El) oc VE as E1 -- 0 or s(T) oc x- as T -+ 0 for a Boltzmann gas at

temperature T. This is quantum reflection.

The predictions of these simplified classical and quantum models are quite differ-

ent. The classical result has been shown to be exact [1]. The quantum result is only

true under certain (perhaps, most) circumstances. A long-range potential or strong

coupling could invalid the phase coherence argument of the quantum model [2, 5].

In spite of its apparent universality- independent of incoming atom and surface

material- the limiting form s(E±) c< FV or s(T) oc /• has never been observed

experimentally in any system.



1.1.2 Distorted-Wave Born Approximation

The distorted-wave Born approximation (DWBA) provides an analytic version of the

simple quantum model presented above. Consider a hydrogen atom interacting with

a liquid 4He surface through an interaction potential V(z), which supports only one

bound state with binding energy EB - 1 K. The "distorted" wave function for the

incident hydrogen atom, with energy iA2(k + k 2)/2m Ell + E±, can be written

as (x, y k1 ) (z I k). (x, y I k1 ) is a two dimensional free particle wave function and

(z I kI) is the solution of the following one dimensional Schr6dinger equation

A2 d2
[ 2m dz2 + V(z)] (z k) = E± (z I k) . (1.4)

By following Fermi's golden rule, the sticking probability is given by

s(E±) = h (n(q)+1,kB ,B t In(q),k11,k) 2 b[El+E± -E -EB-Cq] +
q

(n(q)-1,k ,B Hint n(q),k,,k±) 2 &[E,+E -E -Es+q] . (1.5)

where the first and the second terms in the summation correspond to the creation and

the annihilation of a ripplon respectively. Furthermore, n(q) is the ripplon population

number and , is the ripplon energy, while q is a two dimensional wave vector on the

surface. (z I B) is the wave function for the only bound state of V(z) and has binding

energy E,. (x, y I k,) is the wave function of a particle moving along on the 4He

surface with energy E'(= h2k, /2m). In order to conserve momentum, k' = k F q

depending on whether a ripplon is created or annihilated. Finally, Hint is the particle-

ripplon coupling Hamiltonian determined from the microscopic interaction between

the hydrogen atom and the sinusoidally distorted 4He surface. It will not be discussed

here.

The ripplon dispersion relation of liquid 4He is cq = A gq + (y/po)q3 , where

7 = 0.378 erg/cm2 is the 4He surface tension, po is the liquid 4He density, and g

is the sum of the gravitational acceleration and the van der Waals force per unit

mass due to the substrate underneath liquid 4He. In order to conserve both energy



and momentum, a 0.6-K ripplon is created or a 3.5-K ripplon is annihilated when a

hydrogen atom with an incident energy much less than 1 K (the binding energy) is

adsorbed on the surface. For a 0.6-K or 3.5-K ripplon, the gq term in the ripplon

dispersion relation is negligible. The thermal populations of 0.6-K and 3.5-K ripplons

can also be neglected in s(E±) calculations, as long as the surface temperature is

below 100 mK. Therefore, the sticking probability at surface temperatures below 100

mK is approximately the same as that at zero surface temperature and the ripplon-

annihilation term in Equation 1.5 can be neglected at these surface temperatures.

Theories [6, 7, 8, 9, 10, 11] based on the above approach all predict that the

sticking probability of atomic hydrogen on liquid 4He in the low energy limit should be

proportional to E/-E. The constant of proportionality differs considerably, however,

from calculation to calculation. Although the nature of the interaction may require

that the calculations be extended beyond the DWBA [10, 11], the hydrogen-helium

surface problem is not expected to lead to a situation where s(0) $ 0.

1.2 Review of Hydrogen-Liquid 4He Collision

Hydrogen-liquid 4He makes an ideal system for surface sticking studies. Hydrogen is

the simplest atom and liquid helium provides the weakest van der Waals force of any

condensed medium. The interaction potential between the hydrogen atom and the

liquid 4He supports only one bound state with EB - 1 K. Furthermore, the surface

excitation (ripplon) of liquid 4He is well understood and the high purity of liquid

4He prevents surface imperfections. Because of these features, many calculations

[6, 7, 8, 9, 10, 11] have been done for this system. They all predict quantum reflection

behavior in the limit of low energies.

Only recently has the development of cold atomic hydrogen sources made experi-

mental studies of this system possible. However, data of Berkhout et al. [12, 13] at 145

mK < T < 526 mK and data of Helffrich et al. [14, 15] at 0.1 K < T < 0.4 K showed

a linear dependence of the sticking probability on temperature. This indicated that

the low energy limit had not been reached at these temperatures. Using evaporative



cooling to produce submillikelvin atomic hydrogen, Doyle et al. [16] reported that

the sticking probability for 100 KK < E < 10 mK had a relatively high value and

slightly increased with decreasing atom energy. These surprising results prompted

Hijmans et al. [9] to propose that the substrate underneath a liquid 4He film was

playing a role. Calculations of Hijmans et al. [9], and Carraro and Cole [10, 11] in-

dicated that the data can be influenced by the van der Waals-Casimir force due to

the substrate. The current experiment was designed to measure not only the sticking

probability of ultracold atomic hydrogen on bulk liquid 4He but also the 4 He film

thickness dependence of the sticking probability.

1.3 Overview of This Work

We measured the sticking probability of 300 yK to 4 mK atomic hydrogen on a

superfluid 4He film. The thickness of 4He film on a sintered silver substrate varied

from 0.5 nm to a bulk puddle. The results of this work reveal the onset of universal

quantum reflection from the surface of bulk 4He and also demonstrate the van der

Waals-Casimir force due to the substrate as the film thickness is reduced.

The production and stabilization of ultracold atomic hydrogen is described in

Chapter 2. Chapter 3 concerns the apparatus and the experimental techniques used

in this work. The temperature, sticking probability, and the film thickness data

are analyzed in Chapter 4. The results are presented and compared with the latest

theories in Chapter 5 and the conclusions are summarized in the same chapter. In

the final chapter, Chapter 6, design of a true quantum reflection experiment and a

possible Casmir-Polder force study are discussed.



Chapter 2

Submillikelvin Atomic Hydrogen

Very cold hydrogen atoms are crucial for this surface reflection experiment. They

are produced by trapping spin-polarized atomic hydrogen in a magnetic field. The

trapped hydrogen is then evaporatively cooled to the desired temperatures. In this

chapter I will briefly review magnetic trapping and evaporative cooling of spin-

polarized hydrogen and describe the measurements of the energy distribution, tem-

perature, total number and density of the trapped atoms.

2.1 Magnetic Trapping of Spin-Polarized Atomic

Hydrogen

Atomic hydrogen is the simplest atom. When the electron spins are aligned, the

weakly interacting atoms form the only substance which remains a gas at T = 0

[17, 18]. These qualities make spin-polarized hydrogen one of the best candidates for

many fundamental experiments. However, hydrogen normally exists in the molecular

state. Two hydrogen atoms recombine into molecular hydrogen, giving up 4.48 eV of

recombination energy, when the electron spins are in the singlet state. This recombi-

nation process requires a third body in order to conserve both energy and momentum.

The third body can be either another atom if the density of hydrogen atoms is high

enough, or the wall of a container which confines atoms. On the other hand, two
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Figure 2-1: Interatomic potentials for two hydrogen atoms,
Kolos and Wolniewicz [23].

calculated by

hydrogen atoms can be stabilized against the formation of a molecule if the electron

spins are in the triplet state. This is because the weak triplet potential supports no

bound state as shown in Figure 2-1. However, the weak attractive minimum of the

triplet potential at large separation is comparable to that of the potential between

helium atoms. A detailed description of spin-polarized hydrogen and much of the

early research can be found in the review articles of Greytak and Kleppner [19], and

Silvera and Walraven [20]. Recent work on trapping and cooling is covered in the

thesis of Doyle [21], and of Sandberg [22]. Only an outline of the preparation of cold

hydrogen will be given here.

The hyperfine splitting of the ground state of atomic hydrogen in a magnetic field

is shown in Figure 2-2. The four states are labeled la), jb), Ic) and fd) in order of
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Figure 2-2: Hyperfine energy levels for ground state atomic hydrogen in a
magnetic field.

increasing energy. Their expansions in proton and electron eigenstates are

la) = cos 0 I1 -) - sin O I0 -)

Ib) = 11 J)

1c) = cos 0 11 T) + sin 0I )

Id) = IT 1)

where the first arrow indicates the electron spin state and second arrow indicates the

proton spin state. 0 is given by

tan 20 = 506
B

where B is the magnetic field in Gauss. It is clear from the above that Ib) and Id)

I~--



are pure electron spin states. Gases formed exclusively from one or the other these

states will be stable against recombination. On the other hand, atoms in la) (and Ic))

have some amount of the opposite spin and thus may recombine even with an atom

in la) or Ib) (and Ic) or jd)). la) and Ib) atoms are called high-field seekers, because

their energy is lower in high magnetic field. Similarly, Ic) and Id) atoms are low-field

seekers, because their energy is lower in low magnetic field. Consequently, a magnetic

field minimum can attract and trap low-field seekers and a magnetic field maximum

can attract and trap high-field seekers.

The surface density a of atomic hydrogen on some surface is related to its bulk

density n at equilibrium temperature T by

o = n A(T) eEBIkBT (2.1)

where A(T) is the thermal de Broglie wavelength and EB is the binding energy of

atomic hydrogen on the surface. The lowest possible values of Es occur for liquid

helium films (EB . 1 K for 4He and 0.4 K for 3He). For any usable bulk density

at 1 mK, the surface recombination associated with a saturated monolayer coverage

makes the life time of the gas very short. It is obvious that a wall-free trap must be

provided to cool spin-polarized hydrogen to the submillikelvin temperature regime.

A static magnetic field maximum in free space is forbidden by Maxwell's equations.

Trapping the high-field seekers in free space is not feasible. Hence, a cold spin-

polarized hydrogen gas can only be realized by trapping the low-field seekers in a

magnetic field minimum.

The magnetic trap that generates a field minimum in free space is constructed by

two pinch solenoids, a quadrupole magnet and a bias solenoid as shown in Figure 2-3.

The magnitude of the vector field in the trap has cylindrical symmetry and so does the

potential energy due to the interaction between the magnetic moment of the hydrogen

atom and the magnetic field, viz. U(r) = JpBB(r-) where p, is Bohr magneton. The

quadrupole magnet provides the field gradient in the radial direction and the pinch

solenoids provide longitudinal confinement. The bias solenoid assures that the field
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in the trap region never vanishes, thereby preventing atoms from undergoing non-

adiabatic spin-flip transitions.

Once the low-field seekers are in the trap, all Ic) atoms will disappear quickly due

to the dominant spin-exchange interaction [24], Ic) + Ic) -- Ib) + Id) [25, 26]. For our

trap, the time scale for Ic) atoms to vanish is a few seconds [27]. The resulting Ib)

atoms are ejected from the trap by the field gradient. Then only Id) atoms remain in

the trap and doubly spin-polarized atomic hydrogen is established. The lifetime of

Id) atoms is limited by dipolar electron-spin relaxation [24]. The dominant relaxation

process is Id) + Id) -+ Ia) + Ia) [25, 26]. The decay time constant of this process for a

typical condition of our experiment is about 200 seconds. This long life time enables

us to do the experiment in a reasonable time scale. The method used to cool the gas

further will be discussed in the next section.

2.2 Forced Evaporative Cooling

To carry out forced evaporative cooling the magnetic field intensity is slowly decreased

so that the high energy atoms are removed from the trap. Then, the remaining atoms

re-thermalize and the temperature of the trapped gas becomes colder. This is a very

efficient cooling process. A one order of magnitude loss in atom number can cause a

two order of magnitude drop in temperature [28].

A schematic version of the field profile for the magnetic trap in Figure 2-3 is shown

in Figure 2-4. The trap depth, Et, is determined by the energy difference between

the trap barrier height and the bottom of the trap. Only atoms with energy below

Et can be confined in the trap and eventually approach a steady state of thermal

equilibrium. In thermal equilibrium, the trapped atoms should be in a Maxwell-

Boltzmann distribution truncated at Et with a definite temperature, T, as shown

in Figure 2-4. Measurement of the Maxwell-Boltzmann distribution of the trapped

atoms will be discussed in the next section.

The steady state of the trap is actually a balance between a cooling mechanism

and a heating mechanism. The heating mechanism is due to dipolar electron-spin
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Figure 2-4: Sketch of the magnetic trap (darker color indicates higher
atom density) and truncated Maxwell- Boltzmann distribution.

relaxation, a two-body decay process. This decay process happens much more often

in the high density region where the energy of the atoms is low. Consequently, the

dipolar electron-spin relaxation removes atoms predominately with energy below the

the average energy of the trap. This increases the average energy of the remaining

trapped atoms. The cooling mechanism is due to evaporation from the trap. Some of

the elastic collisions between the trapped atoms create atoms with energy above the

threshold. These high energy atoms can no longer stay in the trap and each carries

away an energy much greater than the average energy of the trap. The average

energy of the trapped atoms is therefore reduced by this evaporation process. These

two processes are illustrated in Figure 2-5. The dipolar relaxation rate depends

primarily on the density. Because the density is higher for lower temperatures in

a given trap, the dipolar relaxation rate increases with decreasing temperature. In

contrast, the evaporation rate has positive temperature dependence, because a higher

temperature brings the atoms closes to the threshold energy. The balance of these

heating and cooling rates determines the temperature of the trapped atoms in terms

22
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of the threshold energy as

kBT =Et (2.2)

where q7 is normally around 10 for our trap [28]. Therefore, one can cool the gas

in the trap to the desired temperature by bringing down the trap depth slowly, i.e.

by preserving Equation 2.2 during the course. The time to perform this process is

usually about 5 minutes. This technique is called forced evaporative cooling and was

first proposed by Hess [29].

Density is another important property of the trapped atoms. It is determined by

the ratio of the quadrupole field to the pinch fields at the end of forced evaporative

cooling as illustrated in Figure 2-6. When the quadrupole field is kept constant, the

trap has a small volume after forced evaporative cooling. On the other hand, if the

quadrupole field to pinch fields is kept constant, the trap will have a larger volume

after forced evaporative cooling. For the same number of atoms in a given trap depth,
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Figure 2-6: Compression of trap volumes for different cooling paths.

the density is much higher in the small trap volume than in the larger trap volume.

For this reason, a desired density can be achieved by varying the ratio of the two

fields at the end of forced evaporative cooling.

To summarize, forced evaporative cooling decreases the temperature of the trapped

atoms to one tenth of the trap depth, at the expense of atom number. Setting the

ratio of the quadrupole field to pinch fields adjusts the density of the atoms in the

trap. Both temperature and density can be independently varied according to desired

experimental conditions.

2.3 Macroscopic Quantity Measurement of

Trapped Atoms

Once trapped atoms achieve the desired experimental conditions, one can measure

their temperature, number, and density by employing a bolometric technique. The
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basic idea of the technique is to lower Et to zero linearly in time and detect the atom

flux coming out of the trap. (The flux measurement will be described in Section 3.3.)

By recording Et and the atom flux simultaneously in time, an energy distribution

of the trapped atoms is obtained (illustrated in Figure 2-7). The detection time for

lowering Et to zero is about 10 sec. This detection time is much shorter that the

equilibrium time, about 100 sec, of the trapped atoms. Therefore, the measured

energy distribution represents the conditions in the trap before detection.

The temperature of the trapped atoms is determined by fitting the measured

energy distribution to a calculated energy distribution function based on Maxwell-

Boltzmann statistics. The calculated energy distribution function, n(E), is given

by

n(E) cc d e-H( •,p7/kBT d3pd3 r (2.3)

where H(F,p~ = U(r) + f'2 /2m and U(iý) is the potential energy in the trap for both

magnetic field and gravity. The temperature and the amplitude of the calculated

energy distribution function are the adjustable parameters in the fitting. For an ideal

trap as in Figure 2-7, the above equation leads to

n(E) cx (E/kT)2. 5 e- E / k T. (2.4)

The field profile of this ideal trap is described by

kr for 0 <z < L

B(r, z) = Et/P for z = 0 and z = L (2.5)

0 otherwise

where k is a field gradient constant, L is the trap length, and pB is Bohr magneton.

The magnetic field profile of our trap is determined through numerical integration

over the currents of all the magnets with the Biot-Savart law. The uncertainty of the

magnetic field obtained from the numerical integration is the larger one among 1%
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Figure 2-8: Energy distribution of the trapped atoms. The solid curve is
measured energy distribution for Et = 2.7 mK. The dashed curve is calcu-
lated energy distribution functions according to Equation 2.3 with the actual
field profile of our trap and T = 300 MK.

of the field and 1 Gauss. This uncertainty is verified by comparing the field obtained

from the integration with the measured field. The field profile of our trap is close to

the one of the above ideal trap. An example of the temperature determination is given

in Figure 2-8. The temperature determination will be discussed more throughout in

Section 4.1.

The area below the energy distribution curve, N,, is proportional to the atom

number, N,

N = pN,. (2.6)

In order to determine atom numbers, the constant of proportionality, p, is calibrated

using dipolar electron-spin relaxation. This decay is the dominant atom loss mecha-
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nism when the trap is kept static. The equation for the decay is

a -n = g n(F)2  (2.7)at

where n(F) is the density and g is the dipolar electron-spin relaxation constant. Usu-

ally g is temperature- and field-dependent, but in our low temperature regime and for

the trapping fields of this experiment g can be assumed to take its value at T = 0 and

B = 0, viz. g = 10- 15 cm - 3 [25, 26]. After integrating both sides of the Equation 2.7

over the trap volume, we have

dN
= -gaN 2  (2.8)

where

a = f nr 2  (2.9)
(f n(F) dF1) 2

a is only temperature and field profile dependent and can be calculated without

knowing the absolute atom number. Equation 2.6 and Equation 2.8 lead to

dN- 1dN- gap . (2.10)

This implies the reciprocal of atom number in the trap is linearly dependent on time.

By measuring the energy distributions after the loaded trap has been held for different

periods of time following forced evaporative cooling, a plot of N, versus time can be

made (see Figure 2-9). The slope of the fitted line in Figure 2-9 is the product of g,

a, and p. Since g and a are known, p is calibrated. A percent uncertainty in p of

5% comes from the fitting uncertainty in plots like Figure 2-9. The uncertainty of

p contributed from a is mainly due to the uncertainty of the atom temperature. As

long as p is calibrated, the atom number in the trap at any time can be evaluated

from the area below the energy distribution curve.

Knowing the atom number and the temperature, one can calculate the density in
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Figure 2-9: Dipolar electron-spin relaxation decay: reciprocal of total
number of atoms remaining in a 2.7-mK-deep trap versus time. The slope
of the dashed line calibrates the bolometer's signals.

the trap from the following equation:

N f e-H(' ,p/kBTd3c
n(F) = ffeH(/kBTdp . (2.11)ffe-H(Fp')/kBTdfddidr

The integration constraint is 0 < H(', pj) Et. Once the density and the temperature

have been obtained, other macroscopic quantities can be deduced accordingly.
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Chapter 3

Apparatus and Experimental

Techniques

This chapter describes the apparatus and the experimental techniques developed for

producing ultra cold hydrogen atoms and studying the collisions between the atoms

and the liquid surface of superfluid 4He. The cell, a cylindrical container, centered

around the trapped hydrogen atoms, was coated with superfluid 4He film in its inner

wall. The cell was surrounded by a magnet system which generated the magnetic fields

necessary to trap and manipulate the hydrogen atoms. A graphite film deposited on a

quartz plate severed not only as a bolometer to measure the atom flux coming out of

the trap but also as a film burner to measure the thickness of superfluid 4He film. A

sintered silver surface positioned at the very bottom of the cell served as a substrate

for the superfluid 4He film. The film thickness varied from 0.5 nm to 1 mm. Trapped

atoms with temperatures ranging from 300 ytK to 4 mK were brought into contact

with the surface in order to measure the sticking probability. The arrangement of the

apparatus is shown in Figure 3-1.

___
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Figure 3-1: Scale drawing of the apparatus. The magnetic field profile
corresponds to the initial condition of the forced evaporative cooling.
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Figure 3-2: Top view
that used in Reference

3.1 Cell
The cell is a cylindrical contair

ana coverea w,•n i~o epoxy

Figure 3-2: Top view of the cell. The epoxy inside the cell is the same as
that used in Reference [21].

3.1 Cell

The cell is a cylindrical container 57 cm in length, with 2.1 cm inner radius and 0.15 cm

wall thickness. It was mounted vertically in a 3He-4He Dilution Refrigerator System,

Oxford Instruments Model 2000. The top flange of the cell was connected to the

bottom of a discharge assembly where molecule hydrogen is dissociated The flange is

thermally anchored to the mixing chamber of the refrigerator which can maintain the

temperature of the cell below 70 mK. The cell wall is a metal, fiberglass, and epoxy

composite (see Figure 3-2). It has metal-like high thermal conductance along the

length of the cell but insulator-like low conductivity for circumferential eddy current

heating. The high thermal conductance along the length of the cell can carry away any

heat due to either hydrogen recombination or magnetic field ramping. In addition,

the low eddy current heating of the cell wall reduces the temperature rise during

magnetic field changes. The construction of the cell is similar to the one described

by Reference [21]. Modifications of the construction made in order to perform this

experiment will be discussed next.

A cell centering collar was made containing six Vespel spikes equally spaced around

the circumference. See Figure 3-3. Vespel is an outstanding thermal insulator and has

excellent machinability [30]. The spikes prevent the cell from touching the surround-

25-gauge copper wires
the length of the cell

wrapped in Kevlar
n vered with 1266 epoxy
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Figure 3-3: Cell centering collar.

ing vacuum can, which was immersed in a liquid "He bath (4.2 Kelvin). Each spike

is 0.6 mm long and 1 mm in diameter. The diameter of the spike is optimized for

mechanical strength and thermal insulation. The end of the each spike is embedded

in the G-10 collar, which hangs loosely around the cell. A copper wire is glued to the

collar near each spike and thermally anchored at 0.3 Kelvin at the other end. The

heat leakage through the cell centering collar is tolerable for the experiment and does

not rise the temperature of the top flange of the cell higher than 50 mK under normal

dilution refrigerator operation.

The bottom of the cell is illustrated in Figure 3-4. A 0.55 cm radius depression is

made at the cell bottom for confining sintered silver. There is an oxygen free copper

substrate underneath the silver sinter. The substrate is fabricated in the shape as

shown in the inset of Figure 3-4 to minimize eddy current heating and plated with

300 nm of solid silver on its top surface. A 0.5 mm thick high purity copper foil [31]

(hanging vertically) is attached to the bottom of the substrate on its one end and

attached to the outer wall of the cell on the other end. This copper foil provides

thermal anchoring for the substrate. A thick film Ru 20 chip resistor [32] is bonded

to the foil and monitors the temperature of the substrate.

The sinter in the depression of the cell bottom is made from silver powder of

70 nm nominal particle size [33]. The powder was pre-heated at 50 0C in hydrogen

espel Spike
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Figure 3-4: Blow up of cell bottom.

atmosphere for one hour and then pressed against the substrate in the depression

with 75 x 106 N/m 2 pressure. The 1-mm-thick packed powder was again heated at

100 0C in hydrogen atmosphere for half hour. Under these processes, the finished

sinter has about 1 m 2 surface area and 100 nm pore size by estimation [34, 35]. This

large surface area diminishes the Kapitza thermal resistance and assures thermal

equilibrium between the substrate underneath the silver sinter and the helium on the

top of the silver sinter. For the case that 1013 hydrogen recombinations per second

occur on the helium surface, the estimated temperature gradient between the 80-mK

copper substrate and the heated helium surface does not exceed 20 mK with the

assumption that effective surface area of the sinter is only 300 cm 2

Top View of Copper Substrate
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3.2 Experimental Sequence and the Field Profile

of the Magnet System

Besides the quadrupole magnet, the upper pinch solenoid, the lower pinch solenoid,

and the bias solenoid described in Section 2.1, the loading solenoid and source solenoid

are also a part of the magnet system. The field profile generated by the magnet system

can be broken into source, detection, and trap regions as shown in Figure 3-1. The

magnet system and its corresponding magnetic field profile for a typical experimental

sequence will be presented in this section.

The source solenoid provides the field in the source region which is always kept at

4 Tesla. A discharge located in the source region converts molecular hydrogen into

atomic hydrogen. The high magnetic field expels Ic) and Id) atoms and pulls back la)

and Ib) atoms. While the discharge is being fired, the two pinch solenoids generated

1 Tesla (0.675 K) field barriers at the end of the trapping region. In addition, the

quadrupole magnet generates a linear radial field gradient in the trap region with the

magnitude of 1 Tesla (0.675 K) at the cell wall. An 1-Tesla magnetic field generated by

the loading solenoid bridged between source region and trap region. The field profile

during loading the trap is shown in Figure 3-5 (a). The hot atomic hydrogen coming

from the source region dissipates its energy via thermalization with superfluid 4He

covered the cell wall. Some of those atoms lose energy by H-H and H-4 He collisions

and become trapped.

After the trap is loaded and the discharge turned off, the loading solenoid is

brought to zero. Consequently, a detection region is established between the source

region and the trap region. There is no radial field confinement in the detection region

and any atoms in the detection region can access the cell wall. Forced evaporative

cooling starts right after the detection region is established. The field intensities

generated by the pinch solenoids and quadrupole magnet are decreased slowly such

that the trapped atoms are cooled to the desired temperatures and densities for the

experiment. The bias solenoid is always kept constant during the forced evaporative

cooling. The field profile changes from the one in Figure 3-5 (b) to (c). At the end



of the forced evaporative cooling, the trapped atoms form a cylindrical gas cloud 0.5

mm in radius and 18 cm in length. The lower end of the gas cloud is 7 cm above the

cell bottom. The temperature of the gas varies from 300 yK to 4 mK and the gas

density on the axis is typically 1013 cm - 3 .

During the forced evaporative cooling, the bottom of the cell is shielded by the

field generated by the lower pinch solenoid. Thus, the trapped atoms can never reach

the sintered silver surface covered by the superfluid 4He at the bottom of the cell.
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Figure 3-5: Magnetic field profiles on the axis of a typical experimental
sequence. (a) Loading trap. (b) Beginning of forced evaporative cooling.
(c) End of forced evaporative cooling. (d) Surface collision. (e) Dumping
atoms.
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(a) (b)

Figure 3-6: Schematic diagram of atoms brought into contact with the
helium surface. The shaded region indicates atom cloud. (a) The lower
pinch solenoid is on. (b) The lower pinch solenoid is off.

When sticking probability measurements are performed, the lower pinch solenoid is

turned off instantaneously (see Figure 3-5 (d)). The trapped atoms can now contact

the surface at the cell bottom as illustrated in Figure 3-6. Atom-surface collisions

are restricted to the area within the depression due to the radial compression by the

quadrupole field . After the surface was exposed to the trapped atoms for a certain

contact interval, the lower pinch field was brought back to the same intensity as the

one before the lower pinch solenoid was switched off. The atoms remaining in the trap

at the end of the contact interval were the ones surviving from the surface collisions.

In order to measure the parameters of the trapped atoms before or after the

contact intervals the atoms must be dumped to the detection region by ramping

down the upper pinch field to zero linearly. This is shown in Figure 3-5 (e). The

designed detector of the atom flux is a bolometer located at the detection region.



This bolometer was out of order during the course of the experiment. Therefore,

the atom flux coming out of the trap was measured by a bolometer located near the

bottom of the cell. The bolometric detection technique will be discussed in the next

section.

The field profiles and the experimental sequence presented above are for a sin-

gle measurement. The time to carry out such an experimental sequence is about

5 minutes. Sticking probability measurements, temperature determinations, density

evaluations, and any other experiment related verifications were obtained by perform-

ing a number of related experimental sequences.

3.3 Bolometer and Measurement of Atom Flux

A bolometer is located on the inner wall of the cell 1.8 cm above the sintered silver

surface. The design of the bolometer shown in Figure 3-7 is based on the one de-

scribed in Reference [21]. The constructing procedure is summarized here. A fine

polished X-cut single crystal quartz plate of 0.5x0.5x0.001 inch3 formed the base of

the bolometer. Two electrodes were created on the quartz plate by thermally evap-

orating two strips of 100 A thick chromium and then 1000 A thick gold. The gap

between the electrodes was about 0.015 inch. After the electrodes were made, four

nylon fibers of 0.0035 inch diameter were glued to the four corners of the quartz plate

with GE varnish used to suspended the quartz plate from its G-10 mount. A 34 Ym

diameter NbTi superconducting coil was bonded to each electrode of the suspended

quartz plate with bonding agents of silver paint and Stycast 1266 epoxy [36]. Finally

a graphite film, Aerodag [37], was deposited on the gap between the electrodes little

by little until the resistance across the gap was below 1 kQ. The resulting bolome-

ter has low heat capacity, good thermal conductivity between resistive area and the

rest of the bolometer, weak thermal coupling to the environment, and a sensitive

temperature dependence of the resistance.

The bolometer functioned as a temperature transducer. It was heated and main-

tained at 300 mK by employing a constant temperature circuit [38], which applied
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Figure 3-7: Structure of the bolometer.

bias resistive heating of 6 nW. Any other heating on the bolometer decreases this

bias resistive heating. The sensitivity and the bandwidth of the heating detection

of the bolometer are about 1 pW and 100 Hz respectively. This 1 pW sensitivity is

equivalent to the total heat released by 106 hydrogen recombinations per second.

The bolometric detection was used in this experiment to measure the atom flux

coming out of the trap. When the trapped Id) atoms were dumped to the detection

region by lowering the upper pinch field to zero as described in the previous section,

they bounced around in this region. Because there was no radial field confinement in

the detection region, any atom bouncing around this region eventually stuck to the

cell wall which was covered by sub-saturated or saturated superfluid 4He film. The

4He film on the wall was always very thin in the detection region due to the height,

approximately 45 cm, of the detection region above the cell bottom. The saturation

4He film thickness at this height is much less than 1 nm. The sticking probability

at the detection region was kept high, according to the thickness dependence of the

sticking probability reported in Chapter 5. Therefore, this high sticking probability

assured that the atom stuck to the cell wall quickly. Once a Id) atom stuck to

the wall, it first spin relaxed to a high field seeking state due to small magnetic

impurities on the surface of the wall then recombined with another incoming Id)

atom to form a molecule. The resulting molecules bounced around the cell and
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deposited the recombination energy to the wall or the bolometer. It has been verified

that the signal of the bolometer due to the recombination heating is linear to the

atom flux coming out of the trap under normal operation. The verification was

performed through the comparison of bolometer signals resulted from varied atom

flux at the same trapping condition. The atom flux was varied by adjusting the rates

of zeroing the upper pinch field. The calibration of the bolometer signal is described

in Section 2.3, but the calibration is not necessary in this experiment. Moreover,

hydrogen molecule loses about 90 percent of its recombination energy in 10 bounces

with the sub-saturated superfluid 4 He covered surface. This result is deduced from

the comparison between the bolometer signal of dumping atoms into the detection

region and that of dumping atoms into the bottom of the cell, while superfluid 4He

is sub-saturated in the cell. In conclusion, the bolometric technique described here is

suitable for detecting the atom flux coming out of the trap within the experimental

precision.

3.4 Film Burner and Measurement of Film

Thickness

The bolometer described in the previous section also served as a helium film burner,

which measured the film thickness of superfluid 4He . The measurement method is

to apply a constant current to resistively heat the film burner. A part of the applied

heat power evaporates the 4He film from the surface of the film burner. While this is

happening, the resistance (and therefore the temperature) of the film remains constant

as shown in Figure 3-8. The rest of the applied heat flows away from the bolometer,

by helium film flow and conduction along the leads, at a rate P Watt. P depends

only on the temperature difference between the bolometer and the cell wall; thus,

it is a constant while the film is evaporating. However, when all the 4He film on

the surface of the film burner has been removed, the temperature of the film burner

suddenly rises to a higher value. The resistance and the voltage across the film burner
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Figure 3-8: Voltage across film burner covered by 10 nm thick 4He film
during application of heating. The supplied current is 80 yA. The kink of
the voltage curve indicates tb = 26.6 sec.

then decrease abruptly as shown in Figure 3-8. By measuring the voltage across the

film burner, the time interval, tb, before the abrupt decrease of the voltage, and the

current through the film burner, one can calculate the total energy, E(tb), applied to

the film burner before the film disappears. By adjusting the applied current through

the film burner, tb and E(tb) are varied and the following energy balance equation

can be mapped out:

E(tb) = Eo + Ptb (3.1)

where Eo is the burning energy required to evaporate all the 4He film from the surface

of the burner. Typical E(tb) versus tb data are shown in Figure 3-9. The intersection

between the fitted line and E(tb) axis in the figure indicates Eo.

The burning energy, E 0, depends linearly on the thickness of the film on the
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Figure 3-9: Typical data of total applied energy versus time interval of
film burning. The dashed line indicates Eo = 330 4uJ, corresponding a 10
nm thick 4He film.

surface of the burner. Based on the height of the film burner above the lowest point

of the cell, the saturated film thickness at the film burner is 24 nm [39]. This value

calibrates the film thickness measurements at sub-saturated film coverages, as will be

shown in Section 4.4. Because of the superfluidity of 4He we make the assumption

that the thickness of the sub-saturated 4He film on the burner is the same as that on

the top of the sintered silver surface.

3.5 Sticking Probability Measurement

When sticking probability measurements are performed, the trapped Id) atoms with a

temperature ranging from 300 JK to 4 mK are brought into contact with the surface

at the bottom of the cell. This contact is achieved by turning off the lower pinch
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solenoid as shown in Figure 3-5 (d) and Figure 3-6. The atom-surface collisions are

restricted to the circular area of 0.5 mm radius on the superfluid 4He film covering the

sintered silver surface. The thickness of the 4He film on the surface varied from 0.5

nm to 1 mm. After the surface is exposed to the atoms for a certain contact interval,

to, the lower pinch field is switched back to the original intensity. The transient time

of turning on or off the lower pinch solenoid varied from 0.1 s to 1 s. This transient

time was chosen as short as possible so that the heating due to ramping the field

didn't disturb the measurement. After being held in the trap for some time interval

after the lower pinch field was restored, the remaining atoms are dumped into the

detection region and measured by the bolometer. For a single data point of the

sticking probability, the above procedure was carried out for a number of t,'s at the

same atom temperature, 4He film thickness, and other experimental conditions.

During the contact interval, the Id) atoms travel in the volume defined by the

surface, the upper pinch field barrier, and the quadrupole field. An atom can either

stick to or reflect from the surface during an atom-surface collision. Once a Id) atom

stuck to the surface, it spin relaxes to a high field seeking state due to small magnetic

impurities on the surface and permanently disappears from the trap. Therefore, the

number of atoms remaining in the trap after the contact decays with t,. Figure 3-10

shows the bolometer signals upon dumping the remaining atoms into the detection

region for various t,'s. The area of the signal, N,, indicates the number of remaining

atoms and is reproducible to better than 10% for the repeated measurements. The

N, is plotted against t, in the inset of Figure 3-10. The decay rate, T,-1 , due to

sticking to the surface can be evaluated by fitting the data points in the inset with

a function describing the decay (see the dashed curve in the inset). Knowing the

atom-surface collision rate, T•- 1, one can measure the sticking probability, s(T), at an

atom temperature, T, and a given 4He film thickness according to the equation,

s(T) = 7s-1/7c-'  (3.2)

The sticking probability is expected to be independent of surface temperature as
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Figure 3-10: Number of 300 yK atoms decays due to contact with the
surface. The six signals in order of decreasing area correspond to t, = 1, 5,
10, 15, 20, and 25 sec respectively. The dashed curve in the inset indicates
21 sec time constant of sticking decay.

long as the surface temperature is well below the energy, 0.6 K, of the ripplon created

when a hydrogen atom is absorbed on a superfluid 4He surface [6]. The temperature of

the surface was usually held below 85 mK during the contact interval. By varying the

surface temperature between 85 mK and 200 mK for some measurements, we found

that the influence of surface temperature on the decay due to sticking is negligible.
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Chapter 4

Data Analysis

The temperature, T, of the hydrogen atoms used in the experiment is determined

from the measured energy distribution. The deviation of the measured energy distri-

bution from the thermal equilibrium energy distribution in Equation 2.3 is discussed

in Section 4.1. In addition, the correction to the atom temperature, due to the ex-

pansion of the trap when atoms are brought into contact with the surface, is made in

the same section.

The sticking probability, s(T), is the ratio of the atoms' decay rate due to sticking

to the surface collision rate. The sticking decay rate is determined in Section 4.2

by fitting the data with a function which describes both sticking decay and dipolar

electron-spin relaxation decay. The calculation of the collision rate using a Monte

Carlo simulation is described in Section 4.3.

The film thickness measurements indicate that as 4He is added to the experimental

cell, liquid 4He layer capillarily condensates in the pores of the silver sinter while being

sub-saturated elsewhere, reaches saturation, and eventually accumulates into a bulk

puddle above the sinter. The analysis of the results of the film thickness measurements

is presented in Section 4.4.
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Figure 4-1: Discrepancy between the measured energy distribution with 51-
mK trap depth and thermal equilibrium energy distributions in Equation 2.3.
The solid curve is the measured energy distribution. The dashed curves are
thermal equilibrium energy distributions with T = 2, 4, and 6 mK in order
of increasing half width.

4.1 Temperature Determination

Atom temperatures in this experiment are associated with ten different trap depths,

Et, ranging from 2.7 mK to 51 minK. The atom temperature can be determined by

fitting the measured energy distribution with a thermal equilibrium energy distri-

bution, n(E), as in Equation 2.3. The fit is quite good for the example illustrated

in Figure 2-8. However, as Et becomes deeper, the discrepancy between the mea-

sured energy distribution and a thermal equilibrium energy distribution gets worse.

In Figure 4-1, the measured energy distribution with Et = 51 mK is compared with

n(E) for T = 2, 4, and 6 mK. In this figure, either the peak of n(E) shifts away

from the measured energy distribution or the half width of n(E) is far narrower than



the measured energy distribution. Possible causes of the discrepancy are non-ergodic

behavior of atoms escaping from the trap, and an evaporative cooling effect due to

lowering the upper pinch field, when atoms are released from the trap for detection.

Based on the discussions of non-ergodic behavior and the evaporative cooling

effect, two methods are employed to determine atom temperature. The average of

the results of these two methods, with possible correction due to the expansion of the

trap when atom are brought into contact with the surface, is the quoted temperature

of the sticking probability.

4.1.1 Non-Ergodic Behavior of Atom Escaping from the

Trap

When the upper pinch field is being lowered during detection, not all the atoms with

energy above the field barrier can escape from the trap. This non-ergodic behavior

is due to atoms with energies greater than the threshold energy that happen to be in

orbits which do not bring them to the spatial location from which escape is possible.

In an ideal potential that can be completely decomposed into functions containing

only either radial or axial coordinate, energy mixing between the radial and axial

directions is impossible without the collisions between atoms. Our potential in the

trap region (the flat region between the two pinch field barriers) is close to this

type with small imperfections. The imperfections can be the coupling between the

quadrupole field and the bias field as well as the field inhomogeneity due to trapped

flux in the superconducting magnets. Those imperfections surely lead to energy

mixing, but are less important in a trap with deeper trap depth. Therefore, the non-

ergodic behavior of atoms escaping from a trap with deeper trap depth is expected

to be more pronounced.

We model the non-ergodic behavior of atom escaping from the trap by the equa-



1.00

-- 0.75

0.50

0.25

n

E-0
Io

. 3
IL

w-o 2E0LiJ

Lii.1

I
-o

A

0 2 4 6 8 10 0 2 4 6 8 10
Eatom [Eup] Eatom [Eup]

(a) (b)

Figure 4-2: The function that describes atom escaping from the trap. The
dashed, the solid, and the dotted curves correspond to v = 0.5, 1, and 4
respectively.

tion,

,Eom) 1 - (Ep/Eatom)V for Eatom > Eu (4.1)
f(E,•p,Eatom) = (4.1)

0 for Eatom < Eup

where f(E,,,Eatom) is the fraction of atoms, with total energy Eatom, that escapes

from the upper pinch barrier EuP. v is a parameter describing the ergodicity. The

motion of atoms is completely non-ergodic for v = 0.5, because 1 - Eup/Eatom is

just the fraction of atoms, with total energy Eatom, whose energy in association with

the axial motion is larger than E,,. On the other hand, v -- oo indicates completely

ergodic behavior, since all atoms escape from the trap as soon as the upper pinch

barrier is slightly lower than their total energy. In Figure 4-2, f(E,,Et,,om) and

df(E,,,Eatom)/dEup are plotted against Eatom. The model is compared with the

results of a simulation which counts the fraction of atoms that escape from the trap.

In the simulation, initial velocities and positions of atoms in the trap, with total

energy Eatom, are randomly chosen. The trajectory of each atom in the trap is found

by solving its equation of motion numerically [40]. The trap is kept static with the

1
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Figure 4-3: Fitting simulation data with f(E,p,Eatom) in Equation 4.1. In
(a), Etom = 10 mK and the fitted v = 1.67. In (b), E,tom = 50 mK and
the fitted v = 1.92. In both graphs, the trap profile is the 51-mK-deep one
used in this experiment except that Ep is varied.

upper pinch barrier at E,p during the detection. The simulation time is about 10

times as long as the mean time necessary for an atom to travel between the two

pinch barriers and is much shorter than the time of detection. Atoms either remain

in the trap or escape during the simulation. The fraction of atoms that escape from

the trap is obtained from the statistical average of many such simulations. v can be

determined by fitting the data from the simulation with f(E,,,,Etom) as shown in

Figure 4-3. The determined v's are listed in the following table:

trap depth (mK) 2.7 3.2 4.0 5.3 8.0 11 16 27 37 51

Eatom (mK) 0.75 0.87 0.87 1.5 1.5 2.0 3.0 5.0 7.0 10

v 3.88 2.49 2.03 2.03 1.52 1.27 1.85 1.66 1.54 1.67

With the determined v, the derivative of f(E,p,Eatom) with respect to E,p is the

impulse response function of atom escaping from the trap. Examples of the energy

distributions convoluted with the impulse response function, df(E ,p,Eatom)/dEp,I are
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Figure 4-4: Energy distributions affected by non-ergodic behavior of atom
escaping from the trap. In (a), the trap depth is 51 mK, T = 5.1 mK and v
= 1.67. In (b), the trap depth is 2.7 mK, T = 310 pK and v = 3.88. Both v's
are determined by fitting the simulation data with f(Eup,Eatom) in Equa-
tion 4.1. The solid curves are the thermal equilibrium energy distributions
in Equation 2.4 and the dashed curves are the energy distributions affected
by the non-ergodic behavior. The dashed curve in each graph is normalized
to the same area below curve as that of the solid curve.

given in Figure 4-4.

4.1.2 Evaporative Cooling Effect during Detection

When atoms are released from the trap for detection, the upper pinch field is ramped

to zero in about 10 sec. For atoms in a deep trap, this ramping time can be so long

that the atoms remaining in the trap are evaporatively cooled due to the lowering of

the upper pinch field. This is because atoms in a deeper trap are at higher temper-

ature and have a faster inter-atomic collision rate. The thermal equilibrium energy

distribution of a deep trap can be distorted by this cooling effect during detection.

The cooling effect due to lowering the upper pinch field during detection can be

calculated numerically with the assumption that the trap is always in thermal equi-

librium. In the calculation, we keep track of atom loss due to evaporation, dipolar

electron-spin relaxation, and release from the trap due to lowering of the upper pinch
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Figure 4-5: Energy distributions affected by evaporative cooling during
the detection. In (a), density on the axis of the trap is 2 x 1013 cm - 3, Et =
51 mK, and T = 5.1 mK. In (b), density on the axis of the trap is 1 x 1013
cm- 3, Et = 2.7 mK, and T = 310 yK. The solid curves are the thermal
equilibrium energy distributions in Equation 2.4 and the dashed curves are
the energy distributions affected by the evaporative cooling effect. All the
curves are normalized to the same peak height.

field. We also keep track of the energy carried away by the lost atoms. Moreover, the

state of temperature and density of the remaining atoms is determined at every mo-

ment during detection. The calculation proceeds iteratively . Given the temperature

and the density of the remaining atoms in the trap, the evaporation rate and dipolar

electron-spin relaxation rate in the trap are obtained. These rates and the variation

of the trap field profile enable the evaluation of atom loss and energy change. The

remaining atoms with updated energy reach a new state of temperature and density

according to Maxwell-Boltzmann statistics. Then, the evaporation rate and dipolar

electron-spin relaxation rate are obtained again. The above iterative process is carried

out during a simulated detection and the energy distribution affected by the evapora-

tive cooling is obtained. Two examples of a thermal equilibrium energy distribution

compared with a energy distribution affected by the evaporative cooling during the

detection are given in Figure 4-5.



4.1.3 Methods of Temperature Determination

The temperature of the trapped atoms is determined by two different methods. The

first method assumes that the trapped atoms are in a thermal equilibrium state de-

scribed by Equation 2.4. It calculates the energy distribution affected by evaporative

cooling during detection and then convolutes the outcome with df(E,,p,Etom)/dEP,.

Although v could be Etom-dependent, only one value of v is used in df(Eup,Eatom)/dEup

for the convolution. This v is determined from the fitting illustrated in Figure 4-3

with Etom chosen as the energy at the peak of the thermal equilibrium distribution.

The result of this convolution is again convoluted with an exponential decay function,

which is the impulse response function of the bolometric detection. The time constant

of the exponential decay function is about a few tenths of a second and is determined

from the decay tail of the measured energy distribution after the upper pinch field is

completely zeroed. These distributions are calculated for various temperatures and

then compared with the measured distribution. The calculated distribution that most

resembles the overall measured distribution sets the temperature of the atoms in the

trap. Examples of the above temperature determination are shown in Figure 4-6.

The calculated distribution with T = 5.1 mK resembles the measured distribution of

the trap with Et = 51 mK in Figure 4-6 (a) much more than the thermal equilibrium

distributions with T = 2, 4, and 6 mK shown in Figure 4-1. On the other hand, the

calculated distribution with T = 310 YK in Figure 4-6 (b) is as close to the measured

distribution of the trap with Et = 2.7 mK as the one with T = 300 KK in Figure 2-8.

The results are quite consistent with the pictures described in Section 4.1.1 and 4.1.2.

Although the above method models the measured energy distribution well, the ac-

curacy of the determined temperature is of concern for the following reasons. First of

all, the function describing ergodic behavior is not experimentally verified. Secondly,

the simulation for escape from the trap not only excludes collisions between atoms

but also neglects the imperfections of the trap potential such as azimuthal asymmetry

near the pinch fields of the trap and field inhomogeneity caused by trapped flux of

the superconducting magnets. Finally, the evaporation rate used in the calculation
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r-of the evaporative cooling effect during the detection might not be appropriate when

the upper pinch field is close to the temperature of the trapped atoms. Nevertheless,

all the above defects makes the determined temperature higher than the actual atom

temperature. Therefore, the temperature determined by the first method sets an

upper limit on the atom temperature.

The second method of temperature determination sets a lower limit on the atom

temperature. This method only compares the high energy tail of the measured energy

distribution with that of a thermal equilibrium energy distribution in Equation 2.3

and neglects all the distribution distortion effects mentioned earlier. The reason for

the neglect is that the high energy tail of the distribution should be less affected by

the distortion effects. The thermal equilibrium distribution for different temperatures

is normalized to the same area below the distribution curve as the one of the measured

distribution before the comparison. The temperature of the thermal equilibrium dis-

tribution whose high energy tail fits best in the comparison with that of the measured

distribution is taken as the lower limit of atom temperature. Examples of the above

temperature determination are shown in Figure 4-7. The temperature results of both

methods are listed in the following table:

4.1.4 Temperature Correction due to Expansion of the Trap

for Surface Contact

When atoms are brought into contact with the surface located at the bottom of the

cell, the lower pinch field is turned off as shown in Figure 3-6. The effective length of

the trap increases from 18 cm to 25 cm due to the absence of the lower pinch field.

Since heating caused by ramping the field is of concern, the time to carry out this

trap depth (mK) 2.7 3.2 4.0 5.3 8.0 11 16 27 37 51

method I (mK) 0.31 0.42 0.47 0.52 0.78 1.1 1.2 2.4 3.5 5.1

method II (mK) 0.30 0.35 0.36 0.45 0.65 0.80 1.1 1.9 2.5 3.5
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Figure 4-7: Comparisons between the high energy tail of a thermal equi-
librium energy distribution and that of the measured energy distribution.
In (a), T = 3.0, 3.5, and 4.0 mK from the bottom to the top of the dashed
curves and Et = 51 mK. In (b), T = 250, 300, and 350 KK from the bottom
to the top of the dashed curves and Et = 2.7 mK. The solid curves are the
measured distributions and the dashed curves are the thermal equilibrium
distributions in Equation 2.3.



expansion in the trap volume varies with trap depth. For 300 CpK atoms, it is 0.1

sec and on the borderline between free (isothermal) and adiabatic expansion. On the

other hand, for 4 mK atoms it is 1 sec, and the expansion is adiabatic.

The temperature change due to adiabatic expansion for our trap is calculated

according to conservation of entropy,

S = Etotai/T + ln(Z) . (4.2)

The total energy, Etotal, and partition function, Z, of atoms with temperature, T, in

the trap are given by

Z = ff eH(f,p/kBTddV (4.3)

Etotai = Jf H(i, p') e-H(f/kaBTdfd/r Z (4.4)

where the integration constraint is 0 < H(r, pl < Et. Before the expansion, the

trap profile and the temperature are known, and thus Etotal, Z, and S can be com-

puted. Since the trap profile is also known after the expansion and the entropy is

conserved, one can solve Equation 4.2 numerically to determine the temperature after

the expansion.

The temperature change percentage, calculated for the adiabatic expansion, is

always less than 5% for all our traps. We only adjusted atom temperatures by the

calculated changes for those expansions which are adiabatic. For the rest of the

expansions, the calculated changes contribute to the uncertainties of the quoted tem-

peratures.

4.1.5 Summary of Temperature Determination

An average of the two temperatures determined by the methods in Section 4.1.3 is

made. This average with the possible correction due to the expansion represents the

quoted temperature for the sticking probability. A part of the quoted temperature

error bar comes from the difference between these two temperatures. The magnetic

Li`l'"`~_t· --------
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puted. Since the trap profile is also known after the expansion and the entropy is

conserved, one can solve Equation 4.2 numerically to determine the temperature after

the expansion.

The temperature change percentage, calculated for the adiabatic expansion, is

always less than 5% for all our traps. We only adjusted atom temperatures by the

calculated changes for those expansions which are adiabatic. For the rest of the

expansions, the calculated changes contribute to the uncertainties of the quoted tem-

perat ures.

4.1.5 Summary of Temperature Determination

An average of the two temperatures determined by the methods in Section 4.1.3 is

made. This average with the possible correction due to the expansion represents the

quoted temperature for the sticking probability. A part of the quoted temperature

error bar comes from the difference between these two temperatures. The magnetic



field uncertainty of 50 IK and the uncertainty due to the expansion contribute the

rest of the quoted error bar. The atom temperatures in this experiment vary between

300 yK and 4 mK, corresponding to thermal de Broglie wavelength between 100

nm and 28 nm, and the temperature error bar varies between 5% and 20% of the

atom temperature. A table in Section 4.3 will show both the trap depths and their

corresponding atom temperatures.

4.2 Decay Rate Determination

The first step in the analysis procedure for determining the sticking decay rate is

to process the raw data collected from the bolometer. The processed data are then

integrated to obtain the number of atoms, N,, remaining after each surface contact

interval, t,. We plot N, against t, and fit the data points with a function which

describes both sticking decay and dipolar electron-spin relaxation decay in the trap.

The decay rate due to sticking is one of the resultant fitting parameters. The above

procedure will be discussed in this section.

The raw data of a typical bolometer signal are contaminated by 60 Hz pickup and

an oscillation as shown Figure 4-8 (a). The oscillation, which becomes noticeable for

superfluid 4He film thicker than 8 nm, is due to third sound (film thickness waves)

excited by heating associated with ramping the lower pinch field. Since the raw data

are taken digitally, the 60 Hz pickup is eliminated by the Moving Average method.

In Figure 4-8 (b), after being eliminating 60 Hz pickup, the data shows the oscillation

clearly. The sharp dip area in Figure 4-8 (b) is the signal of the atom flux. Excluding

the sharp dip area in the data, the oscillation is fitted with a function summing two

sinusoids as in Figure 4-8 (c). The two sinusoids correspond to two heat pulses, one of

which is due to turning off the lower pinch field when atoms are brought into contact

with the surface, the other of which is due to turning on the same field when atoms

are retracted. The data in Figure 4-8 (b) are subtracted from the fitting function (the

solid curve in Figure 4-8 (c)). The resultant data from the subtraction are shown in

Figure 4-8 (d). Finally integrating the atom flux, the area of the dip in the data,
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Figure 4-8: The procedure of processing raw data of bolometer signals.
The example (300 pK atoms contact bulk helium surface for t, = 25 sec)
given here has the worst signal to noise ratio of all analyzed data in this
experiment.

gives N,. Note that N, is not the absolute number of atoms. However, since the

bolometric detection is linear and only the relative numbers of atoms are needed to

determine the sticking decay rate, a calibration of N, is not necessary.

The atoms in the trap always decay due to dipolar electron-spin relaxation, and

encounter the sticking decay only when contacting the surface. The timing sequence

of an atom-surface collision experimental procedure is shown in Figure 4-9. The
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Figure 4-9: The timing sequence of a atom-surface collision experimental
procedure.

decay equation of number of atoms, N(t), in the trap is

-g a N(t)2 -- 1 N(t)

-g aN(t)2

for 0 < t < tc

for tc < t < t• + th

where g is the dipolar electron-spin relaxation constant mentioned earlier in Sec-

tion 2.3 and a is a time-independent constant define by Equation 2.9. The above

equation leads to

N,(tc) - N(tc+th) =
N(0)

(1 + Y-ys)etc/Ta + 7(th - Ts)

- = ga N(O) .

We keep tc = 0 to eliminate r, from Equation 4.6 and measure -y experimentally by

varying th. Once 7 is known, the data points of N,(tc) versus t, are fitted with the

function in Equation 4.6 and r, and N(0) are the only fitting parameters. The decay

rate due to sticking, 7T- 1 , was therefore determined and the percent uncertainty is

around 5% in all measurements.

Since 7 is always less than 10% of T.- 1 as well as th in this experiment, the decay

Lend of
forced
evaporative
cooling

turn off
lower
pinch field

dN(t) _

dt (4.5)

and

(4.6)

(4.7)

J | | --! !



function in Equation 4.6 is close to a simple exponential decay function. An example

of sticking decay rate determination has been given in the inset of Figure 3-10. Even

though the ratio of y to r7,-1 as well as th is about 0.1 in this example, the data points

are still pretty close to a line in a semi-log plot as expected.

4.3 Collision Rate Calculation

Consider an idealized geometry such as the one in Figure 2-4 where the upper and

lower pinch fields are replaced by perfectly elastic walls. The surface collision rate

for an atom on one of the walls is Pz/2Lz. Vz = 2kBT/Trm is the mean z-direction

speed and Lz is the longitudinal length. The surface collision rate, r7 1-, in our trap

(where confinement along the z axis is due to the helium surface at the bottom and

the upper pinch field at the top) calculated by a Monte Carlo simulation is compared

with the one of an ideal geometry in the following table:

trap depth atom temperature 7 - '  [sec-'] I _z/2L [sec-1]
-I I I

The deviation of r- 1

profile of our trap.

from the collision rate of an ideal geometry is due to the field

2.7 mK 300 [K 3.9 2.5

3.2 mK 380 yK 4.3 2.8

4.0 mK 420 KK 4.5 3.0

5.3 mK 480 pK 4.8 3.2

8.0 mK 720 pK 5.5 3.9

11 mK 950 pK 6.0 4.5

16 mK 1.2 mK 6.8 4.8

27 mK 2.1 mK 8.4 6.7

37 mK 2.9 mK 9.5 7.8

51 mK 4.1 mK 11 9.3



For each atom temperature, the Monte Carlo simulation begins by dividing the

energy of the trapped atoms into 20 slices. 50 atoms with random initial velocity

and position in the trap are chosen from each energy slice. The trajectory of each

atom is simulated in the trap by solving its equation of motion numerically [40]. The

trap is in the condition that the lower pinch field is turned off and the helium surface

at the bottom of the cell is accessible. The simulation time is long enough such

that each atom has several bounces from the surface, but shorter than the sticking

time constant. The mean time between two successive surface bounces of the atoms

is obtained for each energy slice. The mean times of all the energy slices are then

thermally averaged with a Maxwell-Boltzmann distribution. ,-' 1 is just the reciprocal

of the averaged result. The percent uncertainty of r[1 due to the simulation is less

than 8% with 0.68 (the probability that a Gaussian random variable is within one

standard deviation around the mean) confidence level [41] and the one due to the

uncertainty of atom temperature is less than 5%.

4.4 Liquid 4He Film Thickness: Capillary

Condensation and Saturation

In Figure 4-10, F is the 4He film thickness on the film burner, viz. bolometer, and A

is the amount of 4He added to the experimental cell. The data of F versus A in the

figure show three distinct regions of slowly growing, rapidly rising, and slightly varying

F, as A is increasing. The different symbols in this figure represent different filling

cycles of 4He. The method of the film thickness measurement has been described in

Section 3.4.

The region of slowly growing F, as A is increasing, indicates the pores of the sinter

are being filled and the superfluid 4He film is sub-saturated. The surface area of the

sinter is about 1 m2 and the apparent surface area of the rest of the cell is 780 cm 2 .

The total available surface area in the cell is large and the 4He film thickness increases

slowly. When 4He film thickness reaches about 3 nm, the sinter with 100 nm pore

a
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Figure 4-10: Film thickness on the film burner versus amount of helium
in the cell. The density of liquid 4He used here is 0.15 g/cm3 . The thickness
of saturated 4He film on the film burner is 24 nm. The label on the right
axis is the burning energy required for evaporating the 4He film on the film
burner as defined in Section 3.4.

size suddenly becomes filled. This behavior is capillary condensation and is consistent

with the observation in Reference [43]. In that reference, the critical film thickness

for capillary condensation for 4He on polycarbonate substrate Nuclepore with 80

nm pore diameter is 8 atomic layers (2.8 nm for liquid 4He density 0.15 g/cm 3).

Most importantly, this capillary condensation doesn't happen on the film burner. In

another independent film thickness measurement carried out in the experimental cell

described by Reference [22], no capillary condensation is observed [44]. There was no

porous surface in that experimental cell and the film burner (bolometer) used there

is constructed in the same way with the same material as the one in this experiment.

This fact assures the linearity of the method of film thickness measurement.

temperature]room
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After the sinter is filled, the available surface area in the cell decreases dramatically

and the superfluid 4He film is still sub-saturated. A small amount of 4He added to

the cell increases the film thickness substantially. This behavior is indicated by the

region of rapidly rising in F in Figure 4-10. The deviation of the data in this region

for the two different 4He filling cycles may be due to the changing surface area due

to the accumulation of hydrogen snow.

For sub-saturated 4He film, the thickness of the film above the sinter surface is the

same as that on the burner as well as elsewhere in the cell. When the film thickness

on the film burner reaches 24 nm, the superfluid 4He film in the cell is saturated.

Additional 4He added to the cell only increases the puddle above the sinter and

doesn't increase the film thickness elsewhere in the cell. Therefore, the thickness of

the liquid layer above the sinter surface is determined volumetrically, after 4He film

is saturated in the cell. The saturation is noticed by the region of slightly varying in

F in Figure 4-10.

Although the above analysis is consistent, there are some difficulties in the inter-

pretation of the observation. One is that the surface area, deduced from the reciprocal

of slope of F versus A in Figure 4-10, of the sinter and that of the cell are 25 to 30

times higher than expected. This could be the consequence of neglecting the surface

area created by hydrogen snow and by microscopic structure of the cell wall, exclud-

ing the surface area residing in the region of the discharge and the discharge filling

line, and underestimating the surface area of the sinter. Moreover, if hydrogen snow

and microscopic structure of the cell wall did contribute a fair amount of surface

area, then the observed capillary condensation of 4He film would also involve them.

Another difficulty is that the geometric surface area of the film burner is about 35

times less than the surface area calculated from E 0 at the saturation in Figure 4-10.

This could be due to neglect of the surface area created by the graphite film on the

film burner and by the microscopic structure of the quartz plate. Similar problems

have been also noticed in other independent experiments, using a same or different

film burner, in our group [44, 45]. Nevertheless, the results of the film thickness mea-

surements are justified, since none of the above difficulties affect the linearity of the

iI



measurement method.

The saturation film thickness at the film burner is 24 ± 2 nm. This value is

determined from the height of the film burner, 1.8 + 0.3 cm above the cell bottom,

and the equation of film thickness versus height given by

d = k/h / " . (4.8)

d is the film thickness, h is the height, and k and n are two parameters determined

by the experimental data in Reference [39]. For quartz which is one of the two film

burner surfaces, k = 228 ± 2 Acm 1 / n and n = 3.08 ± 0.3 at T = 2.10 K. For gold

which is plated on the other surface of the film burner, k = 323 + 3 Acm 1/" and n =

3.91 ± 0.15 at T = 2.13 K. Saturation film thickness of 24 nm equates the burning

energy of 800 pJ of the film thickness measurement. This calibrates the thickness

measurements at sub-saturated film coverage and contributes a percent uncertainty

of 10% to quoted film thickness. Another uncertainty comes from the reproducibility

of the measurements. Summing both uncertainties, the percent error bar for the

quoted film thickness is about 20%.



Chapter 5

Results and Conclusions

We have measured the sticking probability of atomic hydrogen on superfluid 4He for

atom temperatures between 300 jiK and 4 mK. Data are presented for 0.5 nm to 1

mm thick 4He films on a silver sinter substrate. Based on the analysis in the previous

chapter, the percent uncertainties of the data are 18% in the sticking probability,

5% to 20% in temperature, and 20% in 4 He film thickness. The measurements were

performed over a period of 8 weeks. The helium film was completely removed and

reformed a few times during that period. The reproducibility of the measured sticking

probabilities is consistent with the estimated uncertainty.

The results of the sticking probability measurements for bulk 4He provide the first

experimental evidence for universal quantum reflection and are in good agreement

with recent theories [10, 11, 9]. The observed the film thickness dependence of the

sticking probability demonstrates the influence of the van der Waals-Casimir force

due to the substrate.

5.1 Evidence for Universal Quantum Reflection

Sticking probability data on bulk "He for hydrogen atom temperatures of 300 pK

to 4 mK are presented in Figure 5-1. The two most recent theoretical calculations

from Carraro and Cole (referred to as CC) [10, 11] and Hijmans, Walraven, and
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Figure 5-1: Sticking probability of atomic hydrogen on bulk liquid 4He. 0:
this work; A: Berkhout et al. [12, 13]; solid curves: calculation of CC [11]
(upper curve, E, = 1.1 K; lower curve, EB = 1.0 K); dashed curve: calcu-
lation of HWS [9] (EB = 1.0 K).

Shlyapnikov (referred to as HWS) [9] are also shown as two solid curves and a dashed

curve respectively. For the dashed curve, sticking probability was originally calculated

as a function of El, the kinetic energy associated with the motion perpendicular to the

helium surface. The adjustment s(T) = (v /2) s(E±= kBT) is made, which applies

when s(E±) oc Vlj-. The differences between the two theories will be discussed in a

later paragraph. The binding energy, EB,, of a hydrogen atom on liquid helium surface

assumed in the calculation of the upper solid curve is 1.1 K, whereas that of the lower

solid curve as well as the dashed curve is 1.0 K. Several recent measurements of E,

by various techniques give values ranging from 0.89 K to 1.15 K [46, 47, 48, 49, 50].

The temperature axis in the figure is extended to include the higher temperature data

of Berkhout et al. [12, 13].
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The temperature dependence of the data of this work is in good agreement with

the curves of both theoretical calculations. The calculations of both CC and HWS

predict that s(T) oc VT as T approaches zero and the curve of s(T) is a little

flattened in the temperature regime of this work. The slope of our data can be fit by

a temperature exponent of 0.30 + 0.03 over this limited temperature regime. Hence,

the onset of universal quantum reflection is observed as predicted. On the other hand,

the theories are not consistent with the higher temperature data of Berkhout et al.

[12, 13]. Those data have linear temperature dependence for 145 mK < T < 526

mK. The discrepancy between the high temperature data and the theories implies

that the current theories are not adequate to describe surface sticking at the higher

temperature regime.

The magnitude of the data of this work is in excellent agreement with the values

calculated by CC. The calculations of CC and HWS employ the first-order distorted-

wave Born approximation (DWBA) to determine the sticking probability at bulk 4He

(CC's calculation might include corrections to the "distorted" wave function of the

incident atom). The interaction potentials between hydrogen atom and liquid 4He

used in CC and HWS are somewhat different. The potentials of CC and HWS are

plotted in Figure 5-2. The hydrogen-liquid 4 He potential in the calculation of CC

has the following asymptotic behaviors:

Vjc(z) --- #0/(1 + e1z) for z << 4 A (5.1)

- -(C3 /3) (z) for z > 25 A (5.2)

Po (= 37 K) is the penetration energy of hydrogen atom into liquid helium. 3 (=

0.568 and 0.587 A-1) is an adjustable parameter, which determines E, (1.0 and 1.1 K

respectively). C3 (= 223 KA 3) is the coefficient of van der Waals potential. Finally,

7(z) is the retardation correction approximated by

y(z) = (1 + z/A) - 1 (5.3)

Ni
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Figure 5-2: Interaction potential between hydrogen atom and liquid 4He.
The upper and lower solid curves are the potentials in CC's calculation with
EB = 1.0 and 1.1 K respectively. The dashed curve is the potential in HWS's
calculation with EB = 1.0 K.

where the characteristic length, A, is 200 A. On the other hand, the hydrogen-liquid

4He potential in the calculation of HWS behaves asymptotically like

Vws(z) - c[e2 /(z - zo) - 2eP3(z- z ) ]  for 0.1 A < z < 13 A (5.4)

S-C3/z 3  for z > 13 A (5.5)

where the short range potential is just a Morse potential and C3 = 219.7 KA 3 . In the

Morse potential, c = 5.14 K, f = 0.52 A-', and z0 = 4.2 A. The above parameters

correspond to EB = 1.0 K. It is difficult to define Uo in VHS(z), because VH,,(z)

diverges as z --+ 0 according to Equation 12 of Reference [9]. The behavior and

strength of both long-range attractive potentials of CC and HWS are very close,

except that the retardation effect is neglected in HWS's potential. As for the short-



range repulsive potentials, that of HWS is much stronger than that of CC. The

functional forms of both short-range potentials are quite different.

To summarize, the temperature dependence of the bulk data in this experiment

is consistent with the onset of s(T) cc vT behavior. The magnitude of the data are

in excellent agreement with the theoretical calculation of CC. The work is the first

experimental evidence for believing in universal quantum reflection.

5.2 Demonstration of the Influence of the van der

Waals-Casimir Force

As the 4He film on the surface becomes thinner, the van der Waals-Casimir force due

to the substrate underneath the 4He film has more influence on impinging hydrogen

atoms. The effect is clearly shown in Figure 5-3. Four different symbols from the

top to the bottom of the figure correspond to film thickness of 0.5 nm, 3 nm, and 10

nm and a bulk layer. Not only does the temperature exponent of the sticking prob-

ability varies over the range of film thicknesses, but the magnitude of s(T) changes

dramatically. For comparison, the sticking probability of 300 YK atoms on bulk 4He

is 0.013, whereas on 0.5-nm thin 4He film it is 0.66. This 50-fold change in sticking

probability is quite striking.

In Figure 5-3, the 10-nm data were taken when the sinter surface was fully covered

by the liquid helium. The 3-nm data correspond to the pores of the sinter just being

filled and the 0.5-nm data correspond to open pores. This behavior of the superfluid

4He film has been described in Section 4.4. The dotted line is a representative of the

data in a previous experiment [16]. These data were taken in the situation that the

surface was an epoxy substrate covered by approximately 6-nm-thick superfluid 4He

film. There is little doubt that the previous results are influenced by the substrate.

The curves of CC [10, 11] and HWS [9] in Figure 5-3 were originally calculated as a

function of E1 . Since both curves are pretty flat, the adjustment of s(T) = s(E±=

kBT) is made, which applies when s(El) depends only weakly on E1 . Two solid curves
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Figure 5-3: Sticking probability of atomic hydrogen on liquid 4He covered
surface. 0: 0.5 nm; A: 3 nm; v: 10nm; O: bulk limit; dotted line: the
results from a previous experiment [16]; solid and dashed curves: calculations
for 5-nm thickness of CC [11] (C, = 5000 K'k 3) and HWS [9] (C, = 4600
KA3) respectively. The temperature and sticking probability uncertainties
of the data are the same as those in Figure 5-1.

are calculated by CC [10, 11] with the same potential and parameters. The difference

between the two is that the lower solid curve is obtained using the first-order DWBA

method, while the upper one is obtained using first-order DWBA with corrections to

the "distorted" wave function of the incident atom. The dashed curve is calculated by

HWS [9] with first-order DWBA. The interaction between hydrogen atoms and the

sintered silver substrate in the experiment might not be properly represented by the

theories and the roughness of the surface in the experiment might influence the results.

Thus the lack of quantitative agreement between the data and the calculations is to

be expected. However, the qualitative consistency of the temperature dependence is

encouraging.
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Figure 5-4: Interaction potential between hydrogen atom and liquid 4He
covered surface. Solid curves: Vc,(z,d) (upper and lower ones for d = 00
and 5 nm respectively); dashed curves: V-ws(z,d) (upper and lower ones
for d = oo and 5 nm respectively).

The potentials used by CC (V3c(z, d)) and HWS (V-,,(z, d)) for the calculations

of the above curves with thickness d are shown in Figure 5-4. Both potentials contain

a term corresponding to hydrogen-substrate van der Waals-Casimir potential. The

finite thickness effect of 4He layer is also considered in V,5 c(z, d) and Vws(z, d) by

subtracting part of hydrogen-liquid helium potential. The hydrogen-substrate van der

Waals-Casimir potential in Vc(z, d) has the same functional form as Equation 5.2.

For cV,(z, d), C, (hydrogen-substrate's C3) = 5000 KA 3 , 3 = 0.587 A-', and the rest

of parameters are the same as those in Vb,(z). On the other hand, the hydrogen-

substrate van der Waals-Casimir potential in Vws(z, d) is

- g(A/[z+d]) C, / (z + d)3 (5.6)
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Figure 5-5: Retardation effect on sticking probability. In (a), the solid and
dashed curves are predicted by HWS [9], with and without retardation effect
respectively, for d = 5 nm. In (b), the diamonds and crosses are predicted
by CC [11], with and without retardation effect respectively, for T = 100
/iK.

where g(A/[z+d]), the retardation correction, is given by

g(1/x) = [1 - (1 + x) e -2 x] / x . (5.7)

For Vws(z, d), C, = 4600 KA3 , A (characteristic retardation length) = 200 A, and

the rest of parameters are the same as those in V ws(z).

It is interesting to examine the retardation effects reported in both calculations.

Figure 5-5 (a) shows the sticking probability versus temperature with and without

retardation effect. Figure 5-5 (b) shows the sticking probability versus thickness

with and without retardation effect. The retardation effects on the temperature

exponent (shown in Figure 5-5 (a)) and the magnitude (shown in Figure 5-5 (b))

of the sticking probability are significant. Figure 5-6 presents the measured film

thickness dependence of the sticking probability for 300 KK atoms. At the moment,

there are no calculations available for a direct comparison between the experimental

Eno
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Figure 5-6: Film thickness dependence of the sticking probability on film
thickness at a temperature of 300 IK.

data and theories. Nevertheless, with more accurate film thickness measurements on

a better characterized substrate, the Casimir-Polder force could be determined from

data similar to that shown in Figure 5-6.

5.3 Summary

The sticking probability data of atomic hydrogen on a silver sintered surface covered

by superfluid 4He have been presented. The atom temperatures are between 300 ypK

and 4 mK, corresponding to thermal de Broglie wavelengths between 100 and 28 nm.

The magnetic field uncertainty for a shallow-depth trap limits atom temperature at

the low end, and the heating caused by ramping high magnetic fields prevents us from

measuring the sticking probability at a higher temperature. The thickness of the 4He

film on the top of the surface varies from 0.5 nm to a bulk puddle. The silver sinter

__



underneath the 4He film assures that the temperature of the film does not rise due to

hydrogen recombination heat generated during the sticking events. The choice of the

sintered substrate limits the accuracy of our measurements of the sticking probability

at the lower film coverages. On the other hand, the data for bulk liquid 4He coverage

are not affected by the substrate.

The bulk data provide the first experimental evidence for universal quantum re-

flection. A comparison between the bulk data and the theories of both CC and HWS

implies that the sticking probability is very sensitive to the hydrogen-liquid 4He short-

range repulsive force. For the same binding energy, the sticking probability due to the

potential with a stronger short-range repulsive force (the dashed curve in Figure 5-2)

is about 5 times less than that with a weaker one (the upper solid curve in Figure 5-2).

This suggests that the sticking probability measurements for bulk coverage not only

examine the quantum nature of atom-surface collisions, but also provide an excellent

opportunity to understand and model the short-range interaction.

The thin film data clearly demonstrate the van der Waals-Casimir force due to

the substrate and the 300 pK thin film data have a 50-fold change in the sticking

probability from the corresponding bulk data. The theories of CC and HWS also

predict considerable differences in the thin film sticking probability depending on

whether one includes the retardation effect in the hydrogen-substrate potential. This

suggests that the thin film sticking probability measurements can provide a means of

studying the Casimir-Polder force under controlled conditions.

Further study of universal quantum reflection in a lower temperature or energy

regime and improved measurements of the thickness dependence of the sticking prob-

ability on a well-understood substrate are the natural directions to proceed. A brief

discussion of these will be given in the next chapter. In conclusion, as is demon-

strated by the results of this work, sticking probability measurements provide a great

opportunity to explore interesting physics.
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Chapter 6

Design of Future Experiment

This work has been well received [51]. It is the first step toward a detailed under-

standing of universal quantum reflection and determination of the Casimir-Polder

force. In this chapter, techniques and apparatus for the next generation experiments

will be suggested.

The sticking probability of atomic hydrogen on bulk 4He behaving V'7 or vEI

for T or El ranging from 30 to 300 yK is predicted by the theories [10, 11, 9]. E1

is the the kinetic energy associating the motion perpendicular to the helium surface.

The predictions are shown in Figure 6-1. Although we have difficulty producing atom

temperatures below 100 1 K, it is feasible to have El as low as 30 yK (0.5 Gauss) by

some modifications of the current trap. The technique as well as the modifications of

the trap for producing 30 yK El is presented in Section 6.1. Atoms this slow would

significantly extend our ability to study universal quantum reflection.

The above technique can be also generalized to measure the sticking probability

at energies higher than 4 minK. Measuring the temperature dependence of the sticking

probability over a wider temperature range with bulk 4He will allow one to character-

ize and quantify the hydrogen-liquid helium short-range interaction. The interaction

potential between atomic hydrogen and a liquid 4He covered surface can be written

__
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Figure 6-1: Prediction of universal quantum reflection for sticking proba-
bilities of 30 to 300 pK hydrogen atoms on bulk 4He. Solid curve: CC (EB
= 1.1 K) [10, 11]; dashed curve: HWS (EB = 1.0 K) [9].

as

V(z, d) = VI_~He(z) - (z) C3 (1/3 - 1/(z+d)3) - Y(z+d) C,/(z+d)3  (6.1)

where a small number, which prevents V(z, d) from diverging at z = 0, in the de-

nominator of the van der Waals potential is omitted. Vi n eH(z) is the hydrogen-liquid

helium short-range repulsive potential, -y(z) is the retardation correction, d is the film

thickness, and C3 and C, are the hydrogen-liquid helium and hydrogen-substrate van

der Waals coefficients respectively. The liquid 4He surface facing incoming atoms is

at z =0. For C3 < Cs,

V(z, d) ~ ViHe(z) - -(z+d) C,l(z+d)3 (6.2)



Therefore, with adequate knowledge of Vs', , , measurements of the thickness depen-

dence of the sticking probability on liquid 4He film covered surface is equivalent to

study of the Casimir-Polder force. The thickness dependence of the sticking probabil-

ity is only affected by the long-range potential and, on the other hand, the magnitude

of the sticking probability is influenced by both short-range and long-range poten-

tials. Identifying the Casimir-Polder force from the thickness dependence seems less

argumentative than that from the magnitude. For the film thicknesses where the re-

tardation effect becomes dominant, more theoretical effort should be expended to find

the difference in thickness-dependent exponent of the sticking probability depending

on whether one includes 7(z). The best candidate for the substrate may be an alkali

metal, because of its strong polarizability in dipole-dipole interaction. Any other

material with well-understood van der Waals coefficient would also be a good choice.

In any case, the surface structure of the substrate should be well controlled. A high

fidelity film burner is proposed in Section 6.2. This easily-implemented device can

be suitable for measuring film thickness with reasonable accuracy. Once quantitative

data of the sticking probability versus film thickness are obtained, the Casimir-Polder

force will be demonstrated clearly.

6.1 Method of Obtaining Atoms with Low

Incident Energy on a Surface

The basic idea of the technique of producing E± as low as 30 1sK is to separate

the lower field barrier of the trap and the magnetic field at liquid 4He surface by

a fixed amount, 0.5 Gauss, for 30 KI(. The uncertainty, AEl, is controlled by the

decrement in the low pinch field when atoms are released from the trap. AEL can

be as small as 0.1 Gauss (7 uK). This is illustrated in Figure 6-2. The apparatus

that realizes the technique is shown in Figure 6-3. Most of it is the same as used

in this experiment, except that the lower end of the cell is extended. The extension,

surrounded by two new copper-wire-wound solenoids outside the vacuum can, is in

Now
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Figure 6-2: Sketch for producing 30 pK atom-surface collisions.

a small diameter. The new solenoids are expected to generate magnetic fields less

than 15 Gauss. Through careful design, the new solenoids might be made small

enough that the extension can have the same diameter as the rest of the cell. One

of the solenoids is the surface solenoid which generates the field at 4He surface. The

other is the differential solenoid and generates a part of the lower field barrier of the

trap. The lower field barrier of the trap is now the sum of the field generated by

Surface
Solenoid

Differential
,Solenoid

Helium
I

,Surface

>:t::::--------- -- II-

Gravity Direction

Bolometer

•fWA 7 - • • 1 ...................

N --- --- e----
--------=- ---= ----- - --.. ....... ------ C l - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- ------ -7- -- ---- -- -

--- -- ----- ---- --------- ---

Quadrupole Lower
Magnet Pinch

Solenoid

Figure 6-3: Apparatus for producing 30 KK atom-surface collisions.
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Time 60s Is 5s s . ...
t 1 t 3 3 t4 t5

Upper Pinch Filed [Gauss] 50.5 \ 15.5

Lower Pinch Filed [Gauss] 50 \ 15

Differential Filed [Gauss] 0.5 \ 0 0.5

Surface Filed [Gauss] 15

1

1

Figure 6-4: Example of the experimental procedure for producing 30 IK
atom-surface collisions. The number in each box indicates the strength of
the magnetic field in Gauss during the time period of the length of the box
and the arrow denotes the field is ramping down or up.

the differential solenoid and the field generated by lower pinch solenoid. Two on-site

Hall probes measure the field at the liquid 4He surface and the lower end of the trap.

From earlier experience, magnetic field measurements with 0.1 Gauss precision at

liquid helium temperature are achievable. All the above modifications of the current

apparatus can be implemented without difficulties.

An example of the experimental procedure for producing 30 ,K El is described in

Figure 6-4 and the time evolution of the energy distribution of the remaining atoms

in the trap is shown in Figure 6-5. At ti, the trap is just at the end of a forced
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evaporative cooling. The trap depth is about 50 Gauss (3.4 mK). After a typical 60-

sec period, the trapped atoms should reach thermal equilibrium with a temperature

of about 340 yK at t2. At this temperature, the energy at the peak of the energy

distribution is around 850 pK. In the next 1 sec after t 2, the trap depth is lowered to

a value (close to the energy at the peak of the distribution), say 15.5 Gauss (1 mK).

At t3, the lower pinch solenoid contributes 15 Gauss to the lower field barrier of the

trap, and the differential solenoid contributes 0.5 Gauss. During the interval between

t3 and t4 , the atoms with energy higher than the trap depth escape and the remaining

atoms haven't reached a new equilibrium. Therefore, a fair number of trapped atoms

are just below the trap depth at t 4. The surface field is always kept at 15 Gauss,

which is 0.5 Gauss (30 yK) below the trap depth. Now, the differential solenoid is

instantaneously lowered by 0.1 Gauss at t 4 and risen back at ts. All the trapped atoms

within this 0.1 Gauss energy slice are released from the trap through a tiny orifice at

the lower end of the trap during this 1 sec interval between t4 and t5. These atoms are

just like a jet coming out of a container and most of their energy is associated with the

motion perpendicular to the liquid 4He surface. They bounce back and forth between

the liquid helium surface and the lower barrier of the trap yet have only El = 30

yK when they reach the surface. Upon sticking to the surface, atoms will recombine

and the recombination energy will be detected by the bolometer. Therefore, one is

able -to measure the sticking probability of 30 yK hydrogen atoms on bulk 4He from

the decay curve of the bolometer signal. Signal averaging, increasing the ratio of the

quadrupole field to the pinch field to enhance atom flux, and shortening the distance

between the surface and the lower end of the trap to decrease atom traveling time

can be used to improve the signal to noise ratio.

The above method of slicing the energy distribution of trapped atoms will not

only produce El as low as 30 KK but also minimize the heating due to ramping the

fields. The third sound oscillation caused by the heat pulse was one of the major

noise sources in the raw data of this experiment. Furthermore, this method can also

be employed to measure the sticking probability at atom energies higher than 4 mIK.

The great advantage is that the field barrier doesn't need to be zeroed for surface
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Figure 6-6: Structure of a high fidelity film burner.

contact, so a lot of heating is avoided.

6.2 High Fidelity Film Burner

A High fidelity film burner is one that can be used to determine a 4He film thickness

directly from burning energy measurements. As the plots shown in Figure 3-8 and

Figure 3-9 indicate, the signal to noise ratio of the burning energy measurements is

excellent. However, the burning energy of a film burner, as well as the resonance

frequency of a crystal quartz microbalance and the capacitance of a liquid-4He-filled

capacitor, only measure the volume of liquid 4He film. In order to determine the film

thickness directly, the surface structure (surface area) of any thickness measurement

device has to be well characterized. A high fidelity (Hi-Fi) film burner can be designed

to meet the above requirement.

A possible design for a Hi-Fi film burner is shown in Figure 6-6. It is similar

to the one used in this work, except that a top plate is added. The top and bot-

tom plates sandwich the graphite film, the electrodes, the nylon suspending fibers,

and the NbTi wires. In the current design, these sandwiched elements are uncovered

and contribute to the uncertainty of the surface area of the film burner. This uncer-

tainty can be eliminated in this design provided the two plates of a Hi-Fi film burner

Nylon



have a well-characterized surface structure. Super-polished quartz is an example of

a material with this property. Unlike a bolometer (the current film burner) for very

sensitive energy measurements, a film burner is not required to have low heat capacity.

Therefore, the choice of the plate material should be more flexible. The construction

procedure of a Hi-Fi film burner can be the one described in Section 3.3, with the

top plate grown by MBE technique or placed by other methods in the last step. As a

precaution, the surface area of a finished Hi-Fi film burner can be examined by SEM

or another more advanced, but non-destructive, microscopic imaging method.

Although the measurement precision of a Hi-Fi film burner might not be as good

as that of a quartz microbalance, the measurement accuracy of a Hi-Fi film burner

is suitable for studying the thickness dependence of the sticking probability. Fur-

thermore, by placing a couple of Hi-Fi film burners at the different heights in the

experimental cell, the height dependence of 4He saturation film thickness can be ver-

ified. This provides a cross-check on the film thickness, as determined by the burning

energy. Most importantly, a Hi-Fi film burner could be developed in a short time

scale with our current knowledge of the film burning measurement and our current

technique of constructing a film burner.

6.3 Suggestions

Ultracold atomic hydrogen is a unique species. Along with Bose-Einstein condensa-

tion and high precision hydrogen 1S-2S spectroscopy, one should be able to achieve

some short-term physics goals with ultracold atomic hydrogen . The proposed s(E_)-

versus-El study of atomic hydrogen with E1 as low as 30 yK on bulk liquid 4 He and

the film thickness dependence of the s(El) are possible short-term physics goals. The

method and device described in this chapter require no dramatic innovations. They

can be developed in parallel with our major experiments and the proposed experi-

ment can be carried out in one-and-one-half years. In return for this small investment,

one could increase our understanding of universal quantum reflection and, possibly,

demonstrate clearly the Casimir-Polder force.
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