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Abstract

quitronium Reflection
by
Mare H. Weber

Advisor:  Professor L.O. Roellig

A high intensity positron beam has been used to create a beam of monoen-
ergetic positronium (Ps) atoms. The Ps beam was directed at surfaces to measure
to measure the reflected fraction of Ps. The positron beam was based on ®3Cu
irradiated with thermal neutrons in the High Flux Beam Reactor at Brookhaven
National Laboratory to obtain the G+ emitting isotope ®4Cu. Prepared as a single
crystal the copper source also functions as the moderator for the positrons. The
beam is accelerated and guided magnetically to a differentially pumped gas cell
filled with 107 3torr Ar. Positrons pick up electrons from the gas atoms to form a
beam of Ps. The differential cross section is strongly forward directed. With the
additional help of collimators a monoenergetic beam of Ps emanates from the ccll.
The Ps beam was scattered from a single crystal of LiF(100) and the reflected Ps
fraction was observed as a function of the scattering angle as well as the Ps beam
energy. A strong specularly reflected peak was observed. Below 8eV as much as
29% of the incident beam is reflected when the sample is heated to about 160°C.
At higher energies up to 56eV between 1% and 3% are reflected specularly. This
thesis represents the first measurement of Ps reflection from a surface and is a major
stepping stone towards the investigation of low energy Ps diffraction from ordered
solid surfaces. Important new insights about surface structures can be expected

from such a new probe.
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1. Introduction

In recent years much progress was made in the study of matter and single crystals
with positrons as the probe. In most cases the positrons are obtained from g+
decaying isotopes of various metals. They are emitted with a broad range of ener-
gies which is suitable only for the study of bulk properties.! As an almost direct
benefit the positrons could be moderated to thermal energies and then utilized in
monoenergetic low energy beams. The efliciency of such a moderator can be as
high as 103 of moderated positrons per produced energeti.c positrons. In spite of
that as can be seen in figure 1.1 the more important inteusity of such a source per
energy interval can be dramatically increased. The extension of solid state research
with positrons to surfaces and interfaces followed.? Low energy positron diffraction
(LEPD) was proposed and demonstrated.3—®

Simultaneously positron beams were used to measure cross sections of posi-
trons interacting with gasses. As the beam intensities increased work could be
shifted {from total cross section experiments to the investigation of the various partial
cross sections.®” Theoretical calculations® predicted a strongly forward directed
Ps formation cross section. B.L. Brown suggested to take advantage of this feature
and construct a beam of monoenergetic positronium atoms.? Such a beam was first
constructed at University College London.!°

Among the host of possible experirﬁents with a Ps beam, investigating the
possibility of low energy Ps diffraction (LEPSD) was proposed to be carried out
4,11,12

by a group of scientists at Brookhaven National Laboratory (BNL). Ps is

1
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Figure 1.1 — Positron intensity per energy interval versus the positron intensity on a double

log scale. Shown are the distribution for the 3 spectrum of 4Cu and the distribution when this
source has been moderated with an efficiency of ¢ = 10~3,

the lightest atom, which make it 2 unique candidate for diffraction experiments of
ordered surfaces. A Ps atom with a de Broglie wavelength of 1A needs to carry a
kinetic energy of 75eV. This compares favorably to He beams which need to be
cooled to 0.02eV to obtain the same wavelength. At such low energies He atoms
are unable to approach surfaces very closely. Ps can penetrate the surface potential
barrier much deeper. It should provide more localized information about the surface
potential, rather than He beams which see an average corrugated potential wall.}?
Coﬁtrary to electron and positron diffraction Ps diffraction is not complicated by

the Coulomb interaction of the charged particles. It was found that Ps cannot exist
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inside metals where the electron density is too large. Elastic scattering of Ps will

be determined almost exclusively by the solid surface.

On the other hand Ps consists of a weakly bound state of a particle —
the electron — and its antiparticle.’® If energetic enough it can break up upon
its collision with the surface. Above the band gap electronic excitations become
possible. Ps has a finite lifetime and its 'ortho ground state (the electron and positron
spins are aligned antiparallel) will decay with a lifetime of 142nsec. The big question
is whether Ps is scattered strongly enough to make Ps diffraction measurements
possible given current flux limits. Also no theoretical work is available on the
subject of Ps reflection for energies greater than 1eV. For very low energies Pendry

15 This work was

presented an estimates of the reflectivity for Ps from copper.
initiated to investigate the feasibility of LEPSD. A beam of monoenergetic Ps atoms
was constructed and directed at single crystal surfaces to measure the reflected
intensity. The production i)rocess for Ps from a beam of positrons in a cell filled
with a dilute gas was estimated to about 0.001 by B.L. Brown. He suggested the
use of He gas at a pressure of 10~3torr. In order to reduce the background pressure
at the sample differential pumping needs to be employed. The detectors for the Ps
were located about 40cm from the gas cell. Along this path some of the Ps beamn
will decay in flight to the fraction of 0.3 at an energy of 60eV. The Ps is detected
by its annihilation radiation when it hits a metal target plate. Large amounts of
shielding are required in order to reduce the radiation background from the gas
cell. A quarter of the formed Ps in the ground state will be in the para state which
decays with a half-life of 125psec. That means most of it will decay already in
the cell and contribute to the background. Background can be further reduced by
registering the two opposing annihilation v rays in coincidence. The efficiency of

coincidence detection is estimnated to about 1%. All factors are listed in table 1.1.

That means that on the order of 3.3 x 10°etsec™? are required to observe 1 Ps
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atom in coincidence. That does not include the reduced beam intensity due to the
less than total reflection. A reflection coefficient of 10% would make in excess of

3 x 10%T sec™! necessary to observe one count per second.

Table 1.1: Efficiencies for Ps reflection

Efficiency

Gas cell efficiency near 60eV Ps 0.001

Fraction surviving 40cm flight 0.3
Coincidence detection efficiency 0.01
Total efficiency at 60eV 3x10°8

Thus the success of this project was tied to the development of a high inten-
sity positron beam. Thé novel idea of combining the positron moderator with the
source promised beam intensities on the order of 10%e*sec™!. A pellet of copper
isotopically enriched in %3Cu is irradiated with thermal neutrons in the High Flux
Beam Reactor at Brookhaven National Laboratory to produce the positron emitting
isotope 84Cu. Separate tests showed that copper performs well as a moderator.1¢

I was involved in the construction and development of this beam. Once
positrons were available the gas cell section to generate the Ps beam could be built
to study the reflection of Ps. In this thesis I discuss some of the physics of producing
a self moderating source for a positron beam, the gas cell and my results from the
Ps reflection measurements. As the project naturally falls into three parts I will
divide iny thesis along those lines rather than into the more traditional sections

of theory, experiment and data analysis. Following this introduction are sections
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on the positron beam, Ps formation in the gas cell and finally the reflection of Ps.
Each section introduces the requirements necessary to continue in the next part.
Ouce the positron beam has been characterized the efficiency of the gas cell can be
mapped. For that section the reader may also refer to the thesis of B.L. Brown and
the chapters on Ps formation in a gas therein.!” In the last chapter on the reflection
of Ps the measured Ps efficiency curve is used to obtain the reflection coefficients.

In a brief summary I outline some of the planned work.



2. The Positron Beam

From the discovery of the positron in the early 1930s by Anderson!® the field
of positron ph&gics has developed and expanded rapidly. The research effort was
shifted from studies on th;a positr.on itself and its bound state with an electron
to the use of positrons as a tool in solid state research. The understanding of
the positrons’s interaction with its environment in metals enabled the construc-
tion of positron beams, that over the years have become more and more intense.!®
Positrons emanating from § decays rapidly slow down to thermal energies inside
the solid and begin to diffuse throughout it until they annihilate with an electron
or they reach a surface. To extract the positron from the solid an energy equal to
the work function, the sum of the chemical potential and a surface dipole potential.
The dipole potential is created by conduction band electrons spilling out of the solid
beyond the outermost ion cores. For positrons it is negative (i.e. pulling positrons
out of the solid). In a number of materials, like W and Ni single crystals or MgO,
the work function is negative. Positrons that reach the surface of these solids are
expelled into the vacuum or they are trapped in the surface potential well. The
expelled positrons gain a small amount of energy, the work function, and come (ﬁf
the surface in a cone which is strongly peaked in normal direction.

It is these positrons that can be accelerated to arbitrary energies and with the
help of electric and magnetic fields they are guided in a beam to an experimental
region. A continuously improving understanding of these processes increase the
moderator efficiency, defined as the ratio of the low energy (“slow”) positrons in a

6
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beam to the number of produced positronsin a source, from an initial 1079 to about
7x107% depending on the geometry at present.2?2! Beams delivering on the order
of 10° positrons per second are common. As source isotopes 2’Na and 58Co are
widely used. They can be deposited on tiﬁy needles which in turn face moderators
in various configurations. W and Ni single crystals are used for moderators in a
backscatteriig geometry, where the positrons that return to the surface facing the
source are utilized. In another geometry MgO powder is deposited on a venetian
blind structure made of various metals.?2 Again theb backscattered positrons are
é;ttracted and form the beam.

More recently thin foils measuring up to 1000nm in thickness were mounted
in a transmission geometry.2® Fast positrons from a source enter the single crystal
foil on one side, and the thermalized positrons that diffuse to the opposite side are
used. This method avoids the sh“a;dowing effect of the source holder, which blocks out
a considerable fraction of the beam from a backscattering geometry. The stopping
profile of positrons with the energy distribution of a § source (number of particles
thermalized per unit volume) drops off exponentially with increasing distance from
the source side.24 The foil has to be thin enough to enable diffusion of the positrons
through it. Materials with a high stopping power and a large diffusion constant are
desirable.

In all cases most of the produced positrons never reach the moderator. The
source itself stops positrons. They will annihilate in the source and be lost for
the moderation process. This self absorbing effect becomes increasingly important
with larger source sizes. In addition the source radiates in all directions, and the
moderator geometries intercept only a small fraction of the emitted positrons. The.
remeainder is lost. The closer source and moderator are placed together, the smaller
these losses are. Since most moderators require some kind of heat treatment to

improve their performance and the delicate source container does not withstand



Chapter 2 : The Positron Beam 8
great temperature differentials, the deposition of the source onto the moderator is
technically not feasible.

Another possibility is to merge the source and the moderator together into
one unit, a self moderator.2> This method has been developed for the beam used in
this project. The % emitting isotope %4Cu is embedded in a single crystal Cu(111)
moderator. The efficiency of such a self moderator depends strongly on its thickness,
it and is generally lower than that of a W(110) single crystal moderator. But this
is more than compensated by the much improved geometry. Self absorption is now
the source of thermalized positrons. Much larger sources can be used efficiently.

In this beam intensities as high as 10%¢*/sec have been observed and the-
oretical estimates reach 1.6 X 108¢% /sec. Further improvements could be achieved
by employing isotopic separation during the source deposition. The concentration
of the ®4Cu atoms can be increased by factors on the order of 1000 by separating
83Cu atoms from the activated copper with selective laser ionization methods.2® An
increase by more than an order of magnitude seems feasible. Such a source could
be reduced in size.

Presently the only other way to obtain positron intensities in this range is to
utilize pair production of bremsstrahlung from beam dumps of high energy electron
accelerators.?” |

Self moderating sources have a couple of disadvantages. To produce a rea-
sonable amount of source activity, neutron fluxes of more than 10"ng/cm?sec are
necessary, which are rare. Even more important is the purity grade of the copper
raw material. The slightest amounts of impurities of Al in the Cu for example
drastically reduce the efficiency of the moderation process. The W crystal sub-
strate could be a source of Carbon which will diffuse into the Copper layer during
the evaporation and annealing processes. These effects are believed to weaken the

intensity of the present beam to on the order of 107et /sec.
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The combination of the recently discovered Neon moderators in combina-
tion with the Copper source will make the impurity problem irrelevant. The large
moderation efliciency € = 7 x 10~2 and the near 100% reflection of thermal energy
positrons by the solid neon layer enable beamn intensities beyond those from a self
moderator.

In this section I will confine myself to the copper source used in conjunction
with the self moderating process, which was the starting point for my work on
positronium (Ps) reflection. In the following I shall discuss the moderation and
diffusion of positrons in more detail. We obtain %4 Cu source material by irradiating
isotopically enriched copper ®3Cu with thermal neutrons in the High Flux Beam
Reactor (HFBR) at Brookhaven National Laboratory (BNL). A section will discuss
the physics of this process. The last two sections describe the source apparatus and

the beam line and discuss the performance of the positron beam.

2.1. Positron Diffusion

Several things occur:
1) Positrons are implanted in the solid according to an implantation profile p(z).
2) They move by diffusion throughout it. A diffusion constant D describes

this motion together with the diffusion equation

DsZon(e) - Eonl) + Rapls) =0 1)

Here n(z) is the density distribution for the positrons, 7} is an average life

time of the positrons in the material, and Ryp(z) is the product of positron
beam intensity and a normalized implantation profile.

3) Eventually the positrons either annihilate inside the solid or they reach a

surface from where they either get trapped in surface states, are emitted

with an electron as Positronium (Ps), or are emitted as positrons.
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4) If the surface is actually an interface then, depending on the work function

between the two material, some positrons may actually be reflected back into
the original material.

In all practical cases the time dependance of the intensity of the initial source
of positrons is very much slower than that of the thermalization (10~'%sec) and dif-
fusion (10~!2sec) processes inside the solid. A time independent diffusion equation
adequately describes the ongoing process. A dynamic equilibriun exists.

In the following and also in the diffusion equation (1) above I have assumed,
that the solid under investigation has large area dimensions compared to its thick-
ness and a one dimensional calculation is sufficient. Let me further assume a totally
homogeneous solid which can have defects but they are distributed evenly across
the whole extent of the solid. Then both D, and 7 are constant. The product of

the two yields the square of the diffusion length L
L} =Dymy. (2)

Defining a function i(2) proportional to the density function n(z), which in this

case is a one dimensional density

Ryi(z) = Dyn(z), (3)
the diffusion equation can be rewritten as:

2 9 . 2
L+5-7 —1)i(2) = —L3 p(2). (4)

2
The homogeneous part (the left side of equation (4)) has the two solutions

i1(z) = exp{z/L;} (5a)

and

iy(2) = exp{—2/L+}. (55)
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For each problem a set of boundary conditions apply that define the value of z(z)
or that of the first derivative of 7, 8i(2)/8z at the boundary. The problem can then

be solved with the help of the appropriate Green’s Function

Ay(2)exp{z/L4} + A2(2')ezp{—2/L,}, 2<2

G(z,2') = (6)
By(2')exp{z/L4} + By(2')exp{—2/L;}, 22> 2.

G(z,2') has to meet the same boundary conditions as the problem under investi-

gation. In addition two more requirements have to be fulfilled. It is continuous at

z = z' and the first derivative with respect to z has a well defined step
G(z,72' =z —€) = G(z,2' =z +¢€), and | (7a)

0 0 1
—G(z,2' =z—¢€)— —-Z—G(z,z’ =z+¢€)= _L_ﬁ-_,

The solution for the given boundary value problem is then given by
i(2) = -I2 /iz'G(z,z')p(z') (8)

for any implantation profile p(z'). The flux at any point z, within the boundaries

can be calculated from

. 7]
j(z0) = *D+5; z=zon(z)
(9)
] :
=Rz, 12

To determine the efficiency of a particular moderator one needs to calculate the
i)ositron flux j at the surface and consider the fraction that does not get trapped in
a surface state or gets emitted with an electron as Ps. This fraction is the branching
ratio Yy, where the subindex stands for zero energy. Since I will only be talking

about positrons I will drop the subindex “+” from now on and write L rather than

L, for example. -
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Now the problem has been reduced to finding the appropriate functions

Ay, Az, and By, B;, which only depend on 2' and the particular boundary con-

ditions. T'wo basic possibilities exist.

1) The surface is such that all the positrons escape the material as soon as they

2)

reach the surface (or the interface). This case I consider as given when, for
example the positrons reach the vacuum surface of the copper moderator.
The capture of positrons into a surface state or the expulsion with an electron
as Ps is included into this case, since the positrons are lost to the diffusion
process. Ma;t‘hemativcally this means that the density of positrons vanishes

at the surface and

(2 =10. 0
i(#) surface (1 )

No positron can pass the boundary. This condition does not necessarily
apply to the flux of positrons in either direction. All positrons coming from
one side of the boundary will be reflected and the flux, i.e. the first derivative

vanish

g ., , _
F A ) surface 0. (11)

In the following I will combine these two conditions in a number of cases, which

represent a number of moderator configurations.

1)

2)

The case of a free standing moderating foil. It shall have an area of dimen-

sions that are very much larger than its thickness D.
i(0) =¢(D)=10 : (12)

This configuration is presently realized in the transmission moderator.
The thickness D of the above case can be increased towards infinity to sim-
ulate a thick solid (“thick” means that all positrons are stopped long before

the far end surface could play a role in the diffusion process).

D - (13)
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moderotor

Figure 2.1 — Layout of a free standing self moderating foil. A monoenergetic
beamn of positrons is implanted into the foil from one side. Thermalized positrons
will diffuse to either side. Some are emitted into the vacuum and can contribute to
the beam of “slow” positrons.

The thin layer (case 1) is mounted on a substrate of infinite thickness. In ad-
dition I assume for this case that the work function for positrons passing from
the substrate into the layer is negative. Both substances are moderating. In
such a case the interface can be considered as a diode, permitting “slow”
(1.e. thermal) positrons to pass only in the direction from the substrate into
the overlayer, but not the other way. The flux across the interface must be
negative (due to the chosen geometry in figure 2.2). For the calculation the
problem can be split into two parts, the equations for the overlayer, and

the equations describing the processes in the substrate. The four boundary
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conditions are:

i(0) =0, and
-5;z(z) p= 0, for the overlayer part; and (14)
i(D) =i(o0) =0, for the substrate part.

Once the flux out of the substrate is known, this can be used as input into

the calculations for the overlayer.

A

moderator

N ///

Figure 2.2 — Layout of a self moderator mounted on a substrate. Some positrons
will be implanted into the substrate. A small fraction diffuses back to the vacuum
surface of the overlayer. Thus the positron beam intensity will improve.

Let me now return to the first of the three problems:
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At the front (2o = 0) as well as at the back (2 = D) of the layer the positron
density vanishes. '

1(0)=1¢D)=0 (12)

Inserting this into the Green’s Function ansatz, two of the unknown functions,

A,(Z') and B,(2'), can be eliminated. Equation (6) appears in the simpler version
A(z')(emp{z/L} - e:cp{—z/L}), z2< 2

B(z’)(ea:p{z/L} — ezp{(2D - z)/L}), z2>2
Here 1 have omitted the subindices of A4; and B; as well as that of the diffusion

G(z,7') = (15)

length L for simplicity. The function is supposed to be continuous at z = z' (see

equation (72))
A(2) (ea:p{z/L} — eap{—2 /L})
= B(2)(ewp{z/L} - eap{(2D — 2)/L})
(16a)

and the derivative jumps at the same location by the amount —1/L? (equation (7b))

%A(z) (e:vp{z/L} + e:vp{—-z/L})

~ 2 B(2)(expl{2/L} + cop{(2D - )/ L)) (160)
1
SRS

After multiplication of the second equation (16b) with

(ea:p{z/L} —exp{(2D — z)/L})
and the elimination of on factor of 1/L, then (16a) can be substituted into it. The

the number of unknown functions is reduced to one.
A(3)|(cop{a/} + cap{-3/L}) (capls/L} - czpi(zD - /83
~(eeple/2} + eop((2D )/ ) (cnple/ 1} —apl-/3) [0
= — (cop{s/L} - eapi(2D - 2)/L})
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A number of terms cancel each other, when the products are multiplied out. The

final solution for A;(z') (the subindex is used again) end up to be

n 1 exp{(2D — 2")/L} — exp{z'/L}
Ai() = 2L ezp{2D/L} -1 (18a)
and for B,(2')
By(+') = 1 exp{z'/L} — emp{—z'/L}' (185)

2L exp{2D/L} - 1
This can now be plugged into the Green’s Function ansatz to yield the result
LU N
L sinh(D/L) .
{ sinh((D — 2')/L) sinh(z/L), z< 2'

G(z,2') = -

sinh(z' /L) sinh((D - z)/L), z2> Z'.
This can be inserted into the formula for the flux j at the location z = 2

) 0
i(z0) = L*Ro o
LRy,
.sm,h(D/L) 3z
a

+3z

. /dz'G(z 2")p(2')
rro / dz' sznh(

/ dz'sinh(z/L) sinh( D
=20 J2z

) sinh(2' /L) p(2') ' (20)’

Z)al))

The differentiation can be swapped with the integration and then performed.

= ——_——sinhl(zlo)/L) (—cosh(—q—;—zo—) ‘/()IZ(:iz'sinh(z'/L)p(z')

_ zo)sinh(zo/L)p(zo)
ey @
)P(Zo))-

+ Lsinh( D

D D_
+cosh(zo/L)/ dz'sinh(
2p

— Lsinh(z /L) sinh( 2=

Once again a couple of terms cancel each other and the flux at the two surfaces is

directed out of the foil. At zp = 0 I get:

i(0)= —__ mh(D T f a2 sinh( 2= p(z'). (22)
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At zg = D the flux has the same form except for an opposite sign. The actual
magnitude at each surface can differ depending only on the given implantation
profile. Which side of the foil will eventually yield more slow positrons, depends not
entirely on the implantation profile as equation (22) indicates. In the backscattering
geometry the source in front of the foil will intercept a considerable fraction of the
emanating positrons. On the other hand implantation profiles tend to be weighted
on the side of the incident fast positrons as I will show later. The latter will put

the transmission moderator geometry at a disadvantage.

The second of the above mentioned problems of a very thick moderator is
basically a variation of the just solved scenario. All that remains to be done is to
investigate the behavior of j(0) as the foil approaches infinite thickness. I start
from equation (22) and expand the sinh functions into the exponential function

components. One part will become zero.

. . 1
1131_1_11.0](0) =f Iyi»no [emp{D/L} —ezp{-D/L} X

(emp{D/L} /oDdz'e:cp{—z'/L}p(z') | (23)
D
- cap(~D/1} [ deop(s'/ Lot

The only remaining part is

jool(0) = Ro A “denp{—2' /L}p(=") | (24)

which is the Laplace transform of the implantation profile. Here I have to assume
that at some depth in the crystal the implantation profile will reach a maximum
and eventually decrease back to zero. In all practical cases this is certainly the case,

since the incident flux of fast positrons has to be finite.
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The third and last of the problems can be split into two sections. One deals

with the positrons in the substrate, and the other covers the overlayer. The work
function at the interface is such that thermalized positrons can diffuse only in the
direction towards the overlayer. Then the flux at the interface on the overlayer side
for that section of the preblem vanishes. The total flux is made up of the positrons
diffusing back from the substrate side. For the substrate section of the calculations
the interface can be considered as a vacuum surface. The density of thermalized
positrons vanishes here just as it did in the previously considered case of a “thick”

foil (equation 24). The subscript s will indicate the substrate:

o0
~ia=—Ro [ denp{~2'[Lo}pul2) (25)
0
For the overlayer section the following boundary conditions apply:
i(z =—D)=0 at the vacuum interface, and
a

s z_'oz'(z) = const. at the substrate side.

The diffusion equation is linear, and once more the problem can be simplified by
splitting it into two parts. One of them may have the flux j = 0 at the substrate in-
terface and contain the implantation profile. It will evaluate the fraction of positrons
that thermalize in the overlayer and reach the vacuum surface. For the other part
the flux is j = j, and .the implantation profile vanishes. This second part merely
describes the transport of the thermalized positrons from the substrate through the
overlayer. Again the Green’s Function ansatz needs to be made (equation 6).

Al(z’)emp{z}/L} + Ay(2")exp{—2z/L}, 2<2'

By(2')ezp{z/L} + By(2')ezp{—2z/L}, z>2Z'
The condition G(-D, z') = 0 is met by setting

G(z,2') = (6)

Ay(7') = —Ay()exp{—2D/L} = —A(2')exp{—2D/L} (26)
and from
) 1, 1
35|, = pB1(z) = Ba(2")) = 7 Bo (27)
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follows By(z') = By(#')— By = B(z')— By. The requirement for continuity at z = 2’

can be converted into the equation

A(")(ezp{2'/L} — exp{~(2D + #)/L}) (28)
= B(z’)(emp{z'/L} + emp{—z'/L}) — Byezp{—z'/L}.

The defined step in the derivatives at z = 2' yields the last equation for the unique

solution of A and B.

s =2 4(!) (eap{=/ L} + eap{~(2D + )/} (29)
—%B(z')(emp{z'/L} - e:cp{——z'/L}) - %Boewp{—z'/L}

Again, multiplication of the above equation (29) with

L(ea:p{z'/L} — exp{—(2D + z')/L})

makes the combination with the previous equation (28) easy. The results for A(z')

and B(2') are then

A(2') = T(D/L) [Bo - % (eapl#'/L} + ea:p{—-z'/L})] , (30a)
and
B(z') = T(D/L) [Bo - 2_115 (e:cp{z' L} — exp{~(2D + 2') /L})] . (300)

I defined the factor T(D/L) as

1
1+ ezp{—2D/L}

__ ep{pjmy c
= cp(DJL} + eop{ DL} (80c)
_ 1eap{D/L}
2cosh(D/L)’

T(D/L) =
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The solved Green’s Function is then

G(z,2') = Zo“sZ(IJJTL)" |
(Bo - %cosh(z’/L)) sinh((D + 2)/L), 2< 2
(Boemp{D/L} ~ Lsinh((D + 2')L)) cosh(z/) (31)
— Bycosh(D/L)exp(~z/L), 2> 2.

For the flux j(zp) this means

i) =21t 2| [ a0, i) (32)

D

The index ! indicates the overlayer. The solution for the Green’s Function in equa-

tion (31) can be substituted into this.

7,
jiz0) = RoLi 5~

X

Z=Z0

[Bo(emp{D/L}j;’jT"((;—//% copl-2/1a}) [ )
+ B cosh(z/L smh( ) /dz p(#) (33)

1/L
—m(‘ﬁ}“i,‘)("‘”"(’/“)/ desinh( 2L 1006

+.9inh(DIj;z)/de'COSh(z'/Ll)P(ZI))]

Let me first deal with the terms, which contain the factor of By. The flux is only
of interest at the vacuum surface where z = —D. A number of simplifications are

possible, leaving

WD) = s / d2'cosh(s'/ L)p(#'). (34)

At the location z = 0 these terms of the flux add up to zero, and I do not need

to consider themn, while determining the value of By. So let me no look at the
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remaining terms which contain the factor of By.

, _ Ro Ly
.72(20) = Bom X

[(e:cp{D/L;} sinh(zo/L1) + ea;p{-—zo/Ll}co.sh(D/Ll)) ‘/:ojdz'pl(vz') (35)
+ Lz (ea:p{D/L;} cosh(zo/L;) — exp{—zo /L;}cosh(D/Lz))p;(zo)
)/dz 'm(2') - L,sznh( )pz(zo)]

E
This contribution to the flux has to match the flux of positrons coming from the

+ cosh( D+

substrate. That permits me to calculate the value of By by setting j2(0) = j,(0)

and solving for By.

_ fo dz'exp{—2'/L,} ps(2')
o= L’ J2pd2 m(2') <o)

This result can be plugged into equation (35) and when substituting zp = —D I get

J2(=D) = Wf dz'exp{—2'/L,} p,(2')
1
= osh(DL)’"

This means that the substrate contribution drops off as cosh™*(D/L;) which is very

(37)

fast since in most realistic cases of overlayers D > L; ~ 103A = 102nm. The sum
of j; and j, from equations (35) and (37) forms the total flux of “slow” positrons

out of the surface of the overlayer.

Ry N
cosh(D/Ly)

(Awdz'emp{—z'/.l}a}p(zl) + [_ogz’coah(z’/Ll)Pl(Z'))

j(=D) = - (38)

Finally I would like to summarize the results of the 3 problems: (noted are
always the absolute values of the flux, which points out of the material in every

case)
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1) Backscattering from a self supporting foil of thickness D

Ro d—z'

D
(D) = W/o dz'sinh(

2) Transmission through the same foil

D 2!
Ji(D) = m—/L—)»/o dz'sinlz(f)p(z') (39)

3) Backscattering of “slow” positrons implanted into a thick

) p(2') (22)

(D — o0) crystal

oo = Ry ‘/ojiz'ewp{—z'/L}p(z') (24)

4) Backscattering from a layer (index !) of thickness D on top of a thick sub-

strate (index s)

" Ry
D) = cosh(D/Lz)

/ dz'exp{—2'/L,} p(7' / dz'cosh(2' [ L) pi(2 ))

(38)

To determine the absolute values of the positron flux in each case, the knowl-
edge of the implantation profile is required. I will deal with that in the

following section.

2.2. Implantation Profiles

To estimate the intensity of a given source and moderator combination it is impor-
tant to know the implantation profile of the positrons in the moderator. Thermal
positrons diffuse only on the order of several 100A to a few 10004 in a single crystal.
Thus the more positrons stop close to the surface of the moderator the higher the
efficiency will be. This in turn also depends on the energy distribution of the par-
ticular source and on the stopping characteristics of the moderator. The former has

been measured and the case of the 1 emitter $4Cu is shown in figure 2.3 below.?®
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Figure 2.3 — Energy distribution of a B* source (in this case ®*Cu). The endpoint energy is
I, = 658keV.

More recent work with positron beams as well as Monte Carlo studies support

an implantation profile shape for a monoenergetic beam that can closely be modeled

by a Makhovian style profile!?:29-31

m-—1

pm(z) =m ea:p{-—(—:;)m} (40a)

2y
where m is a shape parameter. 2z is a stopping length of the absorbing material,
and it is related to the mean depth z and the beam energy.

z

Zoz——————-—r(l-}_#)

,and zZ=AE" (400)
The constants m, A and n have been determined experimentally to be

m=~1.9
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_ g -1

n=1.6

and p is the density of the absorbing material. Several profiles of this shape are

shown in figure 2.4 for various incident beam energies E.

0.15

I mplantation fraction (nm™")
o
3

0.05 fr -
0.00 - L
0 20 40 60 80
' Depth (nm)
Figure 2.4 — Implantation profiles of monoenergetic positrons incident on a copper crystal.

The different curves show the effect of the positron energy E.

The implantation profiles of a #+ source have been measured to be close to
an exponential shape.?? To check this, I have convoluted the energy spectrum of
a %4Cu source with the implantation profile of monoenergetic sources to obtain the

pcu a pm 2 ? 'EE
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E, = 0.658M¢eV is the endpoint energy for this source. I should note that the
implantation profiles for monoenergetic positrons have only been measured for en-
ergies far below E, and I had to assume that this dependance is true for all relevant
energies. The result of this calculation is shown in figure 2.5 together with an ex-
ponential function that best fits the shape of the convoluted result. for both cases

copper was chosen for the absorbing material.

p(d) (107°nm™")

0 2 i 1 1 L [ L [ 1
0 20 40 60 80
I mplantation depth (um)

Figure 2.5 — Estimates of the implantation profile of positrons emanating from a 8Cu source
thermalizing in copper. Plotted is the fraction of the positrons generated that thermalize in a
small layer of thickness Ad versus the implantation depth into the material d. The area under
each curve was normalized to 1. The solid line represents the result of the convolution of the
B* spectrum with the implantation profile of monoenergetic positrons, and the dashed line is an
exponentially decreasing function that best fits the convolution result. Except at very shallow
depth agreement is feirly good.
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Considering the uncertainties in the convolution calculation the agreement
between the two profiles is reasonably good, except at very shallow depths. Con-
sequently I shall use an exponential function for the following calculations of the
implantation profile of a material that is simultaneously the source and the moder-
ator. Such a configuration I will refer to as a self moderator.

Positrons will leave a tiny volume element in the source isotropically in all
directions and a fraction p,(r) will thermalize at the distance r from this volume
element.

pa(r) = acop{—ar} (42)
For these calculations I will consider a thin foil of thickness D and a surface area
Area = h®. The sides of the foil shall be large compared to its thickness (h >
D). For this case the problem of the positrons thermalizing in the foil and their
subsequent diffusion to a surface can be reduced to one dimension perpendicular
to the surface of the foil. The foil itself will be mounted as an overlayer on a
substrate. In this case I will consider the case of a copper layer with the positron
emitting isotope **Cu on a W(110) single crystal substrate. Both parts are capable
of moderating positrons. Figure 2.6 is a cross section of the foil and its substrate
and also defines all the used parameter.

Let me suminarize the assumptions, that I make in addition to restricting
myself to a one dimensional case:

1) The source activity 4 is spread homogeneously across the foil. The activity

density (activity per unit length in this case) is defined as

activity

-7 D

2) There is no source material at z < —D (i.e. in the substrate).
3) When encountering the interface, positrons get either reflected elastically

or penetrate into the substrate without changing their momentum. The
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Figure 2.8 — Cross sectional sketch of the thin layer on a substrate. Positrons

are emitted at a source volume element (s) and a certain fraction will thermalize at
another element (t) at a distance r from (s). The vector r forms the angle ¢ with
the z-axis. All the positrons stopping in the layer through z are integrated to yield
the implantation profile as a function of z.

potential step between the malerials is small compared to the energy of non
thermal positrons.

4) The reflected fraction R is independent of the positron energy. This is not
necessarily true. On the other hand the assumption seems reasonable for
a first estimate of the implantation profile. The contribution of reflected
positrons to the the fraction of positrons that will leave the source at thermal
energies is small and thus any energy dependence of the reflection coefficient

would have little effect.

Let me now calculate the implantation profile of this configuration. It is

made up of two parts, the positrons that stop in the source layer itself makes up one
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part, and the ones that enter the substrate constitute the other. All the positrons
that thermalize at the depth z in the source or in the substrate are integrated (see
figure 2.6). The radial coordinates used for the basic implantation profile (equation
(27)) will be converted to cartesian coordinates, which are more suitable for the
geometry of the source. Positrons originate in @+ decays of **Cu atoms in the
volume element dV, at z' and a certain fraction will thermalize in a second volume

element dV; at 2" = (z — 2'). The distance between the two volumes is

)
pe 222 (43)

cosyp

At that distance a fraction according to equation (42) will thermalize in a sphere
around fhe source volume. The common points on this sphere with the plane per-
pendicular to the z-axis and intersecting the axis at z forms a ring. I am interested
in the volume elements that follow this ring and make up

sing

27r sing rdpdr = dp (44)

drridr
of the sphere around dV,. To find the fraction of positrons that stop in the layer
through z, I need to integrate over all the angle radius combinations that form a

constant z" = (z — 2') and then integrate over all —~D < 2' < 0.

ac’ (T2 '
- dpdr singp exp{—ar} (45)
A , , .

The integration over z" will becomne easier once the coordinates are converted into

cartesian coordinates (i.e. » and ¢ into 2" and t) with
rcosp = 2", and cosp =t

The necessary conversion factor can be calculated from the determinant of the

Jacobian matrix.

9z Bz
it = || % %||drde
ar by
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cosp —r sing

= 1|58 T drd (49)
= cosyp sinp drdp

To obtain the total amount of positro'ns thermalizing at z, two integrations need to
be performed. One is the integration over all possible values of ¢ (formerly ¢}, and
the other accumulates the contributions from all source volume elements aloné the
z-axis.

0 1 '
o(z) = % [ a0t [t L eapi—al2=Z] |
p(2) = 2D _Ddz /odt . ezp{—a : } (47)

The order of two integral operations can be switched around and the 2' integration
is easy.

p(z) = —ziD— /(;dt [2 — exp{az/t} — exp{—a(d + z)/t}] (48)

The fraction F is the amount of positrons that stop inside the source.
N
F(D) = [ daale) (49)
-D L
=1- /0dt ;1_)(1 — ezp{—aD/t})

In the case of ever increasing thicknesses (D — oo) this fraction will approach unity,
i.e. all positrons will thermalize in the source. On the other hand, if one considers
the positrons that escape thermalization inside of the source and emanate from one
side, one gets

1

S(D) = 3aD (1 - F(D))
= g—/odt 2(1 — ezp{aD/t}) (50)
=>-2% when D — co.

That means that for large values of D the value of S will become a constant and an
increase in activity of the source will not result in a more intense positron beam, if

a moderator outside the source is used. This effect severely limits the intensity of
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present slow positron beams. A second cause for inefficient use of the source activity
is the distance of the moderator from it. Even though this was not included into the
above calculations, the fast positroné leave the source isotropically in all directions,
and the moderator intercepts only a small fraction of the full 47 sphere.

Let me now return to the implantation profile for positrons stopping inside
the source and its substrate. In addition to the part calculated in equation (48)
above some fast positrons will be reflected from the source-substrate interface and
the thermalize in the source. To obtain that part of the profile, all that remains
to be done is to substitute the distance between the two volume elements dV, and

dV;. In this case

=22 = |-2-7

A fraction R of the positrons hitting the interface will be reflected. The other
calculations are similar to the ones above and I get for the implantation profile
contribution due to reflection

pulz) = -;-R% 11 - eap{~aD/t}) esplaz/t}. (51)

The part (1 — R) of the positrons will penetrate into the substrate and thermalize

according to

1 la, !
ps(2) = 5 (1-R) Do dt(1 — exp{—aD/t}) exp{—a,z/t}. (52)
@ Jo
Here the distance is calculated according to az" = —az' + o,2z, where o, is the

stopping parameter in the substrate. The factor of a,/a ensures that the total
number of positrons remains uﬁity.

Finally let me summarize the results so far. I have calculated the various
contributions to the implantation profile in a layer of source material (i.e. copper in

this case) of thickness D deposited on a substrate (made of tungsten in this case).
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In the copper layer the implantation profile is:

p(2) = pa(z) + pr(z) ,and ~-D <2< 0

pa(z) = é}ﬁ‘/‘:dt [2 — exp{az/t} — exp{—a(D + z)/t}] (48)

pr(z) = z—lﬁR ‘/(;]dt [1 — ea:p{aD/t}] exp{az/t} (51)

* with pg(2) for the “direct” part and p,(z) for the reflected part.

And profile in the substrate amounts to:

ps(z) = -é-lb— (1-R) %‘1 Adt [1 - e:vp{aD/t}] exp{a,z/t} (52)

for 0 < 2. Also, I have calculated the fraction of fast positrons that leave the
layer of copper on the vacuum side and are available for moderation by an outside

moderator.

s(D) =1 /0 &t (1 - cop{~aD/t}) (50)

In this equation the contribution from positrons, that are reflected at the substrate
interface has been neglected. In most practical cases the source is too thick to worry
about them.

The calculated implantation profiles resulting from a source layer of Cu(lli)
on a W(110) substrate are shown in figure 2.7. The copper layer is chosen to be
10%nm thick, and the reflection coefficient R = 0.17 was determined empirically.?*

1 and

The stopping parameters for copper and tungsten are a = 2.909 x 10~ 5nm ™
a, = 7.918 X 1075nm™! respectively3? They were calculated according to the
formula

a=CpZ'PE1%8 and C=1.1lecmig 1MV (53)

where p = 8.96(19.3)g/cm? is the density for Copper (Tungsten) and £ = 0.2MeV

is the mean energy of the positrons coming from the copper source.
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Figure 2.7 — Implantation profiles of 2 #Cu source in copper which has been evaporated onto
a W single crystal. The distance from the substrate surface is given in units of the thickness
D of the copper layer. The various lines represent: (- - -) the Copper layer alone, (- - -) the
backscattered part, and (—) the total or the part in the substrate.
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2.3. Efficiency of a Self Moderator

The results of the sections on the implantation profile can be combined with the
section on diffusion of positrons. In order for the self moderator to work, the source
of %4Cu in copper must be grown as s siﬁgle crystal. The (111) orientation with
sulphur on the surface (on the order of a monolayer) was found to be the best.
It can be grown relatively easy on a W(110) substrate, which can also moderate
positrons. If I assume that the copper tungsten interface is perfect and defects, if
any, are distributed evenly across the source, then I can utilize the result from the
diffusion equation calculations.

The fraction of slow positrons expelled from the Cu surface is proportional
to the positron flux just inside the Cu. When traversing the surface, positrons can
also pick up an electron to form thermal Ps or they can drop into a surface state.
In the limit E — 0 the fraction Y, will survive as positrons.

}7'

e(D) = J(D)

" cosh D/L [ / dz exp{~2/Ls}ps(2) (54)

+ [-Ddz cosh(z/L) (Pd(z) +p,(z))]

Again the subindex s stands for the substrate, d for the part implanted directly
in the source, and r for the reflected part. Each profile contains an integral, the
execution of which can be swapped with the integration over z. The final versions
from the implantation profiles, listed at the end of the previous section, can be
inserted into these formulas. I will again treat the individual implantation profile
contributions separately. One of the integrations in each part can be performed
analytically. After that I tried to present the formulas for the efficiency in the form,
that I used for the numerical integration. A number of difficulties were encountered

due to divergences in the integrand.
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For the direct part of positrons slowing down in the moderator and then

diffusing toward the vacuum interface I get:

1+ exp{—D/L}
1+ ezp{—2D/L}

[z (1 - exp{— D/L}) ln1 t Zi (55)

/dt— lme:cp{—aD/t})( gy A LewP{ D/L})}

For very thick source moderators, this part will be the only contribution to the final

ed(D) = —Y

positron beam. In reality this becomes the case for D > L.
. 1 L 1+al
Jim 0) = oot ;L2

Actually the efficiency drops of like D=1 but this will be compensated by the linearly

(56)

increasing amount of source activity. Because of this it may be more convenient to
discuss the product of absolute efficiency € and the thickness of the source. This
value has the unit of length and will be proportional to the intensity of the emnerging
positron beam.

E(D) = De(D) (57)
Returning to thinner sources, I calculate for the part reflects off the substrate in-

terface prior to thermalization

(D) = %YORaLl m ewp{l—ZD/L} /l;dtatD (1 - ea:p{—aD/t})
[t +1aL (1 — emp{—D/L}ezp{—aD/t}) ex?{—D/L} (58)
1

(emp{—D/L} - emp{—aD/t})]
and for the part thermalizing inside the substrate (assuming W for this case)

exp{—D/L}
1+ ezp{—-2D/L}

/0 ldtﬂ_ii— (1~ cep{-aD/t}) (59)

t—al

&s(D) =Yo(1 — R)a, L,
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Figure 2.8 — The various components of the efficiency ¢ of a self moderating source of 4Cu
evaporated onto a W single crystal. Shown are the efficiency due to the Cu itself (- - -), the
fraction duc backscattering from the substrate (- — -), and the part that moderates in the W
substrate(- - -). The solid line represents the sum of the three components. All are ploited versus

the thickness of the Cu layer on a semi log scale.

All three components of the efficiency of the self moderator were evaluated
numerically and they are plotted in figure 2.8 as a function of the log of the thickness

of the source in nm. The beam intensity I is given by
I =eDa

(a was defined as the activity per thickness). On a second figure (figure 2.9) the
product €D, which is proportional to the beam intensity, is plotted versus the source
thickness as mentioned in equation (57) on a log-log scale. It becomes more obvious

on this kind of a plot, that the optimal thickness to obtain the most slow positrons
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is not equivalent with the thickness of largest efficiency. On the other hand a factor

of 1000 in source activity will only yield & factor of 10 more beam intensity.
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Figure 2.9 — Plots of the product of efficiency and thickness — which is proportional to the
beam intensity — of the layer versus the Cu thickness on a double log scale. The symbols are as
in the previous figure.

The contribution of the substrate (W) for very thin layers (on the order of
10nm) is near 1%, which is comparable to other calculations for a W single crystal
transmission moderator.3® On the other hand the best W moderators in present
beamns yield on the order of 3 x 103 slow positrons of the original activity. This
is largely due to the fact that the sources usually are not deposited directly on the
moderator, but rather on a needle located a couple of 1nm away from the moderator.

In that case a considerable fraction of fast positrons misses the.moderator, and the
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geometric factor becomes much less than 2x. In the above calculations I have
assumed that the positrons thermalize in straight lines, which is only true for the
statistical average. This assumption breaks down when one considers positrons
being implanted at very shallow angles along the surface of the moderator. Once
a scattering event directs a positron out of the crystal, it is lost to the moderation
process. On the other hand, the largest fraction of moderated positrons comes from
the region closest to the surface. Finally I should mention again that I considered a

perfectly homogeneous layer of Cu and a Cu W interface with no additional defects.

2.4. Activation of the Copper Source

In the previous sections I discussed the advantages of using a source of positrons
that is also capable of moderating the #-spectrum and of emitting thermal positrons.
84Cu is such a material. It has a rather short half-life of 12.7hours and needs to
be produced close to the beam apparatus. In this section I will summarize the
properties of Cu and 4Cu in particular as they are related to their use as a self
moderating source of positrons. All the relevant parameters are listed in the table
2.1 below. Figure 2.10 shows the decay scheme of 84Cu.34

The positron emitting isotope % Cu is produced in the reaction
84Cu(n,v)%*Cu.

83Cu occurs in natural copper with an abundance of 69.1%. It is also available com-
mercially as highly enriched isotopic copper from Oak Ridge National Laboratory
(ORNL). The cross section o to absorb thermal neutrons, ng, is 4.5 x 10~ 24¢em?,
Since 84 Cu decays with a half-life of ¢; = 12.7hours, a high flux of thermal
neutrons is required to produce reasonable amounts of this isotope. A system of

two coupled differential equations describes these competing processes of production
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Figure 2.10 — Energy level scheme of %Cu and its decay products.
The data are from Ref. 34

and decay. If n; is the number of atoms of the kind %*Cu and Ap and Ay are the

production and decay rates for 83Cu and #4Cu respectively (the subscript i is 3 or

4 for 83Cu or % Cu respectively), then

dn;; = — }\pna dt (60)
dng =(/\p1l3 - /\.m4) dt

with the definitions

Ap =fo =8.3 % 1014;——7:—0—;4.5 X 1072 ¢em? = 3.74 x 107 %sec™!
m2se
n2

A ZK =152 x 107 %sec™ > Ap. (61)

In these equations f is the thermal neutron flux in the HFBR?®% and ¢ is the thermal

neutron capture cross section. If N3 atoms are available at ¢ = 0 and no atoms of

64Cu are present at that time, the solution is

n3(t) =N3€.’Bp{-—/\pt} (62)

na(t) =Ny AdA_P ” e:z:p{—Apt}(l — ezp{-(\a — M)}
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Table 2.1: Properties of Copper

Property Value

Density p 8.96g/cm?
Atomic weight M 63.54g /mol
Melting point 1083°C
Boiling point ’ 2595°C

Abundance of 3Cu in

natural Cu . 0.691

Nuclear reaction used . 83Cu(ny,v)%Cu

Thermal neutron capture

cross section o 4.5 x 10~ 24¢m?
Half-life of ¢4Cu 7 12.7h
Decays to (fraction) 84Ni (0.62)

and %4Zn (0.38)

Bt fraction 0.19/decay
EC conversion fraction 0.43
B~ decay fraction 0.38
v-rays of #4Cu 0.005/decay @ 1.35MeV

for the irradiation time t. The number of atoms in a sample of weight m is de-

termined by the atomic weight of Cu M = 63.54g/mol, Avogadro’s Number N, =
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6.0225 x 10231 /mol, and the isotopic concentration of 83Cu which is ¢z = 69.1% for

natural Cu.

N; = c;;i—r}- 2 =m 9.48 x 1021g™1  for isotopic Cu, and (63)

=m 6.55 x 102*g™1 for natural Cu.
After the source has been pulled out of the neutron flux, it will continue to
decay. The decay rate 74 is then governed by the time since the end of the end of

the irradiation Af.
r4(At) =R(t)exp{—AgAt} -
ApA ‘ '
R(t) =N, 22 emp{—/\pt}(l — exp{—(Ag — A,,)t}) (64)
M=
~N3Ap (1 — ea:p{—/\dt})

Only 19% of all decays of 84Cu result in a free positron. The remainder of the
disintegrations yield 38% [~ events and 43% electron conversion events. The ap-
proximation in the last part of the above equation (64) is valid for the case of
Ad > Ap and Apt'<< 1, which is th;e case as long as the irradiation times are shorter
than about 30 days. An irradiation time ¢4, is required, to obtain the highest
concentration of 94Cu isotope atoms.

tmaz = A_d—i_)\_pln(;«\_:) = 6.34 days | (65)
The largest activity is also reached after this irradiation time. But most of this peak
values (> 95%) is already produces after only 2 to 3 days of activation as can be
seen in figure figure 2.11. Here the source activity is plotted versus the irradiation
time for 1 gram of isotopically enriched copper. Natural copper will yield 69.1%
of that activity after equal irradiation times. The following figure shows the same
function but with the irradiation time given on a log scale. A typical source pellet

weighs about 100mg and is enriched in 3 Cu to 100%. It is irradiated for two days

and generates 6.2 x 10''e" /sec = 16.8Ci et /sec.
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Figure 2.11 — Activity of an isotopically enriched ®*Cu source (1g) versus the irradiation time.
the inset shows the long term dependence. Eventually the source material is exhausted and the
activity will decay away faster than it can be gencrated by the neutron flux of 8.3 x 10*ng /em? sec.

On the next figure the maximal activity is plotted as a function of the thermal
neutron flux on a double log scale. A irradiation time is noted in several cases, which
is required to reach this activity. The curve levels off only when the production rate
Ap becomes comparable to the decay rate Ag. This limit is far out of reach for the
present state of reactor technology. All present reactors fall into the region where
the activity is proportional to the flux of neutrons.

All of the above calculations have been performed with the assumption of
an energy independent thermal neutron cross section, which is probably adequate

with the accuracy of the knowledge of the neutron flux in the reactor.
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Figure 2.12 — The maximum activity of a given source as a function of the neutron flux. For
a few cases the irradiation times necessary are displayed.

2.5. Description of the Positron Beam

In this section I will discuss the experimental setup of a positron beam with a self
moderating 4Cu source. This beam was utiiized in the experiments to measure the
" reflection coefficient of Ps from a LiF single crystal. During the course of this section,
I will follow a typical copper source from its initial preparation and irradiation in
the High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory (BNL)
to its utilization as a positron source in a ultra high vacuum (UHV) system. The
performance of the beam will be discussed and a number of possible improvements

will be pointed out, which are presently under construction or being investigated.
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The starting material is copper of very high chemical purity. If the copper is
enriched in the isotope 83Cu, the activity density of the source increases by about
43%. 1t is necessary to avoid chemical impurities for two reasons. First, some
elements, like Al, will prevent the correct crystal growth of the source moderator,
and thus reduce the efficiency of the source. Second, any impurities will be activated
in the reactor and may be converted into long lived isotopes that emit energetic -
rays. If their half-life is appreciable than that of 4 Cu, they will cause unnecessary
radiation risks during routine maintenance work near or at the source chamber of

the positron beam.

From the raw Cu material small round pellets of about 130mg are fabricated.
To irradiate thein in the reactor, they are inserted into Al capsules, coated with a
thin layer of copper foil and sealed with a copper plug. The plug is e-beam welded
to the capsule to make the assembly leakproof. A special design for the plug makes
it possible to rip part of it off the capsule with about 140ps: after irradiation, to let
the pellet drop out. Both the plug and the foil, were fabricated from oxygen free
material. They are etched in aqua regia and then rinsed in acetone, alcohol and

distilled water prior to their use.

The completed assembly is welded to the end of a 40 ft long Al tube and is inserted
into the reactor through special irradiation thimbles to a location about one foot
from the center of the core. Here the thermal neutron flux peaks at a level close
to 10'°ng/cm?sec (see figure 2.13). Overheating is avoided by circulating water
through the thimble from a supply separate from the reactor cooling system. After
a !:ypica.l irradiation time of two to three days the pellet has been activated to about
100C% and the much heavier capsule radiates several thousand rad. From now on
heavy shielding and remote handling are necessary. For this purpose the mechanism

that opens the capsule and transfers the pellet into the vacuum system as well as
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Figure 2.13 — The neutron flux as a function of the distance from the reactor

core center for several neutron energies. The thermal flux used in the activation

of Cu peaks just outside of the core. (From the HFBR handbook in Ref. 35).
the source chamber of the positron beam are surrounded by a shielding house, the
“blockhouse”, made of 2ft thick dense concrete.

The activated capsule with the the “hot” pellet is dropped into an opening
on the top of the blockhouse. It falls into a dryer where hot air evaporates any
secondary cooling water, which is usually circulated in the irradiation thimbles.
The next stage is the so called “shear”, where the capsule is ripped open, and the
pellet can fall out of it towards an airlock. The used capsule parts are directed into
a separate lead container, where they are left to let most of the radioactive isotopes
decay away.

The pellet, commonly known as the “beebee”, is guided into a crucible in the
source chamber located under the shear mechanism. A thin W(110) single crystal
is rotated over the crucible and the copper is evaporated onto it. The W crystal is
used to induce crystal growth in the Cu(111) direction and, in case of very thin Cu

layers, to contribute to the moderation of fast positrons. Subsequent annealing of
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Figure 2.14 — Side view of the source transfer mecha-

nisin o sepatate the “beebee” from its container and to

evaporate the copper onto the W(110) substrate. (See

the text for explanations).
the Cu by resistively heating the W crystal and the deposition of a monolayer of S
improve the moderation efficiency of the source. A schematic of this transfer region
is shown in figure 2.14.

The fraction of moderated positrons that escape being trapped in surface
states or emission as positronium (Ps) emanate from the surface in normal direc-
tion with an energy of its work function. External electric fields accelerate them to
the desired beam energy and a magnetic field guides them out of the blockhouse to
the experimental chamber. Additional grids near the source improve the momen-

tum distribution of the positron beam, which in turn can influence the angular Ps

distribution. The moderated, “slow”, positrons are separated from the energetic,
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“fast”, positrons, which were not moderated, in a region of crossed electric and
magnetic fields. In this E x B filter charged particles drift perpendicular to the
fields. Only the “slow” positrons spend enough time in the filter to translate to
an aperture offset from the initial beam axis. The “fast” positrons annihilate at
a chamber wall and most vy-radiation is absorbed by lead shielding. The “slow”
positrons are guided to an electrically floated chamber, the “gas cell”, where Ps is
formed. Grids at either end of the cell can be biassed to repel the positron beam.
A schematic of the positron beam line is shown in figure 2.15. I will discuss the
apparatus dealing with the Ps beam and the reflection experiment in a subsequent

section.

Slow evaporation rates and careful annealings improve the performance of the mod-
erator, but on the other hand this takes time during which the source will decay. A
compromise has to be found. On average the source {ransfer from the initial drop
into the blockhouse to the operating positron beam takes on the order of 2 hours.

In that time about 10% of the source has decayed.

In the previous sections I have estimated the positron intensity to be in excess
of 10%e* /sec. This rate has been reached during experiments not related to the Ps
reflection measurements made for this work, for which rates of 4.5 x 10%t /sec
were available. Since then séme modiﬁcation's have been made on the beam line.
The number of grids in the beam was increased to 6, each of which has an optical
transmission of 90%. That alone will reduce the beam intensity to about 53%.
The magnetic .guiding field was tuned to optimize the emnergy distribution of the
positrons and not the intensity. But all this does not explain the dramatic loss in
intensity by much more than an order of magnitude. The source moderator may
well cause these losses. Its performance is very sensitive to impurities. On the other

hand a large number of factors could reduce the nominal purity of the used copper.
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Figure 2.15 — Schematic view of the positron beam source and transport region

as seen {rom above. The very “hot” source is shielded by the “blockhouse”. Slow
positrons emanating from the self moderating source are accelerated by an electric
field between the source and a grid in front of it. A magnetic guiding field of
a2 80gauss transports the positrons towards one of two experimental regions (not
shown here). In an E x B filter the positrons drift upwards and are separated from
unmoderated fast positrons and y-radiation which are blocked off by lead shielding.

47
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Also Carbon may diffuse from the W substrate into the source during the final

evaporation or annealing. The investigation of this problem is still underway.
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Figure 2.16 — Set up to measure the positron beam intensity and its energy

distribution. The intensity of the 511keV annihilation peak of a spectrum measured
with a Nal (n) scintillator is registered. Positrons with a momentum large enough
to pass the potential barrier (gc) reach the annihilation plate (a). Various grids and
tubes (t) improve the applied electric fields. (p) is a large turbo molecular pump.
(gc) is normally used as the gas cell to form Ps. For the positron transmission
experiments the cell is evacuated.

The positron intensity and the energy distribution of the beatn are measured
with a Nal detector (see figure 2.16). The grids and potential barriers at the exit
of the gas cell are grounded to let the positron beam through. The positrons
will annihilate on the surface of a Channelplate and their annihilation radiation

of 511keV can be detected with a Nal detector placed 14" from the plate. The
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distance has to be kept large in order to prevent pile up effects in the electronics.
The counting rate in an energy window was kept below 10sec™! for a fresh source
of several million positrons. The detector was calibrated with a 4 ray standard
of 22Na positioned on the Channelplate in order to obtain an absolute value for
the positron intensity. If the potential of a grid in front of the plate is ramped,
an integral spectrum of the square of the momentum component parallel to the
magnetic guiding field can be measured. If the normal component is small this
. is a measurement of the energy distribution. Such an integral spectrum of the
“longitudinal energy component” of the positrons is shown in figure figure 2.17.
The negative of the first derivative of this function shows the distribution of this
component (see the insert in figure 2.17). The full width at half the peak height
(FWHM) is a measure of how well the beam is tuned. for most of the experimental

runs in this thesis the spread was AE/E = 2%.



Chapter 2 : The Positron Beam

50

. — 1 T r —T T —
[ ]
[ ]
L * [ N J ®
L] o® ®
[
- L4 [ ]
L .
'8 °
] 3 x
w
Q
- .
~ < 25 By
> [
fyod 0 x
2 ? 2F x
) o x
e (=} x
L T 18
o 2] x
o s a1l .
e
band > x
1] ] . x x L4
S c 05| x .
X X X
X X X
o X
O e N Hclo SR o
X
] 2L X L ] 1 (] e [ ]
142 144 146 148 150 .
Positron energy (eV)
0 L . " ] ' 5 2 i : 2 L | . " 1 N h.hi L
130 135 140 145 150

Gas cell potential (V)

Figure 2.17 — Integral spectrum of the longitudinal energy distribution of the positron beam.

The results from a measurement with the Nal scintillator have been corrected for its efficiency.

Shown is the transmitted positron intensity as a function of the gas cell potential (o). The

insert shows the energy distribution obtained by plotting the negative of the first derivative of

the integral data (x). The cut off coincides with the beam energy and the FWHM is less than
2¢V in this case.



3. The Positronium Beam

A number of positronium (Ps) formation mechanisms have been investigated ex-
perimentally prior to this work. Most extensively studied had been the formation
of Ps during positron gas atom scattering events.3® Calculations for Ps formation
cross sections have been performed for light atoms like atomic hydrogen and helium
and differential cross sections are available.837~3% In experimental investigations
Laricchia et.al. found evidence that the differential Ps formation cross section for
Ar is also peaked in forward direction for positron energies below 100eV.1° In other
experiments Ps formation was observed when positrons were incident upon single
crystal surfaces at glancing angles.2941 A P. Mills, jr. directed energetic positrons
at a thin foil of carbon and could detect Ps as well as the negative ion Ps—.42:43
While the positrons pass the foil, they pick up one or two electrons from it to form
the Ps or Ps~. Ps™ has the advantage to be charged and it can be accelerated easily
to a dcsircd.energy. Then the excess electron would have to be stripped off. This
could be accomplished with a laser which is tuned to the ionization energy for Ps~
for example. Another proposed path to obtain Ps is to condense a gas on a very
thin foil and to produce Ps in the solid gas layer.*

The advantages and disadvantages of each of these methods was weighed
against the requirements for a Ps beam capable of supporting reasonable Ps reflec-
tion measurements. The Ps beam needed to be as intense as possible. Keeping in
mind that the next step after measuring the reflection coefficient for Ps from various
surfaces is to search for diffraction peaks, the beam should be monoenergetic and

51
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variable in energy. If that is impossible or not feasible then some kind of energy
detection system has to be employed. Finally it should be mentioned that the better
the Ps formation process is understood the more resources can be concentrated on
the reflection measurement rather than the development of Ps beams.

In the sections of this chapter I will briefly review some of the properties
of Ps as they become important for my work. I will discuss in more detail the
various Ps production mechanisms and specially the formation in a gas, which was
the choice for this work. Theoretical calculations of Ps formation cross sections
in helium will be reviewed briefly. I will present the design of the gas cell and
estimate the effects of the variﬁus parameters on the Ps beam characteristics. The
Ps detection system will be explained together with measurements of the Ps beam
performance as a function of the gas cell pressure and the positron energy. Most
measurements last on the order of a half-life of the %4Cu source. Hence the résults
need to be corrected for the changing beam intensity of positrons and thus Ps atoms
during the experiments. I will cover this topic with the description of the detector

system.

3.1. Positronium (Ps)

Positronium (Ps) is the atom-like hound state of an electron and its antiparticle the
positron. Even more so than the simplest atom, H, Ps is an ideal proving ground
for test on QED. It is a purely leptonic two body system and involves only weak
electromagnetic interactions. No strong forces complicate the calculations as is the
case for hydrogen. Research on Ps up to date in theory as well as in experiments
has been covered in a number of review articles.!4:45:4¢ In Ps the positron replaces
the proton of H. The two main differences of the two atoms are the very different
masses of the proton m, and that of the positron, which is equal to that of the

electron ., and the fact that the positron is the antiparticle of the electron.
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The reduced mass of the two body system

MaTl (66)

O
yields a value for Ps of half that for H, which will reduce the energy levels of Ps to
half the values of H. Thus the binding energy is 6.8eV and the first excited state
level lies 5.1eV above the ground state.

The spins of the electron and the positron can align in two orientations —
parallel or antiparallel — to add up to a total spin of 1 for triplet (ortho) Ps or
to a 0 spin for singlet (para) Ps respectively. Because positron and electron are
the antiparticle of each other, Ps annihilates into two ore more y-rays. A one
v-ray annihilation is forbidden for free Ps because momentum and energy cannot
be conserved at the same time. Annihilations into larger numbers of photons are

restricted by selection rules. Charge conjugation requires that a Ps atom with the
angular momentuin ! and total spin s can annihilate into n photons only if
(=)' = (-1)™ (67)
Thus the singlet ground state of Ps can only annihilate into even numbers of v-rays,
while its triplet counterpart disintegrates into odd numbers of photons starting at
three. This was first derived from the principle of invariance under spacial rotation
and charge conjugation by Yang.*” A number of lowest order Feynman diagrams
describing these annihilations are shown in figure 3.1.4¢ These diagrams alone illus-
trate that the annihilation rate for the triplet state will be much reduced compared
to the singlet state, or the lifetime is much longer by a factor of the coupling con-
stant for the electromagnetic interaction a. In fact, as was calculated by Ore and
Powell in 1949,%® the ortho-Ps lifetime in ratio to the para-Ps lifetime is much
longer than this simple factor predicts. The singlet Ps lifetime had been calculated
by J. Pirenne in 1944 in his thesis and by J.A. Wheeler?? to be
1 3

1
T=2 — =~ 0.125nsec. (68a)

mec? o’
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Ore and Powell calculated for the triplet lifetime a value of

3, O A 1

= BT —8) md? Z; ~ 141.8nsec. (68b)

Since then higher order radiative corrections have been added to these values which
can also be expressed in higher order Feynman Diagrams. Recent high precision
measureménts indicate, that there might be a small discrepancy between theoretical
and experimental values for the triplet state.’ Even higher orders of the coupling
constant o are involved in annihilations into more than 3v-rays, making those events

very rare. For all practical purposes only 2 and 3y events need to be considered.

Figure 3.1 — Low order Feynman diagrams for two and three 4 annihilations of
Ps atoms. The last one illustrates one contribution to radiative corrections of the
order «.

Annihilation rates have been calculated also for excited states. In the n = 2

state the situation is v'ery different for the P state and the S state. For the 2P state
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optical transition rates to the 1S state are very much faster than the calculated
annihilation rates, making the former the main channel of depletion of this state.
The decay of 2S Ps into the ground state is a forbidden transition ( Al = £1).
The lifetimes for triplet and singlet state 1.14psec and 1.0nsec respectively, much
longer than the appropriate ground state values, which can be explained by the
further separation of the wavefunctions of electron and positron. Bohr’s simple
model of hydrogen like atoms predicts a radius of n? = 4 times that of the ground
state. In figure 3.2 an energy level schematic of the ground state and n = 2 state
Ps is reproduced.’? Also listed are the annihilation and transition lifetimes for the

various levels.

Singlet

2’Sy  8.628GHz 1.14nsec 2
3
2R 3.14nsec
R NS decay

1233608GHz
1%
— 141.8nsec 37
1's,
N

0.125nsec 2')/

Figure 3.2 — Schematic of the energy levels n = 1 and n = 2 for Ps. Included
are annihilation or decay rates (on the right side).

The conservation of energy and momentuin requires for 27 annihilations that

the photons carry equal energy (Ey = mec? = 511keV) and opposite momentum
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in the rest frame. Positron and electron velocities occurring throughout this work
are small fractions of the speed of light (¢) and cause only minute deviations of the
colinearity of the two photons in the lab frame. A monoenergetic y-ray spectrﬁm is
the fesult. However, a broad range of energies are allowed in three v annihilations
of ortho-Ps. Only the total energy and momentum need be conserved. The ideal
spectra for the two 4 annihilations would be a delta function at 511keV. The
three v case is shown in figure figure 3.3.52 Adkins included the O(a) correction
into his calculation of this differential decay rate.’® The distribution was measured
most accurately by Chang and collaborators.’® In a measurement these spectra
will be convoluted with the finite the detector resolution. Also various photon atom
interactions, like compton events, will cause additional features because not all of
the «v-ray energy is deposited in the detector.

Once the Ps approaches a solid surface like a metal, the probability for the
positron to annihilate with an electron from the surface increases dramatically.
The “density” of the electron bound to the positron (one in a sphere of radius 2a4)
becomes comparable to that of the electrons of the solid. On the order of half
of the surface electrons will have a spin opposite to that of the positron. Two v
-annihilations will become the predominant channel.

I take advantage of this effect in order to detect the Ps atom. It will strike
a Channelplate and get trapped in the tiny holes, where it rattles around until
the positron annihilates with a surface electron rather than with the clectron it is
bound to. Also some Ps may be converted to the singlet state by spin exchange
processes and subsequently decay much faster. This part can be detected with the

same apparatus.
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Figure 3.3 — Spectra in the rest frame for 3y annihilations of Ps. Plotted is the intensity

of photons in the energy region AEF and at the energy F versus the photon energy in units of
mec?. (from Ref. 53). The data are from Ref. 54.

3.2. Formation of Ps

When positrons are moderated and leave the solid, a fraction of them will pick
up an electron while passing the surface to form positronium. A.P. Mills, Jr. for
example measured the energy distribution of Ps atoms emanating from a Cu(111)
surface coated with a monolayer of S.5* He found a thermal distribution, indicating
that the positrons enter the solid, thermalize and pick up an electron on their way
out. Later, in 1981, he directed a 400eV positron beam onto a 404 carbon foil and
detected Ps™ ions coming from the opposite side.4® The ions were accelerated by an
electric field and a blue shifted y-ray line was observed. The production efficiency

was determined to be € = (2.8 4 0.3) x 10~%. To separate an electron from Ps~
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an energy of only E, = 0.3266eV is sufficient.® The 2v annihilation lifetime is
T24(P87) = 0.502nsec. Since Ps~ is charged, it can be accelerated to a desired
energy. Then it would have to be stripped off its second electron in such a way that
triplet Ps remains. More promising is that Ps is also formed when fast positrons

43 The Ps atoms move roughly in forward

traverse the same thin foil of carbon.
direction with an energy distribution that decreases approximately as E~3/2, The
efliciency is about 0.5% times the detector solid angle of the incident positron flux.
The broad spectrum of energies makes a time-of-flight measurement necessary for
experiments such as Ps diffraction. In yet another experiment Gidley et.al. observed
Ps formation when a beam of positrons strikes single crystal surfaces at glancing
angles.*®*1  An energetic positron beam (< 400eV') was scattered off surfaces of
Al(110) and Cu(100) at glancing angles around 6°. Up to 5% of the incident beam
was neutralized by forming Ps, which came off in a cone of ~ 20° FWHM. No energy
analysis was performed but the authors argue that the process 'is nearly elastic on
kinematic grounds. Most of the angular spread can be explained by the additional

momentuin parallel to the surface from the captured electrons. In figure 3.4 these

methods of forming Ps are outlined schematically.

By far the greatest control over positron atom interactions can be exerted
when positrons traverse a dilute gas. The Ps formation process involves only a single
atom and its small number of electrons in the outer shells. The He and H atoms are
the simplest cases available for cross section calculations. Positrons collide with the
very much heavier gas atoms and — if energetic enough — can pick up an electron
from the atom via charge transfer. The Ps atom retains the energy distribution of
the positron to a large degree. Theoretical calculations indicate that the differential
formation cross section is forward directed.?”:8:38:3% Thus a monoenergetic beam of
positrons will result in a monoenergetic “beam” of Ps atoms. Figure 3.5 illustrates

the principle of a Ps beam based on a “gas cell”. for this work the gas cell method
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Figure 3.4 — Various methods of generating beams of Ps atoms.
They involve reemission of thermalized positrons from surfaces
where they may pick up an electron (a); fast positrons striking
thin foils of carbon to form Ps (b) and Ps~ which can be accel-
erated and then has to be neutralized (c); and last a collimated
beam of positrons scattering from surfaces of single crystal sur-
faces at glancing angles (d).

was chosen over the other methods because no time-of-flight apparatus was required
and the efficiency was expected to be on the order of < 1% in a narrow cone. Also

the other approaches were still in a rather developmental stage and involved more |
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technological challenges. In the following I will discuss the gas cell approach in more

detail.
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Figure 3.5 — Schematic of Ps formation in a gas cell via a
charge exchange reaction. A large fraction of the Ps is formed in
a narrow cone of about 5°.

When positrons (e*) collide with atoms of the kind “A”, a number of inter-
actions can take place, provided the positron atom system contains enough energy.
They are listed in table 3.1 below. The corresponding energy thresholds for He
and for Ar are included in the table. The reactions are listed according to the en-
ergy threshold beyond which they are allowed energetically. Associated with every
channel is a partial cross section and a different differential cross section. Channel
number 2 is the primary Ps formation channel with the largest cross section. The
other two channels that involve the formation of Ps are considered to be secondary
and cause an energy contamination of the primary beam. In the following let me
consider each reaction in a little more detail as far as it is relevant for the Ps beam.

Elastic collisions (channel 1) can occur at any energy. Since the mass of the
positron is so much smaller than that of the gas atom (for example He or Ar, the

two gasses used in this work), the main outcome of such a collision is a directional



Chapter 3 : The Positronium Beam 61

Table 3.1: Positron atom interactions

# Reaction channel Threshold energy (eV)
He Ar

1 et +A et 4+ A 0.0 0.0

2 et +A 2 Ps+ At 17.7 8.9

3 et +A et + A" 21.2 11.8%)

4 et + A — Ps* + AY 22.8 14.0%)

5 et +A et +e + A" 24.5 15.7

6 et +2A - Ps+ A*+ AY 38.9 20.7*%)

*) The first excited state n = 2 is 1neant for Ps as well as the

atom A.

change of the positron momentum. In the center of mass (CM) frame this is always
the case. The CM frame almost coincides with the lab frame due to the extreme
mass ratio M/m =~ 7.3 x 10® for He and about 10 times larger than this for Ar. M

and m are the masses of the gas atom and the positron.

- mip + Mvy

Vem = m+ M ’ (69‘1’)
M
’6; =m + M (vP - 'l)A) (69b)

where 9, and v'4 are the positron and atom velocities respectively in the lab frame,

or with the superscript °™ in the CM frame. At room temperature (293K) the most
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likely velocity in a gas is

kT 50meV m
=4/2— ~ 1.1 x 103—
va \/ M \/7 3% 100m, X0 (70)

for He and = 3.5 x 10?m/s for Ar. A positron with a kinetic energy of 1€V speeds

7
v,,~141,/;t—~4z><105 (71)
e

and 10 times faster at 100eV. The leV positron moves about 200 times faster than

through the gas with

the CM system. The ratio becomes even larger for more energetic positrons or when
they collide with Ar atoms. In this case a “head on” collision was considered.

In “head on” collisions the transfer of energy peaks. I consider such a case
to estimate the améunt of energy transferred AE. As long as Mv4 > mu, (i.e. the
positron energy E, < 183eV for He collisions) the CM frame moves towards the

positron and the energy change is
AB =|E; - By| = zmli} ) (72)

1 o,
= S ml([TE™Ey + T )? ~ 2],

where €7 is a unit vector representing the final direction of the positron in the CM

frame. With the definition R = m/M, the relative energy change of the positron is

AE
EP

kT
RE,

= 4R>1 - (73)

In table 3.2 a couple of cases are listed. In all cases AF is small compared to the
energy of the positron. These calculations still hold for the inelastic channels like
the Ps formation reactions. Thus effects due to recoil can be neglected except for
changes in the direction of the positron momentum.

Several of the inelastic channels of et atormn collisions result in the formation

of Ps. The desired, and primary, one of them is listed under number 2 in table 3.1.

et +4 - Ps+ AT (74)
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Table 3.2: Relative energy change in elastic

“head on” collisions

E, (eV) AE/E, (1073)
He Ar

1 6.9 2.3
100 0.2 0.18

with a total cross section of op,. This cross section has been measured for nobhle
gases and many other molecular gases.>8—0

In figure 3.6 op, for He and Ar is shown.’®%1%2 For the purpose of making
a Ps beam it is also of importance to know the differential cross sections. For the
differential Ps formation cross section some calculations were made for light atoms
as H, He and Li.%383%63 The calculated values are strongly pesked in forward
direction parallel to the incident positron. The width of the peak narrows with
increasing positron energy in the examined energy range from threshold to about
100eV some of which are reproduced in figure 3.7. The energy of the produced Ps
is simply that of the positron minus the amount necessary to form the Ps atom,
and the spread of energies is defined by that of the incident positron beam, given a
negligible effect of the recoil. This argument and the forward directed cone of the

differential cross section were the reasons to proceed with a gas cell as the source

of the Ps beam.

The calculations of differential cross sections are not straight forward because

even for atomic hydrogen three bodies are involved. The situation becomes even
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Figure 3.8 — Total Ps formation cross section as a function of the incident positron energy for
He (o) and Ar (x) (from Ref. 56, Ref. 61 and Ref. 62). The cross sections are given in units of
ra? =~ 0.879 x 10~ %cm?.

more complicated for atoms with more electrons than He. In general the matrix
element of the initial wavefunctions of the positron and the atom and the Ps wave
function for the final state is calculated with the Coulomb potential for the inter-
action between the various charges. To arrive at some computable solution various
assuinptions can be made. The first order Born approximation is the simplest of all
but it breaks down at low energies. More sophisticated calculations include polar-
ization effects caused by the positron when it approaches the atom. The minima at
angles near 30° arise from the opposite forces between the positron and the nucleus

on the one hand and the positron and the clectron(s) on the other hand. They tend
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Figure 3.7 — Differential Ps formation cross section for various energy positrons.
The spokes of the wheel represent 30° steps for the inner circle and 10° for the
wedge. The inner circle represents an value of 0.5 per sterad and the outer circle
is 27 per sterad. The data are from Ref. 38.

to become more pronounced with increasing energy of the positron relative to the

atomn.

In He and in Ar as well as in many other gases the inelastic process requiring
the smallest amount of energy is Ps formation in the ground state. A small energy
gap exists in which this reaction is the only possible one. This is the Ore gap. The
energy threshold for Ps formation is determined by the energy required to ionize
the gas atom (Er) and the binding energy (E; = 6.8eV) gained when Ps is formed
(E¢r, = Ef — Ep). The threshold for the formation of excited state Ps lies 5.1eV
above the ground state threshold since the binding energy if n» = 2 Ps* is only

6.8eV — 5.1eV = 1.7¢V, and even less for higher excited states. In this 5.1V gap
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the Ps energy distribution depends only on that of the incident positrons (given a
negligible recoil contribution). Once Ps* can be formed (channel 4 in table 2.1),
energy “contamination” of the Ps becomes possible. Some calculations exists for the
formation of excited state Ps (n = 2) formation in H and He.®4% The calculated
cross sections relative to the ground state cross sections is reproduced in figure 3.8
for the 2S fraction as well as for the 2P part. The singlet fraction of the n = 2 Ps
will either deécay to the singlet ground state and annihilate rapidly (the 2! Py state)
or annihilate directly in a relatively short time of 7(215) = 1.0nsec. In either case
these Ps atoms will not influence the measurement. A different story pertains to the
triplet n = 2 states. Only the 2* P states can decay radiatively to the ground state,
while selection rules prohibit this for the 235, state (Al = £1). This contributes
to the meta stable nature of the 235, state with a half-life of 7 = 1.14usec which
is about 8 times longer than the ground state lifetime. On its own this fact would
greatly increase the ratio of n = 2 Ps compared to ground state Ps, except for two
other factors. First it can be reasoned that any excited state of Ps would increase
the size of the atom (the Bohr radius increases by an factor of n? compared to the
ground state). Collision cross sections can be expected to be much increased and
due to the small binding energy of n = 2 Ps (1.7eV’) much of it will break up inside
the formation region. The second argument involves the lower kinetic energy of
Ps* which is reduced by the amount necessary for the excitation. The increased
flight time to a target will counteract the larger lifetime somewhat. Consequently I
assume that the fraction of excited (and thus lower kinetic energy) Ps* in the beam
that reaches the detectors will be less than 5%. T. Griffith and his collaborators
are currently investigating the contamination of the Ps beam Ps*. He indicated
recently that this value may be an underestimate.%®

A second source of Ps with different kinetic energies than the “primary”

beam of Ps becomes possible when the positrons can undergo inelastic collisions
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Figure 3.8 — Ratios of the various Ps formation cross section for the first excided states ( 25

and 2P) to the ground state cross section (see Ref. 65).

like the excitation of an atom and still retain enough energy to form Ps in a second
collision. This channel opens up at a positron energy of 38.9¢V for He and at 20.7eV
for Ar. Ps atoms will be produced with a kinetic energy reduced by the excitation
energy of the atom (21.2eV and 11.8eV respectively). This effect can be regulated
by keeping the gas pressure low enough to make multiple collisions unlikely.

If the primary beam of positrons has an intensity I, then the number of

positrons that collide with a gas atomn in the volume element dV = Adz is
dI = —I(z)oixndz (75)

where n is the density of gas atoms and oy, the sum of all inelastic cross sections

for positron atom collisions, which are the values for Ps formation atom excitation
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and its ionization.

Oin = OPs + Oez + Tion (76)

In elastic collisions the positron energy does nbt change (neglecting the recoil effect).
Only the distribution of the momentum components parallel and perpendicular the
the magnetic guiding field changes. Similar ansétze can be made to obtain the
functions for the number of Ps atoms formed in single and double collision events.

The results are given a fixed formation region of length L

Ip, =1 ‘71.’ (1 - ea:p{——mr,-nL}> ~ nopyLly; noinl € 1 (77)
for Ps formation in just one collision, and
I3, =I, ap,(a'.:z— oPs) [1 — (1 + noinL)ezp{-noiL}
1 2 (a'in - a'Pa)
R~ (nopsL) ~———"I; no;L € 1 (78)
2 OpPs .

for Ps formation in a second collision after an inelastic event other than Ps for-
mation. The next order in the expansion of the exponential term will present an
estimate of the error in these values. Choosing low pressures and short formation
regions will clearly reduce contamination of a Ps beam by Ps atoms produced af-
ter multiple collisions. If I consider the case for 50eV positrons directed into a
L = 20c¢m long formation region filled with 10~3torr He (n ~ 3.5 x 10'3¢m—3) for

example, I get®”
Oin =0tot — Tet = (1.1 — 0.2) x 107 %cm? = 0.9 x 107 %cm?, and
ops =0.48 x 107 18¢m? (79)

and the Ps formation fraction in a single collision and in a second collision are

roughly

Ip,/Iy =3.4%, and (80)

I2, /Iy = 4.9 x 107* ~ 1.5 x 1072 1Ip,.
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During the flight from the formation region to a detector (D = 40cm) this ratio
improves even further by a factor of 2.3 due to the larger energy loss in a double
collision process (50eV — 17.7eV vs. 50eV — 38.9¢V" see table 3.1).

This is not the only problem associated with large gas cell and high pressures.
Ps atoms themselves have some probability of colliding with the gas atoms and
consequently be deflected from their initial flight path or break-up can occur. Some
calculations exist for Ps-H%8:6% and Ps-He™®"! scattering, but not for Ps-Ar cross
sections. Arguments similar to those for the break-up of Ps* can be made. The
wave function of Ps extends much further than the classical size of a positrons.
Thus the total cross section for Ps atom interactions should be larger than that for
positrons. Incorporating such a break-up cross section oy, (which may include the
elastic cross section) into the result for Ps formation yields

Ip, = .———GP—’——IO (ea:p{—nm,,.L} - e:vp{—ncr,-nL}> (81)
Oin — Opr
Such a break-up cross section could be estimated by measuring the Ps intensity as a
function of the pressure in the gas cell. B.L. Brown has attempted to extract Ps-He
cross sections from his data on Ps formation in a gas cell’”> Direct measurements
are currently being carried out at University College London.”

Neglected in all these considerations are the effects of elas:tic scattering of
positrons from gas atoms. These collisions will convert longitudinal momentum
(parallel to the magnetic guiding field) into transverse momentumn. As a result more
Ps will be formed in directions away from the sample and the detectors causing
a reduction in the detected Ps intensity. This effect will become stronger with
increasing pressure. With the above detection system I cannot distinguish between

losses in the Ps rate due to elastic scattering and those induced by Ps break-up.
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3.3. The Experimental Apparatus

The design of a gas cell that was used in this work is shown in figure 3.9. Also shown
is the arrangement of the sample in the Ps beam and the detection system. The
monoenergetic beam of typically 150eV positrons is directed into a stainless steel
cell of 22¢m length, which can be filled with the interaction gas. Ar at 10~ 3torr was
used for all reflection measurements because of its larger total Ps formation cross
section relative to He. In order to make comparisons with some calculations on the
efficiency of the cell possible I used He in some Ps formation measurements. Baffles
on either side of the cell restrict the gas flow. Two 940!/s (for air) for diffusion
pumps with cold traps provide differential pumping on the source side of the gas
cell, and a large turbo molecular pump (1500//s for N2) maintains a background
pressure in the experimental chamber of 1% of that in the gas cell, which is mounted
right on to the gas cell. Rather poor vacuum conditions for modern standards had
to be accepted in order to limit losses of Ps intensity due to decay in flight. Since
inert noble gasses of 99.995% and better nominal purity are used the situation is

not as bad as a typical pressure of 10~%torr would indicate.

The cell can be floated electi'ically to the potential V5 to change the kinetic
energy of the positrons and thus the Ps energy. This method was chosen rather
than adjusting the complete beamline for every positron energy. Potential barriers
in the form of two 90% optical transmission grids fabricated from tungsten at the
entrance of the cell (V1) and a tube at the exit (V3) control the flux of positrons. The
second of the grids is connected to the gas ccll, while the first one can be grounded
to permit the positron beam into the cell (“beam on” mode), or when a voltage V;
is applied to inhibit them from doing so (“beam off” mode). The implementation of
two grids makes the electric field more homogeneous. A voltage V3, similar to V3, is

applied to the tube to prevent positrons from entering the experimental chamber.



Chapter 3 : The Positronium Beam 71

lAr

|| g

+ S cm==n
> - . ,
)]

I G
v v 3 a
2 </

0 10 20cm
scale
Figure 3.9 — Top view of the gas cell and the experimental chamber. Positrons

enter the gas cell, which is held at a potential V; above ground, and some form Ps,
via an electron transfer reaction with gas atoms in the cell. A potential V3 repels
the positrons at the end of the cell while the Ps passes an aperture (combined with
V3) and strikes a rotatable sample in the center of the experimental chamber. A
detection system can be rotated around the sample for angle dependent reflection
measurements of Ps, or, with the sample removed it can monitor the incident Ps
beam intensity. Another potential barrier, V4, bars any positrons from the detection

- region that may result from break-up of Ps. Ph and W shields reduce the y-radiation
background. (Details of the detector are shown in figure 3.10.)

For a 150eV positron beam a typical “beam off” voltage is 200V on the first grid

as well as the tube.

A rotatable sample can be moved into the Ps beam 15¢m after the gas cell.
A detection system (or short the detector) can be rotated around the sample at a -
radius of 16e¢m. Thus any Ps atom that s'trikes the sample. and reaches the detector
will fly across the same distance of 31em, independent of the chosen sample angle
and detector position. The angle between the axes from the gas cell to the sample
position and from the sample to the detector is defined as 7. In the 7 = 180°
position and with the sample removed the detector monitors the Ps intensity, or if

so desired the positron beam. The magnetic guiding field for the positrons extends
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beyond the experimental chamber for the latter purpose and also to keep positrons
from Ps break up away from the detector in the case of ¢ < 180°.

The detector (see figure 3.10) consists of a plate (a Channelplate (CEMA),
referred to as the annihilation plaie) inside the vacuum system, and two scintillators
outside of it. Positrons or Ps atoms strike the plate and annihilate The annihilation
radiation can be detected by the scintillators in coincidence. The annihilation plate
is mounted on a rotatable cart that extends into a protrusion (bulge) of the ex-
perimental chamber. A combination of a tube and a 90% transmission grid can be
floated at a potential Vj to inhibit positrons from reaching the annihilation plate.
Radiation shields fabricated from sintered W and Cu powders (“Heavy metal”) are
mounted on the cart to reduce the background from annihilations at the sample.
The scintillators are arranged above and below the plate to observe the two an-
nihilation y-rays in coincidence. Two rather than three photons can be observed
because the probability of the positron in the Ps atom to annihilate with an elec-
tron from the plate is much larger than for annihilation with the bound electron of
the Ps. Bismuth germanate (Bi3Ges 012, titled BGO) was chosen as the scintillator
material for its superior stopping power for 511keV y-rays, which is about 2.5 timnes
better than that for Nal.™® The BGO scintillators are attached to R2238 photo-
multipliers supplied by Hamamatsu. These tubes employ an array of grids rather
than a dynode chain to multiply the electron output signal of the photocathode.
Such a photomultiplier is far less sensitive to magnetic fields than the more common
version with arrays of plates. While other photomultipliers loose most of their gain
in a longitudinal magnetic field of 80gauss the gain of these tubes changes only by
a few percent. Long lightpipes are not required any more.

A quarter of the Ps formed in the ground state will be in the para Ps state
and decay rapidly into 2 v rays before much of it can leave the gas cell. Close to

20% of the positron beam will strike the grids at the entrance of the gas cell and
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Figure 3.10 — Side view of the detection system.
An annihilation plate is mounted on a cart inside
the vacuum system. Positively charged particles are
barred from reaching the plate by a positively charged
grid in front of it. Above and below the plate BGO
scintillators can monitor positron annihilation y-rays
in coincidence. Lead and tungsten shields on the
cart and around the scintillators reduce the radiation
background.

annihilate. These two sources of 511keV~y radiation will contribute considerably
to the radiation background. Up to dinches of lead shield the BGO detectors from
these sources and also reduce the v ray background from the nearby nuclear reactor.
The “bulge” permits the use of the BGO detectors outside of the vacuum chamber,
and access to them becomes very much easier without introducing great distances
between them and the annihilation plate.

The cart that carries the annihilation plate is inserted into the chamber
from below while the sample manipulator is mounted onto a port at the top of the

chamber. The turbo pump is attached to a 12inches port at the side. This did
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not restrict the angular range of possible reflection measurements because of the
symmetry of the reflection process.

Although in principle the BGO detectors could be ‘used to monitor the
positron beam intensity, this is not done. They are mounted about 4cm from
the center of annihilation plate and if the positron beam is permitted to reach this
plate the detectors and the electronics would saturate completely due to very high
counting rates. A new copper source will deliver on the order of 4 x 10%*/sec. An
energy spectrum obtained with the BGO detectors at this time will be totally dom-
inated by pile-up events. During a test the used multi channel analyzer indicated
dead times in excess of 80% and the spectrum approached a flat line. Instead a
(3 x 3)Nal detector was mounted off to the side from the annihilation plate (when
it is located at the ¢ = 180° position) at a fixed distance of generally 36cm. At
this distance the much smaller solid angle reduces the rate of y-rays to comfortable
levels. The Nal scintillator is shielded from background radiation by additional lead
bricks. To obtain the positron intensity the sample is removed from the beam line,
the cart with the annihilation plate rotated to the ¥ = 180° position, and the gas
cell is evacuated. The potentials V3 and V; that normally inhibit positrons from
entering the experimental chamber are grounded. The gas cell potential can now
be used for a retarding field analysis of the longitudinal positron beam energy as
explained in chapter 2.

The CEMA was not used as a detector but only as an annihilation plate
because the pressure in the chamber exceeded 10~%¢orr. Electrical breakdown may
occur and destroy the CEMA. In early versions of the experiment a Channeltron
(CEM) was used in place of the Channelplate. It can be operated as an electron
multiplier in much higher pressures than the CEMA. At that time triple coincidence
measurements were considered to further improve the signal to noise ratio for the

detection of Ps atoms. Unexpectedly large background rates rendered this scheme
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useless. It was determined that the CEM was sensitive to gas atoms which left
the gas cell almost as a jet. Also the channeltron seemed to be very inefficient in
detecting low energy Ps atoms (below a threshold of about 7eV'). I speculate that
the Ps atom has to break up in order to be detected by the channeltron. Similar
observations were made by another group working with a Ps beam.”®

The use of a plate has the advantage that it can be mounted a plane through
the center of the two scintillators. If Ps is reflected from the flat sample surface that
can also occur at the annihilation plate. The Channelplate was used to reduce this
effect. About half of its surface is covered with tiny holes (the diameter is 2.5um).
Thus the Ps can rattle around in the holes until is annihilates or breaks up. In the

latter case an attractive potential of —300V across the CEMA will accelerate the

positron into a wall, where it can annihilate and be detected.

3.4. The Analysis of the Formation Data

In this section I will discuss the effect of a rather rapidly decaying source of positrons
on the measurement. The observed signal also depends on the various efficiencies of
the detectors. Their efficiency will be evaluated afterwards for the “singles” channel

as well as for two scintillators in coincidence.

3.4.1. Effects of the decaying source — Because the positron source ®4Cu has
a half-life of 12.7hours, which is comparable to or less than the duration of most
measurements of Ps formation or Ps reflection, the decay of the source has to be
taken into account. For example 5.3% of the source activity decays within one hour.
One parameter is varied during one measurement, while all others are held constant.

Counts from various detectors are collected for a certain time (tg the dwell time). In
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a brief waiting period t,, the variable is changed, and then data for the next point
are collected. A number of N points each including a dwell time and a waiting
period make up one sweep. Optionally the waiting time between points can also
contain a second data collection time of duration t4. Then the beam will be turned
off to obtain a measure of the background noise level. One measurement consists of
M sweeps, which are all separated by a second waiting time, te. A counter capable
of accumulating pulses in four registers was used. A program was written for a

micro computer to control each experimental run and collect the data.

In a measurement of the Ps intensity for example the voltage on the gas
cell is changed, and thereby the energy of the formed Ps. The windows of single
channel analyzers, SCA, are set around the 511keV peak region of the two BGOs
and the output counts are accumulated in two channels of a quad counter. The
remaining two channels are register the coincidences between the BGOs and for
the 511keV window output of a separate SCA connected to a Nal detector. Events
from the two BGOs are considered coincidences when they fall within a 5 x 10~ 8sec
time window. To obtain a “beam off” rate, the voltage on the grid before the gas
cell is raised to prevent the positrons from entering the gas cell. Assuming that
annihilations from positrons or para-Ps in the gas cell can be neglected, then the
difference between “beam on” and “beam off” is a signal proportional to the Ps

intensity at the detectors.

The dwell time is typically set to 100sec, and the waiting time between
points, including the “beam off” period of another 100sec, is 110sec. The power
supply output stabilizes during the additional 10sec waiting period. Counts are
accumulated for on the order of 30 points, depending on the positron intensity. 13
sweeps will last about 1 day. At the end of this measurement the source has decayed

to 1/4 of its initial intensity.
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Because any background radiation not related to the positron beam is as-
sumed to be constant and the part that is related to the source has changed less
than 0.2% in 100sec, the “beam off” data can be subtracted directly from the “beam
on” data. The result is a signal that depends in time only on the positron intensity.
Here a constant background radiation level is meaﬁt as constant during one sweep.
If I further assume that the positron beam intensity is only a fuﬁction of the de-
caying source, the conversion to a counting rate at a given time ty becomes simple.
Other factors that can influence the positron intensity are for example fluctuations
in the magnetic guiding fields or changes in the detector electronics. Since the power
supplies that run the magnets are set in current control mode, and the electronics
were permitted to warm up for a substantial time prior to any measurement, I will
neglect such effects.

Several factors are involved in the elimination of the effect of a decaying
source of positrons during a measurement. Once that is done and the signal has
been normalized with the positron intensity at that timme, Comparison with other
measurements taken with different sources becomes straight forward.

First the source will decay in the time between the reference time ty for
which the positron intensity is known, and the start of the measurement at t,.

t, -
11

Fy = exp{ b In2}. (82)

. From the beginning of one sweep to the start of the next the time At, elapses. It
consists of the dwell times (¢4) for each point and the various waiting periods (£,

between “on” and “off” points, and ¢, between sweeps).
At, = N(tq +ty) + te. (83)

Until the start of the i-th sweep the source will decay to the fraction

At’ln2}. ' (84)

cop{~(i= 1)
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The total counts accumulated at one point j in the run can be expressed in terms

of the initial intensity during the first sweep R} as

M

At
R; = R} Z exp{—(i —1) » % In2} (85)
i=1 g
M_q ; . At,
= qq —7 R}, ¢ =exp{—(i—1) i In2}

The inverse of this sum of a geometric series relates the total accumulated counts at
point j to an average number of counts of one sweep at the start of the measurement.

qg—1

F=—=—.
2T MM -1

(86)

The inverse of the factor that converts the number of counts accumulated in one

dwell time into a rate at the beginning of that period is

S by B
F; _ln2(1 exp{ than}) (87)

A factor of ¢4 cancels out when the number of accumulated counts in the dwell time
are converted into a rate per time unit. A final factor will shift the rate at each
point of the first sweep to the start of the run. This factor is the only one that is
different for each point in a sweep. The difference between points is only minute,
but becomes considerable during the course of some long sweeps. For the point j it
is

la+iw

th

IFy = exp{(§ — 1) In2}. (88)

To obtain a rate at the reference time ty each point needs to be multiplied with
the product of these factors. Since the initial positron intensities for the various
sources are not necessarily the same the data need to be normalized by the indi-
vidual intensity for comparison. The positron intensity can be obtained with the
same detection system. The gas cell is evacuated and the potentials V3 and Vj are
grounded allow the initial positron beam strike the annihilation plate. Now the

positron intensity as a function of the gas cell potential can be measured.
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The efficiency of the moderator can change during the course of the experi-
ment. That would effectively alter the decay time of the source. This was checked

occasionally. Half-lifes within 10% of the literature value were measured.

3.4.2. Efficiency of a scintillation detector — Once a positron or Ps atom strikes
a solid surface it rapidly annihilates with an electron provided from that surface.
Applied electric potentials prevent it from “bouncing” off the surface. The center
of mass motion of the positron electron pair is small compared to the speed of light
and the two annihilation -rays will come off in opposite direction. Either one can

be detected by the scintillator. The probability to detect a positron is
p = 2(se (89)

where Q is the solid angle covered by the scintillator, s is the fraction of y-rays that
do not get attenuated by air or any other objects like the chamber walls between
the source of the radiation and the detector, and e is the efficiency of the detection
system. Included in € are the intrinsic efficiency in the photopeak of the scintillator
and the energy window in which pulses are considered. The factor of 2 comes
about because 2 undistinguishable photons are generated with each annihilation of
a positron. If the distance R from the radiation source is large compared to the

detector dimensions, the solid angle will become proportional to R™2.

A

1= 47 R? (90)

Here A is the area of the detector facing the source.
At closer distances the situation becomes a little more tedious to calculate.

One needs to consider the solid angle subtended by the detector and also some edge
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effects. For & circular cross section of the detector with a diameter D and a small

point source the geometric part is given by
= %(1 —cosf), and tanf = D/2R. (91)

The edge effects come about because the scintillator itself is slightly less efficient in
detecting a y-ray that strikes it near the edges. Less material is available to interact
with the photon. To avoid this one can collimate the solid angle with lead shields
to utilize only those photons that hit the central part of the scintillator.

With the use of a calibrated check source the overall efficiency of a detection
system E can be measured directly. It becomes unnecessary to measure all the sep-
arate factors. In this case I used a source of 22Na. Two things need consideration.
First of all not all of the decays involve the emission of a positron. The branching
ratio for 22Na is = 0.9. This factor needs to be included into the determination of
the efficiency. Second the isotope also emits a high energy -y-ray, which will cause
a Compton background on top of the source unrelated background. This contribu-
tion can be estimated from the Compton background level just above the 511keV
spectrum of positron annihilation photon if only the peak events are considered
in the efliciency determination. If the total 511keV spectrum is used it is more
advantageous to use another v-ray standard with a similar energy like *37Cs, for
example,

Ounly the photo peak rate of a (3 x 3)Nal detector was used for the determi-
nation of the positron intensity. The detector was located at 36¢m distance from
the annihilation plate. At this distance the R~2 approximation of the solid angle
is valid and the source can be considered pointlike. Then the number of counts ac-
cumulated in a time interval Af in a small window of = 56keV around the 511keV

peak can be expressed as

—A];ZN = Q(stlﬁl + Sheh)Ro. (92)
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sy and € are the attenuation and efficiency factors for the 511keV and, with the
subscript p, for the 1.27MeV photons of the ?2Na source respectively. R, is the
decay rate of the source. Such a spectrum is shown in figure 3.11. Further I can
approximate the ratio of the contribution of Compton events of the high energy
photons to the rate in the narrow 511keV, defined as 7 by the Compton rate in an

equal size window just beyond the 511keV peak on the high energy side N}

N*
p=——onh o _Th_ (93)
1.881 €1 + spen N + N;:

where [V; is the number of counts from each individual contribution.

N] =ﬂ81€1bR0At, and

Ni =Qspep Ry At ~ N,’: (94)

Now the overall efficiency E; = Q0s1¢; in the 511keV peak can be determined from

the known rate R,

N 1
T —=0.9 RyE;. 95
At 1—p 0 (95)
3.4.3. Efficiency of a coincidence system — If the annihilation v-rays are mea-

sured in coincidence there is no need, in principal, to measure the efficiency of
the system with a check source, if the solid angle Q is known. In reality this is
complicated somewhat because usually a coincidence system is used to improve the
signal to noise ratio. In order to obtain the efficiency of the system on the other
hand an exact knowledge of the radiation background independent of the source

of coincident 4 rays is necessary. This can be controlled much better with a check
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Figure 3.11 — y-ray spectrum of a 22Na source measured with a Nal scintillator at about 14"
distance. Shown are the counts per second per energy window versus the energy. The solid
vertical bars represent the energy window that was used for the peak efficiency calculations.
the dashed line is a continuation of the Compton background due to the high energy photon,
and the solid line represents a fit of the spectrum without the 511keV peak with a second
order polynomial.

source than during the true experimental conditions. Analog to the equations for a
single detector the individual counting rates are for the detectors 1 and 2 and their

coincidence rate

N
—A—; = 29861 .Ru
N
A—i = ZQsezRo (96)

gft— = ZfQ.qzel ezRo
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where I assume that the geometries and attenuation factors are the same for both
detectors. Only their efficiencies and the effect of the electronics are different. Be-
cause neither the detectors; nor the electronics have perfect timing characteristics,
the interval between the two coincidence events will not always be the same. If one
displays them on a time scale like in figure 3.12 they display an almost gaussian
distribution on top of a constant background of random coincidences. Most coinci-
dence units permit the user to set a time window of 27 into which pulses from either
detector have to fall to be considered a coincidence event and be counted. The fac-
tor f represents the fraction of counts in this window to the total coincidence peak
counts. When the coincidence circuit receives a pulse from a detector, it converts
this pulse into a new one with the width 7. In order to be considered a coincidence
the two pulses of now equal width have to overlap at least in part. One of them
can be delayed in time over a range of 27 and still have a fraction in common with
the other pulse. Thus the time widow of 27 above.

Returning to the three count rates I can evaluate the various ratios to de-
termine the efficiencies of the detectors se; and either the rate of coincidences Ry

or the solid angle 2

N,
_]V;i = fsez, —l-v—:- = f861, (97)
and
NiN, 2Q
= — R¢At 98
N. f 0 ( )

provided f can be measured or is equal to 1 because the full coincidence peak is
counted.

Just like the singles events the coincidence rate will contain some fraction
of noise. Three contributions play a more or less important role. One is purely
random. There is a finite probability that one detector observes a y-ray from one

annihilation while the other detector receives a photon from a second annihilation
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Figure 3.12 — Plot of the coincidence rate per time bin of the MCA as a function of the time
delay between the pulses from the two BGO detectors as they monitor positron annihilations

in a 22Na source. The vertical bars indicate the 27 time window set by for the coincidence
unit (see text).

that occurs within the 27 period of the coincidence window. This can be estimated

by

Ngandam _y .N] Ng

AT =2 A{Ar (99)
A second source of coincidence background occurs when a third v-ray is emitted
almost simultaneously with the positron in the # decay. This is the case for the 22Na
source. The 1.27MeV photon is emitted when the decay product nucleus of 22Ne
relaxes into the ground state. The 3psec lifetime of this state cannot be resolved
with my systemn. An appropriate Compton event of the high energy photon in

one detector can be registered as a 511keV annihilation event in coincidence with
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the photon from a “true” event. The contribution to the total coincidence rate

can be estimated to be the product of the probabilities to observe these events in

coincidence.

miz
N

N (2082s¢€1 )(23p€n) Ry, (100)

where spe, relate to the observation of the high energy 4-ray in the right energy
window. Since the high energy photon is emitted isotropically this contribution is
independent of the alignment of the detectors. Thus by turning one detector out of

the coincidence region this can be measured.

If the detectors are placed close together it becomes likely that photons
scatter bétween them. Thisisa third cause for distortions of the coincidence system.
High energy cosmic ray showers can trigger a 511keV signal in both BGO detectors
and thus cause a coincidence event. On average this effect should cancel out if
background measurements are taken. It is difficult to shield the scintillators against
this source of noise if it is due to cosmic rays. They are too energetic to be attenuated
appreciably by lead. 511keV annihilation photons on the other hand can Compton
scatter in one detector each and then one of the photons could be registered in
the other detector. The two events in one detector may pile up in the following
amplification and then be registered in the 511keV energy window. This would
artificially increase the peak count rate in either detector and distort the result of
a simple calculation of the efficiencies based on the three counting rates. Thus the

random coincidence rate is an underestimate.

In figure 3.13 a typical spectrum of one of the BGO scintillators is shown.
Two vertical bars represent the selected energy window that is used for the coinci-
dence unit. It does not cover the total photo peak because in the “wings” the ratio

of signal to background becomes much smaller.
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Figure 3.13 — Energy spectrum of a 22Na source seen by a BGO detector. The counting
rate per energy window per second is plotted versus the energy. The vertical bars indicate
the selected energy window around the photo peak. The background without the source
has been subtracted. Note the much broader photopeak (= 120keV FWHM) compared to
the (3 x 3)Nal detector. The solid line represents the estimate of the background under the
photopeak.

Using these spectra I can evaluate the solid angle and the efficiencies. The
number of accumulated counts for the two BGO detectors and also the Nal detector
are listed in table 3.3 below together with the calculated efficiencies.

In order to avoid the various background contributions to the coincidence
measurements I use only the counts in a narrow window around the 511keV peak.
I match the background counts on either side of the peak to obtain an estimate of
the background under the peak itself. With the use of a cubic spline fitting routine
this can easily be done.”®"7 A qubic spline is fitted to the count rates on either side

of the peak and extended through the peak region (see the solid line in figure 3.13).
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Table 3.3: Efficiency of the detectors

Parameter Detector
Nal BGO1I BGO II Coinc.
FWHM of the
511keV photopeak (keV) 49.5 123.0 121.5
coinc. window (nsec) 103

SCA window width

photopcak (keV) 56.3 121.4 117.3

coincidence (nsec) 50
Counts in 100sec 4354.2 295257 279572 46987
Background in 100sec*) 242.8 53485 53275 135
Fraction r 0.944 0.819 0.809 0.997
Factor f 0.586
Solid angle 2 103 2.87 0.107 0.107 0.107
Efficiency in %) - 0.141 7.8 7.3 1.56
Conversion factor 707.7 12.8 13.7 64.27

*) This is an estimate that includes Compton events from 1.27MeV v-rays.

Jr) The intensity of the used source was 2.932 x 10%et / sec.

For the calibration of the three detectors and the coincidences (coinc.) a small (0.878uCi) 22Na
source was mounted on the annihilation plate. The BGO deteciors were mounted above and below
the bulge and the (3 x 3)Nal detector at 14inches from the plate, just as during positron beam
nieasurements. The magnets were turned on, to resemble the actual experimental conditions as
- close as possible. The natural background was subtracted only in the case of the Nal detector.
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I determine the ratio 7; of the background corrected rate (count rate above the line)
in the window to the total rate in the window. This is repeated for each detector
and the coincidence output and the values are included into the evaluation of the

solid angle.
_ 1 N]Nz T172

Q0 !
2° N, .

RoAt (101)

Once @ is known I can evaluate the overall efficiency of the coincidence channel
and need not worry about the singles channels any more. All the values which are

relevant for these calculations are listed in the table.

3.4.4. Ps decay in flight —  As I discussed earlier Ps is not a stable atom but
will decay depending on which state it is in. The half-life of para Ps is so short that
essentially all will decay already within the gas cell. As for the ortho Ps, which
amounts to 3/4 of the Ps formed in the ground state a certain fraction will decay
before it can reach the detector located at about 31em from the gas cell exit. The
fraction that survives F, the distance depends on the time it takes to reach the
detectors, which is proportional to the square root of the energy of the Ps atom.

Thus
E Ps

me

F, = e:cp{—;é;} ,and v = (102)

where [ is the distance to the detectors, v the velocity of the Ps atom, Ep, its
energy and m, = il,-m, ps the electron rest mass. Shown in figure 3.14 is this surviving
fraction F, as a function of the Ps energy. A distance of Il = 0.4m was chosen. The

fraction of 3/4 for the ortho Ps fraction was included.
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Figure 3.14 — Fraction of Ps that does not decay in flight from the gas cell to the detectors
{about 31cm) as a function of the Ps energy. Only 3/4 of the Ps formed in the ground state
is formed in the longer lived ortho state. This fraction is included in the values, The insert
illustrates the low energy behavior.

3.5. Positronium Beam Results

To measure the efficiency of the gas cell the annihilation plate and the detectors
are rotated to the ¢ = 0; + 6, = 180° position. No sample is in the beam line. The
gas cell is filled with 10~ 3torr of Ar. Positrons with a total energy of 150eV enter
the gas cell and are prevented from proceeding into the experimental chamber by
a potential of 200V on the tube V3. The number of detected Ps atoms reaching
the annihilation plate are then measured as a function of the potential on the gas
cell and thus indirectly as a function of the Ps energy. To obtain the radiation

background the positron beam is turned off periodically at the entrance of the gas
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cell by floating V; to 200V. The results for a typical run are shown in figure 3.15 for
the singles counts of one of the BGO detectors and in figure 3.16 for the coincidence
channel between the two BGO detectors.

In spite of considerable shielding of the scintillators the background signal
for the singles rate is about as large as that from Ps atoms annihilating on the an-
nihilation plate. This is very much improved in the case of the coincidence channel.
Above 150V — 8.9V = 141.1V the positrons do not carry enough kinetic energy
to form Ps. A small signal above the background can be observed in the singles
channels which is due to annihilations occurring in the gas cell. This contribution is
too small to play a significant role in the coincidence channel which I will use in the
further analysis. Included in the background is a small signal due do high energy
positrons. The E x B filter does not completely separate the moderated positrons
from the fast positrons. The remaining fast positrons will pass both potential barri-
ers before é,nd after the gas cell and are registered in the “beam on” and the “beam
oft” mode.

The background signal is subtracted from the total. Following the data are
corrected for the effects of the decaying source to a reference time when the intensity
of the positron beam is known. The rate of detected Ps atoms in the coincidence
channel per initial positron intensity is obtained by taking the ratio. This function
still includes the efficiency of the detection system. The apparatus was designed
in such a way that this efficiency did not change when the detectors were rotated
around the center of the experimental chamber. Thus the knowledge of the absolute
efficiency of the gas cell is not required for the measurement of a reflection coefficient .
of a sample located in the center of the chamber. The efficiency will drop out when
the ratio of initial Ps intensity and reflected intensity is calculated. The detected
intensity per initial positron rate is shown in figure 3.15 as a function of the inferred

Ps enecrgy.
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Figure 3.15 — Counts detected by one of the BGO detectors during the course of one Ps
formation measurement as a function of the potential on the gas cell. The total positron
energy was 150eV and the gas cell was filled with 10~3torr Ar. The full circles are the results
when positrons enter the gas cell. In the case of the open circles the positron beam was
repelled at the grid V,. The solid line represents a fit of a straight line to the “beam off”
data.

To improve on the statistical error a series of measurements were made em-
phasizing the region of low Ps energies below 10eV. Here the effect of Ps decay in
flight is much more severe than at higher energies. The obtained data were binned
in 1eV bins and weighted by their statistical error values. The result is shown in
figure 3.18. The insert shows the efficiency for the energy range up to 10eV on an

expanded scale.
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Figure 3.16 — Coincidence counts for the same measurement as in the previous figure. Again

the full circles represent the data with positrons in the cell and the open circles the background

data. The error bars are statistical.
The solid line in the figure was obtained by the following procedure. The detected
Ps intensity is corrected.for the decay in flight from the gas cell by dividing the
data values by the fraction of Ps surviving the flight. This normalization function
approaches zero with Ep, — 0. At small energies (Ep, < 5eV’) the statistical error
becomes very large, and the result will diverge. On the other hand the Ps formation
cross section has to approach zero near the threshold of formation. Assuming a
linear dependence at low enough Ps energies this divergency can be eliminated. A
polynomial that has to cross zero at 0eV Ps energy is fitted to the data. The fit is
then multiplied with the fraction of Ps surviving the decay in flight to and plotted

as a solid line in the figure.
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Figure 3.17 — Rate of Ps atoms detected in coincidence per positron intensity entering

the gas cell as a function of the Ps energy. Here the results of the raw data shown in the
previous figure are used. The error bars are a combination of the statistical error values from
the “beam on” and the “beam off” data. In case of the “beam of” data the fitted line is used.

I did not fit the data with the cross section for Ps formation because a
number of relevant factors have not been measured or calculated. No differential
Ps formation cross sections have been calculated for Ar, and they have not been
measured either. In addition the formed Ps atoms can scatter from the Ar atoms
and either break up or scatter out of the solid angle subtended by the detectors.
only now are such Ps atom cross sections being measured’® In addition most of
the positrons will not move parallel to the beam axis but rather spiral around axes
parallel the the beam axis. At any time their momentum vector will have a radial

component. This radial component will tend to broaden the effective differential
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Figure 3.18 — The relative intensity of the Ps beam at the annihilation plate. Shown is the Ps
intensity per positrons versus the Ps energy. This reflects the efficiency of the gas cell to form ortho
Ps in a 2.5° cone and the decay in flight of the initial Ps beam. The cell was filled with 10~3torr Ar.
Here several measurements have been added to obtain improved statistics. The solid line represents
a fit (see text). Above an energy of 70eV only one measurement with poor statistics was available.
Hence the larger error bars than at lower energies were the average of several measurements is shown.

cross section. This becomes even more severe in the less probable but possible case

of double collisions where the first one is an elastic collision.

I will use the fitted result of the Ps formation measurements in the final
calculation of the reflection coefficient. In that case the detector efficiency and the
effect of one 90% transmission grid after the gas cell (a factor of 64.27/0.9 = 71.14
according to table 2.3) will not be included.



4. Reflection of Ps

To my knowledge no theoretical predictions exist on the topic of Ps reflection or
Ps diffraction from surfaces for energies above 1eV. For lower energies an estimate
was made by Pendry for copper.!®> As was pointed out in the introduction, positron
beams of high intensities are required to perform reasonable measurements. How-
ever a number of considerations can be made to enhance the chances for a successful
measurement. The Ps atom is only weakly bound with half a Rydberg (E, = 6.8¢V
for the ground state). Atoms with a larger kinetic energy may break up upon
collision with the surface of a solid. This will be even more likely with increasing
energy. Interactions with phonons would a.lt.er‘the Ps energy only by small amounts.
Electronic interactions like the excitation of an electron into the conduction band
will be inelastic. Also the positron of the Ps atom may annihilate with an electron
from the surface. A sample crystal with large lattice parameters should display
diffraction peaks at energies near or below the band gap energy to enhance the re-
flected intensity. Ward and collaborators™ performed simple calculations of s-wave
cross sections for elastic scattering of free electrons from Ps. They found values for
encrgies below 10eV of on the order of 228raZ ~ 10~!*cm?. Typical densities for
conduction electrons in metals range around 1022¢cm 3. This results in a mean free
path of on the order of 1A. The majority of the Ps atoms that penetrate deeper
into the solid will loose some energy due to the recoil from Ps electron scattering

and be lost for elastic reflection measurements.

95
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Ionic crystals, where all the electrons are bound and which feature large
lattice constants seem to be good candidates. Further to simplify the experimental
requirements a first sample should have a simple structure and remain clean over
extended periods of time. Stern,” LiF is a good candidate. Besides the Ps atoms
the sample surface will be “bombarded” with large amounts of atoms from the gas
cell. In the case of noble gasses that is not too serious, but the gas will contain some
impurities which may stick to the surface and alter the results. For example I used
Ar of 99.995% nominal purity. If the gas cell is filled with 10~3torr, the background
pressure in the experimental chamber is near 10~ 5torr and somewhat larger at at
the sample. The partial pressure of contaminations on the sample may be in the
10~ %¢orr range, which is no longer UHV. Just like for the first experiments on He
atom diffraction by
In the following I will consider a number of additional systematics involved
in the reflection measurements. In the second part I shall present the obtained data
and discuss them. It will be followed by an attempt to explain the results in term

of a simple theory of plane waves reflecting from a potential step.

4.1. Experimental Considerations

The ‘experimenta,l apparatus designed to be used for the measurement of the Ps
beam intensity as well as for the reflected beam strength is shown in figure 4.1.
The detectors shown already in figure 3.9 can be rotated around the center of the
chamber. At that location the sample, which is mounted on a heating stage on a
rotary linear feedthrough, can be inserted into the Ps beam line. The normal of the
sample surface and the beam axis form the incident angle 6; and the angle from the
sample normal to the direction towards the center of the detector system is called
0,. I will refer to the total reflected angle as 9. 1 can be changed from somewhat

less than 100° to 180°, while any angle is possible for §;. As mentioned before the
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used photomultiplier tubes are designed to be almost unaffected by magnetic fields
on the order of 80gauss. Thus as long as the configuration between the annihilation
plate and the two BGO scintillators does not change the detection efficiency for this
system will remain constant for all angles 1. Such a design eliminates the need to
determine the absolute efficiency of the detectors for the measurement of reflection
fractions. For the reflection coefficient it suffices to obtain the ratio of the intensity
scattered into the direction 1 and the intensity of the undisturbed, primary beam

with ¢ = 180° and the sample removed.

Ar
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€
=
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p
Figure 4.1 — Top view of the experimental chamber as in figure 3.9 but in the

configuration for Ps reflection measurements. Again variable Ps energies can be
achieved by biassing the gas cell (gc). The tubes and grids (t) on either side can
be charged to positive potentials to control the flux of positrons (before the gas
cell) and to prevent the positrons from entering the experimental region. A third
tube at the detector has the same function for the cases when the annihilation plate
intercepts the primary beam. The sample angle is 6; to the beam axis and 8, to
the direction of the detector. Not shown is considerable lead and tungsten shielding
around the detectors (See text for more).
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One way to measure the specular reflection of Ps would be to turn the sample
in steps A8 and simultaneously the detectors by twice the amount to maintain the
specular condition 1 = 26;. This was not done because of the large amounts of
lead and tungsten shielding around the scintillators. To improve the efficiency for
coincidence detection of 27 annihilations of Ps atoms at the plate the BGO crystals
were placed close together (only 3inches apart). Inter-detector scattering of more
energetic radiation can become a severe problem for such a configuration. This is
even more so the case because BGO scintillator feature a rather broad photopeak
region. To prevent this I had to shield each scintillator against radiation from
sources other than the annihilation plate as much as possible. Up to 4dinches of
lead was piled around the detectors on the outside of the experimental chamber,
while a 2inches thick lead block shielded against annihilation radiation of para-Ps
in the gas cell. Blocks of dense tungsten alloy reduce the background of annihilation

radiation produced at the sample.

In addition to these passive measures the y-ray background can be deter-
mined experimentally and subtracted from the total signal. Two possibilities exist.
The first one has already been used for the Ps beam intensity measurements. the
grid potential V; is elevated high enough to prevent positrons from entering the gas
cell and thus from forming Ps. The remaining counts registered by the detection
system stem from the radiation background that is independent from the positron
beam. Such sources are: the natural background; cosmic rays; the nearby nuclear
reactor; and any Ps that may be formed in the residual gas before the gas cell. The
background radiation without the fraction due to the positron beam is largest at
an energy of 150keV. At higher energies it drops off like an exponential. These Ps
atoms are not desired since they usually carry more kinetic energy. Another con-
tribution stems from “fast” unmoderated positrons coming from the source. The

— —

E x B filter does not eliminate all of these energetic positrons. The cross section to
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form Ps in a gas becomes negligible at energies above several hundred eV but these
positrons can form Ps at the sample which can reach the detectors. Evidence for
this effect was found when comparing “beam off” background rates with a distant
beam line valve open and closed.

Any background radiation resulting from positron and Ps annihilations in
and after the gas cell cannot be eliminated by this method. For this the second
method becomes more effective. I can rotate the sample away from the detectors in
the opposite direction by the same amount ;. Now any reflected Ps intensity will
move away from the annihilation plate. On the other hand the above mentioned
source of background will remain almost constant. Annihilations at at the sample
will be somewhat attenuated and Ps decays in flight from the sample to the detectors
will no longer be present. However this method will not distinguish the effect of
“fast” positrons from the signal due to Ps reflection. Both will be turned on and
off when the sample is rotated.

The use of a 84Cu source of positrons with a relatively short half-life on the
other hand makes the use of both background measurement methods undesirable
because 3/4 of the measurement would be devoted to background measurements.
The Ps rate from high energy positrons should be independent of the sample angle
and rather small. Once that has been verified I consider the second method of two
sample angles to be sufficient.

One last effect needs to be considered when measuring the reflected fraction.
As the sample is turned to larger angles 8; — 90° it will intercept less and less of the
initial Ps beam. The sample used in this work was 2s = 7/8inch wide and linch
high. The cone of the ps beam that is intercepted by the 1linch diameter annihilation
plate has the radius Rp at the sample. The cone of the Ps beam intercepted by the
annihilation plate measures = 5° across. Up to a certain threshold angle of 0; the

value ¢ = scosf; will remain larger than the radius Rp. Given the accuracy of the
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differential Ps formation cross section I assume a homogeneous intensity distribution
in this cone. Then simple geometric considerations lead to the following fraction f
(as illustrated in figure 4.2)

f= %(Sinﬁcosﬂ + ﬁ), sinf = —RE— (103)

B

The Ps beam intensity needs to be corrected by this fraction to accurately calculate
the reflection coefficient. Figure 4.3 shows the fraction of the Ps beam intercepted

by a sample of 7/8 width by linch height as a function of the sample angle.

— 40 cm —
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Figure 4.2 — Hlustration for the calculations to evaluate the fraction of the Ps

beam intercepted by the sample as a function of the sample angle 6;. The left part
shows the arrangement from above and the right section of the figure shows the
sample as seen by the approaching Ps atoms. The cone of the Ps beam is given
by the dimensions of the annihilation plate at 40cm from the center of the gas cell
and has the radius Rp at the sample. Beyond a certain threshold angle the sotple
will no longer intercept all of the beam. The angle 8 is used in equation (103) to
evaluate this fraction.
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Figure 4.3 — Fraction of the incident Ps beam intercepted by the sample and contributing to
the reflection process as a function of the sample angle.
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4.2. The Reflection Data

In this section I will discuss my data and the individual steps leading to reflection
fractions. I shall outline the two ways used to collect data in the first part. Using
one experimental run as an example I will explain all the steps taken to obtain
the reflected fraction from the raw data. Finally I will present all results from the
various runs and discuss them. A simple theory to explain some of the results will

be presented in the following section.

4.2.1. Two ways of data collection — As I explained before the large amounts
of lead shielding around the scintillators make any changes in the position of the
detectors during a run impractical. Instead they were kept fixed for each run and
the sample was rotated, i.e. the angle §; was changed, while the Ps beam energy was
also kept constant. In the second type of runs the Ps energy is ramped by changing
the bias on the gas cell. In that case all angles remain unchanged.

Except for in one case LiF(100) was used as the sample. A crystal purchased
from the Harshaw company of 7/8th of an inch by 1inch area was cleaved in air and
mounted on the manipulator in the vacuum system within an hour. The sample
was mounted with a (100) axis in the plane formed by the positron beam and the
sample detector axis. Prior the the experiments no surface analysis was performed -
but a later study revealed a sharp LEED pattern.

In most cases the sample was rotated through the specular condition and
in a second run the energy dependence of specular reflection was measured. To

further reduce the amount of contaminations on the sample surface and prevent the
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adsorption of water the sample was heated to 160°C + 10°C. The sample mount

also includes a heater stage employing a resistive heating method.

4.2.2, Angle scans — In this case the detectors were held in a fixed position and
also the Ps beam energy was constant. The sample was turned through a number
of angles. Some of them were negative angles, where any reflected Ps moved away
from the detectors. In some of the runs the data collection program alternated
between periods of “beam on” and “beam off’. In the “beam on” mode Ps was
allowed to form in the gas cell, while in the “off” situation the positron beam was
repelled in front of the gas cell by a large potential V;. A computer program
controlled the actual measurement. It sent pulses to the various power supplies
that provided the potentials for the gas cell and the “beam off” grid. Via a third
link the program directed the rotation of the sample with a stepping motor. The
minimum step size was 1.8°. The accumulated counts in energy windows of the
two BGO scintillators and in the coincidence channel were stored for each gas cell
potential and a selected number of sweeps. If measured, the “beam off” counts were
stored separately. A piezoelectric leak valve regulated the pressure in the gas cell
according to feedback fromn the ionization gauge controller. Examples are shown in
figure 4.4 and figure 4.5 for one singles channel and the coincidence channel of the

same run. The parameters for this run are given in table 4.1.

It becomes obvious in the singles channel that only a small fraction of the
background signal can be attributed to sources other than positron or Ps related

ones. On the other hand almost all of the positron or Ps related counts appear to
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Table 4.1: Parameters of an “angle scan”; ¥ = 120°

Reference time tg 12:00; 5/16/88

Positron intensity at tg 3.85 x 10%et /sec

Beam energy 149.6eV

Gas pressure and type 107 3torr of Ar

Sample LiF(100) heated to = 160°C
Start time 17:57; 5/16/88

Stop time 09:29; 5/17/88

Gas cell potential V, 122V

Ps energy Ep, 18.7eV

Gas cell efficiency at Ep, 1.394 counts seen per 10% e™
Total angle‘ P 120°

Counting mode Beam on and off

Number of sweeps 13

be not reflection related since the rates remain as high when the sample is turned
the other way (negative angles). Only in the coincidence channel can a sharp peak
Wi.th a width of about 5° be observed. The background counts are greatly reduced.
While the difference between “beam on” ard “beam off” counts is the same for
positive and negative angles (except for the actual peak area) the absolute number
of counts is slightly larger for the positive angles. This can be attributed to high

energy positrons from the source reaching the sample and forming Ps at the surface.
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Figure 4.4 — Raw data of a Ps teflection measurement, Show are the counts in the 511keV

window of one of the BGO scintillators versus the sample angle.  “beam on” data; x “beam
off” data. The statistical errors are smaller than the symbols.

This effect is independent of turning the beam “off” but should disappear when the
sample is turned away. |

The best way to eliminate the background is to subtract the “beam off” data
for all angles and the reverse the sign of the negative angle data. This was done
in the next figure (fig.: 4.6). The dashed line represents the average of all of the
formerly negative angle values. That value lies at 17.01 counts 4-2.38 counts. The
errors have been calculated from the “on” and the “off” data using the sum of the
squares and then taking the square root again.

For the next step I subtract the average of the negative angle values and

correct the error values accordingly. The result is shown in figure 4.7. Now any
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Figure 4.5 — Raw data as in the previous figure but this time the coincidence results are
shown.

background is eliminated from the measured signal. Most of all any time inde-
pendent counts are gone. Only now can I correct the signal for the effects of the
decaying source according to the method described earlier. Using the known decay
rate of the #4Cu source I can calculate the the rate that I would have obtained if
the measurement was performed at the reference time tg. This result can then be
normalized by the established positron rate at that time and the Ps formation efli-
ciency for the energy (see table 4.1). Finally the count rate needs to be corrected
for the fraction of Ps atoms that miss the Sample and cannot contribute to the

reflection process. The thus obtained reflection fraction is presented in figure 4.8.
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Figure 4.6 — Coincidence counts of the same reflection measurement. The “beam of” values

have been subtracted. e Positive angle data, and X negative angle data for which the sign of the
angle was reversed. The errors are a combination of the “on” and “off’ data errors.

Shown is the reflection coefficient versus the sample angle. No error due to the

various normalizing values was not included into the displayed error values.

In this measurement the background signal was obtained with the positron
beam turned off. They are different depending on the sign of the sample angle, but
make up only a fraction of the background (about 1/3 of the background with the
sample in the negative angle position). Also I assume that this difference is roughly
constant. On the other hand half of the actual measuring tiine was invested on the
“beam off” part. In order to estimate the error made when I do not measure “beam

off” rates I repeat the analysis without the “beam off” data. The outcome is shown
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Figure 4.7 — The coincidence data that have been obtained by subtracting the average of the
negative angles. The error of the average value of 17.01 counts (2.38 counts) and the original
statistical errors have been combined.

in the next figure (fig.: 4.9). In this case the difference is on the order of a quarter
of a percent. The errors of either values still overlap. This fact has to be kept in
mind when no “beam off” data are available and constant reflection fractions are

observed which are on this order of magnitude.
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Figure 4.8 — Ps reflection from LiF(100) as a function of the sample angle. A beam of

18.7eV Ps atoms was directed at the sample and the fraction scattered through a total angle of
0; + 6, = 1 = 120° was measured, The fraction peaks at the specular condition.
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Figure 4.9 — Comparison of the results of an analysis with (e) and without (x) the “beam

off” data. Only one set of error bars is shown. The other set has about the same magnitude.
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Results of such a measurement without the “beam off” data are shown in

the following set of figures. The parameters for this run are shown in the table 4.2

below.

Table 4.2: Parameters of an “angle scan”; ¥ = 100°

Reference time tg
Positron intensity at tg
Beam energy

Gas pressure and type
Sample

Start time

Stop time

Gas cell potential V,
Ps energy Ep,

Gas cell efficiency at Ep,
Total angle ¢
Counting mode

Number of sweeps

15:00; 5/02/88

4.57 x 10%e™ /sec

149.6eV

10~ 3torr of Ar

LiF(100) heated to =~ 160°C
17:18; 5/02/88

12:09; 5/03/88

130V

10.7eV

0.649 counts seen per 108 e*
100°

Beam on only

30

This time the singles counts reveal a broad peak above the roughly constant
background for negative angles. The width of the peak is basically due to the poor

angular resolution of a single detector. The coincidence result on the other hand is
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much sharper with about 5° FWHM. The analysis along the same lines reveals a

specular reflection coefficient of ahout 10% for the 10.7¢V Ps beam.
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Figure 4.10 — Raw data for Ps reflection seen in the 511keV window of one BG O scintillator.
The data ate versus the sample angle. The detectors were located at ¥ = 100°,
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Figure 4.11 — Same measurement as in the previous figure. Shown is the result from the
coincidence channel.
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Figure 4.12 — Ps reflection through 100° from LiF(100). Shown is reflected fraction versus

the sample angle. (Seme measurement)
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4.2.3. Energy scans — During these measurements both angles 6; and 4, are
held constant. In all but one case they are selected to comply with the condition for
specular reflection. The Ps beam energy is then changed by varying the potential
on the gas cell. Omne experimental run consists of several sweeps of the gas cell
potential. For each point data are accumulated in the two singles channels of the
511keV peak windows of the BGO scintillator and their coincidences both for the
“beam on” mode and the “beam off” mode. Once all voltages have been swept
the sample is turned to the negative angle position and the same is repeated in the
second half of the sweep. Thus both ways of measuring the background are included
into a measurement. The systematic error due to a slightly reduced beam intensity
for the negative angle position can be kept below 5% as long as the duration of one
sweep remains below lhour. A slightly modified version of the program described
above controls this process. The parameters for such a run are shown in table 4.3
and the raw data in figure 4.13 for one singles channel and in figure 4.14 for the
coincidence channel.

Just like in the angle scans the “beam off” data are constant and slightly
larger when the sample is in the positive angle position (Ps reflected towards the
detectors). In addition to the effect of high energy positrons generating Ps at the
sample this is also due to the time shift and the resulting lower beam intensity of
the negative angle measurements. The difference in the singles rates amounts to
271 £10 counts total. The reflection data show one broad peak on top of a roughly
linear background which decreases with increasing gas cell potential. A second
“bump” appears above 141V, This cannot be due to Ps reflection because here the

positrons do not have enough kinetic energy in the cell to form Ps. Since it shows
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Table 4.3: Parameters of an “energy scan”; E < 20.7¢V

Reference time t 15:00; 5/05/88

Positron intensity at to 3.95 x 10%¢* /sec

Beam energy 149.6eV

Gas pressure and type 10~ 3torr of Ar

Sample LiF(100) heated to =~ 160°C
Start time | 15:46; 5/05/88

Stop time 09:42; 5/06/88

Total angle ¥ | 100°

Sample angle 6; +50.4°

Correction for Ps missing
the sample 1.0063

Counting mode Beam on and off;

two sample positions

Number of sweeps 5

up for both sample positions it must come from annihilations of positrons in the gas
cell. Near the threshold of Ps formation the total positron atom cross section rises
sharply. Less positrons will reach the exit of the gas cell. A reduced background is
the result. This can be confirmed by ineasuring the positron transmission through
the gas cell as a function of its potential and comparing data from a run with gas

in the cell with one without gas. Such a comparison is shown in figure 4.15.
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All the reflection features are repeated in the figure showing the coincidence
results but are much more distinct. Also the background rate is greatly reduced.
Here the “beam off” background accounts for all of the signal in the region where

no Ps is formed in the gas cell (i.e. the gas cell potential is > 141V).

Again I will use the coincidence results for the further data analysis. Asin the
~ angle scans I subtract the negative angle data from the positive angle data and also
subtract the average of the difference of the “beam off” data. The latter amounts
to 5.941 0.44 counts. Now the effect of the decaying source and the intensity of the

positron beam at the reference time can be taken into account. At last I normalize
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the data with the Ps formation efficiency of the gas cell and consider the fraction of
Ps that miss the sample at this angle of 50.4°. The resulting reflection coeflicient
as a function of the Ps beam energy for specular reflection is shown in figure 4.16.
Below 3eV Ps energy the data and error bars become very large. ‘This is due to the
very small initial Ps intensity. Most of the Ps will decay in flight before it can reach
the annihilation plate. The data points have to be normalized by small numbers. In
later figures I will omit the data points at low energies when the error bars become
unreasonably large or the reflection fractions increase above unity. In this case the
reflection coefficient peaks near 7eV Ps energy at 28% and then drops to about 2%

from 17eV on.
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Figure 4.16 — The reflection coeflicient as a function of the Ps energy. The values are cal-

culated from the coincidence measurements shown in the previous figure for specular reflection
through 6; = 6, = 50.4° from LiF(100) heated to & 160°C. The error values are statistical only.
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In a second measurement the Ps energy range has been extended to almost
60eV. The parameters for that run are listed in table 4.4. In this case I omitted

the measurement of “beam off” rates.

Table 4.4: Parameters of an “energy scan”; E > 10.7eV

Reference time to 15:00; 5/05/88

Positron intensity at ty 3.95 x 10%e™ /sec

Beam energy 149.6eV

Gas pressure and type 10~ 3torr of Ar

Sample LiF(100) heated to ~ 160°C
Start time 11:28; 5/06/88

Stop time 14:07;.5/07/88

Total angle v 100°

Sample angle 6; +50.4°

Correction for Ps missing
the sample 1 1.0063

Counting mode Beam on ouly;

two sample positions

Number of sweeps 19

In the following figures the results are shown just like for the previously

discussed run.
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more data see table 4.4.)
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I subtracted the negative angle results and then correct for the various effects

and combined the results of the coincidence rate of this run with those from the
previous run. The average of the data in the region where the two runs overlap is
slightly larger for the latter run by 0.232 — 0.186 = 0.046 + 0.017 counts/sec (see
figure 4.19 ). This must be due to the fact that the difference in “beam off” counts
could not be taken into account. Thus I subtract this amount from the second
data set. Now I can combine the runs and evaluate the reflection coefficients which

are shown in figure 4.20. Where two data points were available they have been

fi |
: :3 | HH imf{}{ﬁ m j
5 . } {ﬁ}{ H{H {1

. iﬁ;}}#ii}ii}. .............................................................................. _

0 10 20 30 40 50
Epy= E,— Eyy (V)

Figure 4.19 — The coincidence rates for Ps reflection through 6; = 8, = 50.4° for the discussed
two measurements. In the case of  “beam off” data were taken, and for x they were not available.

(See text)
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Figure 4.20 — Ps reflection coefficients as a function of the Ps energy. An estimate of the

difference in the “beam off” rate for the higher energies above 20eV was included.

The same data are also shown on a double log scale in the next figure.
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Figure 4.21 — The same Ps reflection results versus the Ps energy on a double log scale.
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4.2.4. The data —  The results of all other measurements have been analysed in
the same fashion. Data were taken for various total angles 1 in angle scans as well
as energy scans. For the angle scans the Ps beam energy was also varied. In the
case of energy scans all but one measurement were made at the specular condition.
They are listed below in tables 4.5 and 4.6 for an overview. In all cases the gas
cell was filled with 10~3torr of Ar gas. The same LiF(100) crystal was used. The
calibration of the detector electronics was kept constant.

The smallest total angle possible was 1 = 100°. The energy scans for that
angle with the sample located near the specular condition of §; = 50.4° were already
shown and analyzed in the previous section as an example. I show it here once more
on a log-log scale in figure 4.22. Along with this measurement come three angle
scans at various energies. These energies are 10.7¢V, 17.7eV and 40.0eV and are

shown in figure 4.23.

i estimate the uncertainty in the sample position to about +2° and that for
the total angle to about £4°. Within these errors the angle scans all show a peak
at the specular condition of §; = %1/) As a function of energy the reflected fraction
is about 28% at 7eV and drops sharply to 2 to 3% near 20eV. Even at 55eV still
about 1% of the incident Ps beam is reflected into the detectors. The latter raises
strong hopes that a diffraction pattern can be observed.

Below 7eV the picture is less clear. Some data points indicate that the
reflection coefficient drops also. At very low energies the values begin to become

very uncertain and large. That behaviour can be explained by the uncertainty in
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Table 4.5: Ps reflection “angle scans”

Angle ¥(°) Angle 6;(°) Ps energy (eV)
100 36.0 to 61.2 10.7
100 32.4 to 63.0 17.7
100 32.4 to 63.0 17.7
100 37.8 to 52.2 40.0
120 30.6 to 77.4 6.8
120 46.8 to 72.0 18.7
130 30.6 to 79.2 25.7
130 55.8 to 72.0 27.2

Table 4.6: Ps reflection “energy scans”

Angle 3(°) Angle 6;(°) Ps energy (eV) Comments
100 46.8 -12.9 to 20.1 Off specular
100 50.4 -9.3 to 20.7
100 50.4 10.7 to 56.7 Continuation of

above run
120 59.4 -8.3 to 30.7
120 61.2 -5.3 to 15.7
130 70.2 -1.3 to 40.7
98 19.8 -4.3 to 60.7 Surface diffraction
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Figure 4.22 — Specular Ps reflection from LiF(100) with the sample at 6; = 50.4° on a double

log scale. shown is the fraction reflected into the detector solid angle versus the energy of the Ps
beam. 1 estimate the error in the detector position to be A1 = 4°. The error in 6; is 2°.

the normalization curve. Very little of the formed Ps reaches the detectors due to
the decay in flight. For the evaluation of the reflection coefficient that means that
the measured reflected amount has to be divided by a equally small formed amount.

Prior to the measurements I expected the reflection coefficient to be large
at low energies when no inelastic channels are open. Above the threshold for ex-
citations of electrons into the band gap and for Ps break up the reflected portion
should drop.

In a second energy scan I positioned the sample 3.6° off the specular condition
at 0; = 46.8° (see figure 4.24). The very uncertain low energy values (< 4eV') aside

the reflected fraction starts out near 3% and drops to less than 1% above 13eV.
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Figure 4.23 — The reflected fraction of the Ps beam as a function of the angle
6; of the sample. The three figures represent the results for various Ps energies.
In the case (a) it is Ep, = 10.7eV, in (b) Ep, = 17.7eV, and in the last case (c)
Ep, = 40.0eV. The detector system was located at ¥ = 100°. Within the error bar
of Af; = 2° the peak appears at the specular condition.

Slightly larger values were the results of a repetition. Possibly the detectors were

located not in the exact same position.

In the next set of data (see figure 4.25 and figure 4.26) I increased the total

angle to ¥ = 120°. In two runs the sample was first turned to 59.4° and then to
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Figure 4.24 — Ps reflection from LiF as a function of the Ps beam energy. In this case the
sample was rotated just off the specular condition by AG; = 3.6° at 6; = 46.8°. The detectors
are at 3 = 100°. With the exception of the first two points the reflected values are at about 10%
of the specular results. ‘This is further confirmation of the sharpness of the specular feature.
The first two values are very uncertain due to the lack of Ps beam intensity. The two symbols
represent the results of two different measurements.

61.2°. The same errors in angle apply. The energy scans show both a very similar
dependence compared to the 100° data. Only the drop at low energies seems to be
non existent. In the angle scans, this time measured at 6.8¢V and 18.7eV the same

sharp peak can be observed.

I measured one last set at a total angle of 1 = 130° and a single angle scan
for 25.7eV. A second energy scan was taken 5.4° off the specular condition. All

runs are shown in ﬁguré 4.27 and figure 4.28. Data below 10eV for the specular
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Figure 4.25 — Ps reflection from LiF with the detector system at ¥ = 120° on a double log

scale. In the first of the two measurements shown (e) the sample was rotated to 6; = 59.4° and
in the other one (o) to 6; = 61.2°. Both cases are at specular condition within the error.

condition are missing. In the range of 10eV to 20eV their values are very similar
to those for the off specular run. Only above this energy the off specular data drop
off more to below 1% while the specular data remain near 3 to 4%. That is much
higher than for the ¥ = 100° and 120° data. Below 10eV the off specular values

rise to about 13%.
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Figure 4.26 — Ps reflection as a function of the sample rotation. The detectors
were focated at 9 = 120°. The Ps beam had an energy of Ep, = 6.8¢V in the case
(a) and 18.7eV in the case (b).
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Figure 4.27 — Ps reflection from LiF versus the Ps energy on a log-log scale. The detector
was positioned at 1 = 130°. In the case of e the sample was very near specular at 6; = 64.8°.
The other measurement (see o) was made with 6; = 70.2° off the specular condition. Other than
for the 100° data the reflected fractions merge below about 20eV.
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Figure 4.28 — Ps reflection versus the sample angle §;. The detector was at
3 = 130°. The Ps beam energy in this case was 25.7eV.
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4.3. Theoretical Considerations

One of the next steps after the ineasurement of a reasonably large reflection coeffi-
cient for Ps is to search for diffraction peaks in the data. Some of the measurements
display a couple of “wiggles” which might coincide with specular Bragg diffraction
peaks. Another possibility is diffraction along the surface of the sample. If Ps is as
surface sensitive as one might expect, then this might be the only kind of observ-
able diffraction given the present beam intensity. I made only one measurement
to search for this surface diffraction, which turned out to be much too noisy to
observe anything. Besides a too weak beam intensity and surface contamination
the sample may not be oriented well enough for the diffracted beam to fall in the
detector direction.

On the other hand even without the presence of Bragg diffraction the shown
energy dependence of the reflection coeflicient needs to be explained. In this section
I will discuss briefly the attempts to identify any Bragg peaks. In a second part I
will present calculations to explain the observed behavior in terms of plane waves

reflecting from a potential step which has a complex component.

4.3.1. Diffraction —  Following Huyghen’s principle a small amount of the in-
cident beam will scatter from each atom. In well defined directions the spherical
waves spreading from the atoms interfere constructively and a diffracted beam can

be observed in that direction. The Bragg condition describes when this is the case.

n= Ed;\—(coso,- +cosb,), n=1,2,3,.. (104)
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The angles 6; and 8, are those of the incident and reflected beam directions with
respect to the sample normal as sketched in figure 4.29. d is the lattice parameter
of the sample crystal and A is the deBroglie wavelength of the incident Ps beam. In
all the experiments the sample normal (which coincides with the (100) direction)

lies in the plane formed by the Ps beam axis and the detectors.

normal

incident
Ps beam

exit
Ps beam

o e
® O
7) o\o e O e O o OT
F Li

Sample

Figure 4.29 — Sketch to define the angles and to illustrate the Bragg condition.
The heavy lines represent the additional path of a beam scattering from the second
layer. This will result in & phase shift and cause interference.

A depends on the energy of the Ps atoms.

; - [%”P’ JEre (105)

Bragg diffraction is expected to be largest for specular conditions when

0; =0, = % (106)
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Combining equations (104) to (106) I can evaluate the energies E,, when to expect

a diffraction peak of order n as a function of the angle.

1 h? 1
E, = -n? =
2" dmp, cos% (107)
The lattice parameter for LiF is®°
d = 4.02A (108)

Table 4.7 contains some of the lower order Bragg peak energies for the angles used
during some of the measurements. These values are only correct when no inner
potential is present. In the case of an inner potential the energies will be shifted by
a constant amount to higher energies. It can be determined from the data if two
or more peaks are observed. If the lattice parameter is known the measurement of

one diffraction peak is enough.

Table 4.7: Energies for Bragg diffraction

Energy (in eV) for

the angle % =0; =6,

n 50° 60° 65°

1 11.26 18.62 26.06
2 45.06 74.46 104.23
3 101.37 167.54 234.50

Initially the peak in the data for 50.4° specular reflection was assumed to be

a diffraction peak. But due to the strongly energy dependent Ps beam intensity the
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peak shifted during the normalization and this interpretation proved to be false (see
fig. 4.14). No Bragg diffraction could be observed (within the experimental limits
of ~ 2%). This may be due to a variety of reasons. Most importantly the surface
conditions may not be good enough to permit diffraction. This becomes even more
important for surface diffraction which is discussed below. Inelastic reflection may
take place and broaden features beyond recognition. This argument can be ruled
out because of the relatively sharp specular reflection peaks that I observed during
angle scans. I estimate the angular resolution of the detection system to be on
the order of 5° which is about the width of the peaks in the angle scans. In such
a case the reflected intensity would diminish and a broad background should be
observable. Finally the intensity of Bragg diffraction peaks will diminish if the Ps
atoms are very surface sensitive and not penetrate the surface much beyond the
first layer. Evidence supporting this was found and is discussed in the next section.

Diffraction peaks can also occur when beams scattered from the surface

atomns interfere constructively. The condition for this is
=4 |sind nd,| (109)
—_— ; — 81
n = oy |sin r

and illustrated in figure 4.30. In the specular case no structure can be expected since
the right side of equation (109) will vanish. As for Bragg diffraction the angles will

appear in the denominator.

2
E, =Ey— 4n . i
(sinb; — sind,)
Ey =4.65eV for Ps and d =4.02A (110)

Diffraction at lowest energies can be observed when one of the angles becomes small
(normal incidence for example) and the other approaches 90° (glancing angle). I

made one attempt to observe surface diffraction with 6; = 19.8° and 3 = 98°. For
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this angle combination the lowest order peaks should occur at

E, =11.26¢V, and
E; =45.05¢V.

The available beam intensity at the time was too low to draw any conclusions.

normal

incident
Ps beam

exit
Ps beam

5
T

Sample

Figure 4.30 — Illustration for surface diffraction. Again the differences in path
are accentuated by heavy lines.

4.3.2. Plane waves reflecting from a potential step — I make the very simple
assumption that the Ps beam approaches the sample as a plane wave with a total
wave vector ky forming the incident angle 6; with the sample normal. only the

normal component will interact with the potential step. In the following I will
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regard only the normal component of ks. Repeating simple quantum mechanics I

start with the one dimensional Schrédinger equation in its time independent form.%!

. 0 h? o
ihgge = —g—o3¥e + V(e (111)
will simplify to
h? 0%
Ey(z) = — 5 Bt (z) + V(z)p(z) with (112)

Py =Pp(z)ezp{—iwt} and E = hw.
I consider a trial potential of

V(z)=0 for <0 (113) —

V(z)=V.+iV; for z2>0.

Both V, and V; should be independent of z. The second order differential equation

(equation (112)) has two solutions

1 =ezp{+ikz} | (114)

Y2 =exp{—ikz}

Outside of the sample where V(z) = 0 there is the incident wave of a normalized

amplitude and the reflected wave with the amplitude 7.
Y = exp{ikoutz} + v exp{—ikousz} (115)

and koy; is determined by

2m
kgut - _f_i,_z—E. (116)

Since the energy of the Ps beam is real that is also true for the wave vector kgyy;s.
Here the energy FE represents the energy of a Ps atom that only has the momentum
component normal to the surface, thus it is not the total energy of the Ps beam

Ep,. Iuside of the sample the situation is a little more complicated because the
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complex part of the potential necessitates a corresponding complex component for
the wave vector k;,. I assuine that only a transmitted wave with amplitude ¢ that

moves away from the surface exists. I get

¥ =texp{ikinz} with kin = kre + ikim

(E _ V,) - (k2 - k,?,,,) + i(Zk,eIc,-m + %";1 V.-) (117)

2m
3
The boundary conditions require that the values of ¥ and of 8/9z 9 inside and

outside the surface have to match. That can only be met when

kout — kin
B kout + kin ) (118)
The reflected intensity R of the emerging plane wave is then
kout - kin ?
R=p= 2T
I l kout + kin
kout — kre)? + k2
— ( ut re)2 + ;m. (119)
(kout + kre) + kim
The wave with the complex wave number can also be rewritten as
¥(z) = texp{—kimz} exp{ik ez} (120)

The wave decays as the depth into the sample increases. A mean depth A can be

calculated

3 S dz z|)? 1
- e =

The wave number in equation (119) can be expressed in terms of the cnergy and

the real potential and the imaginary wave number. I solve the equation for the

unknown variable k;,, and get

2 _ompilafy o f1_oVre ) 1 Vre
k,.,,,_zth[zp (1+ 1 2Ep2) 1422 (122)
and
R
/\=2kl_ ;  and pz%ﬁ. (123)
m
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In these calculations I assume that the parallel component of kp, will not
change and considered only the normal component. To obtain the value E from
the Ps incident on the sample at an angle 6; with respect from the sample normal

I calculate
kout = kp, cosd; and E = E,,cos*0; (124)

The mean depth corresponds to a free path of the Ps atom which will continue to

move in the original direction to a depth X over a distance of

A
Am = cosf;’ (225) :

'The equations contain one more unknown. That is the magnitude of the
real part of the potential step V.. A trial fit of the reflection data was made by
setting the imaginary part of the potential to zero. Then the shape of the reflection
function is determined and only the cut off where it becomes energetically possible
to enter the sample will be free to adjust. The reflection data do not follow this
shape as illustrated in figure 4.31.

In the next step I allow for a complex potential inside the crystal and hold
the real part fixed. I assume that it corresponds to the magnitude of a Ps work
function, the energy needed (or the energy released if a negative value applies) to
move a Ps atom from just under the.surface to just above it. This value depends

on the material and in general lies around a few eV. As a trial value I assume
V, = 4eV (126)

Fromn the measurement with the largest amount of data I calculate the mean free
paths A,,. They are show in figure 4.32. Since the reflection coeflicient does not
reach unity I assume that only a fraction of the surface is clean enough for the
reflection of Ps and normalize the reflection cocflicients with their peak value. After

an initial rise the mean free path levels off at about 0.75A. This value is less than
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Figure 4.31 — Comparison of the reflection data with the result of plane waves reflecting from
a real potential step. The data for specular reflection through 50.4° were used.

the separation of the nearest neighbours in LiF (about 2A) and very much supports
the hypothesis that Ps only interacts with the outermost surface layer. The lack of

any Bragg patterns could be explained by this fact.

Whether the “wiggles” near 40eV Ps energy are real and if so what causes
them will have to wait until more data with better statistics are available. On
the other hand I have to bear in mind that the plane wave approach may be over
simplifying the problem. The average of the data points for energies above 18eV

and weighted with their errors is

Am = 0.7 £ 0,024 (127)
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Figure 4.32 — Mean free path ), of Ps at the surface of LiF(100) as a function of the Ps
beam energy. The values have been calculated from the specular reflection measurements through
50.4° incident angle. The error values stem only from the statistical uncertainties of the original
measuremnents.

and the reduced x? is 0.85 £ 0.25. A fit to a straight line of the same data yields a

smaller value for the reduced 2.
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Am = (0.57 £ 0.06)A +(4.4+1.7) x 10734 /eV x Ep,; x°= i (128)

Again the error in x2 based on 24 degrees of freedom is about 30%. The fit of linear
functions to the mean free path data is shown in figure 4.33 along with the data
points. A fit of data is considered to be good when the deviation of the calculated
points from the data matches the errors of the data, i.e. the reduced x? should

approach unity.
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Figure 4.33 — The mean free path as a function of the incident Ps energy. A linear function
was fitted to the data below 18eV (- - -}, and above that energy (—).

Another cause for concern is the absolute value of the real potential V.
The choice of 4eV is somewhat arbitrary. I varied this value and found that the
results do not change very much given the present error values when V;, is lowered.
Higher values on the other hand (above V, = 4.5eV) will cause the mean free
path to increase rapidly. Also more and more data points become inaccessible for
these calculations because the normal momentum component becomes too small to
overcome the potential step.

The fitted results shown in figure 4.33 can be used to calculate the reflection
coefficient. These are shown in figure 4.34 together with the original data and the

trial function for a real potential step.
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Also shown are the two attempts to fit a simple theory of plane waves scattering off a real
potential step (- - -) and a complex step (—) to the data.



5. Summary

I have been involved in the development and construction of a high intensity low
energy positron beam at the High Flux Beam Reactor (HFBR) at Brookhaven
National Laboratory (BNL). The beam was used as the monoenergetic source of
positrons for the formation of a beam of positronium atoms. The beam is directed
into a differentially pumped cell filled with a gas. Positrons pick up an electron from
gas atoms in a transfer reaction to form Ps. This idea was suggested by B.L. Brown®
and independently realized by a group of scientists in London.!® I then proceeded
to utilize this Ps beam for Ps reflection measurements to investigate the possibility
of Ps diffraction experimnents.

The idea of simultaneously utilizing the source of positrons as their modera-
tor was implemented into the design of the positron beam. Such a self moderating
configuration climinates the shadowing effect of standard “backscattering” geome-
tries where the thermalized positrons are extracted from the moderator on the
source side and have to pass the source holder. The source material consists of
high purity copper metal, which has been enriched in the isotope 83Cu. After a two
day irradiation in the HFBR with thermal neutrons about one in 4000 atoms have
been converted to $¢Cu. A fraction of 19% of %4Cu decays to ®4Ni while emitting .
energetic positrons. The remaining atoms either undergo electron conversion or §~
decay to ®4Zn. The activated copper is carefully evaporated under high vacuumn
conditions onto a single crystal of W(110). Epitaxial growth is enhanced for the
optimum orientation of Cu (in the Cu(111) orientation) for the moderation process.

148
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Calculations which I presented in the first chapter show that slow positron beam
intensities in excess of 10%e*/sec can be expected. During a number of runs an
intensity on the order of 108sec™! has been observed. Unforseen problems with
the moderator have reduced this inteﬁsity during the Ps beam experiment. It is
expected that the implementation of the newly developed solid neon moderator will
boost the beam strength back to and beyond the originally expected rate.

The positron beam is optimized for a fixed energy of 150eV and directed into
a gas cell filled with 10~3torr of Ar gas. Differential pumping is achieved with large
pumps and small diameter tubes on either side of the cell. The background pressure
in the experimental chamber drops to below 10~5torr. To vary the kinetic energy
of the pousitron beam and thus of the formed Ps the gas cell is floated electrically
to various potentials. Depending on the incident energy of the positron beam up
to a tenth of a percent of the beam will be converted into a beam of ortho Ps with
an angular divergency of 2.5°. Tests showed that the Ps intensity will not increase
much further when the Ar pressure is raised.

In the experimental chamber the Ps beam intensity can either be measured
directly or as a function of incident and exit angles after reflection from a sample.
Thus the reflection coefficient can be evaluated from the ratio of the two measure-
ments. LiF(100) was used as a first sample. Reflected fractions as large as 30%
were observed for specular reflection and energies below 15¢V. Beyond that and
up to 57¢V, the largest considered energy, 1 to 3% were reflected into the detector
which subtends a cone with 2.5° half angle.

At all investigated energies the reflected Ps beam strongly peaks in the spec-
ular direction. I performed the experiment for three incident angles (measured from
the sample normal) of 50°, 60°, and 65°. All peaks exhibit a FWHM of about 6°,
which is not much larger than the cone opening subtended by the detector. I cannot

measure the energy of the reflected Ps beam directly but the narrow specular peaks
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indicate towards mostly elastic reflection. Inelastic events would spread the beam
out and result in a broader angular dependence.

The relatively large reflection coefficient of 1% and the narrow angular de-
pendence strongly encourage a search for diffraction peaks in the data. At present
non could be identified. To be observable they need to be larger than 1% of the
incident intensity given current statistics. The anticipated large increase in beam
intensity will push this limit much lower. On the other hand a simple theory of
plane waves reflecting from a potential step at the sample surface yields a mean
free depth of Ps of less than 1A for the studied LiF(100) surface. If that is the case
then Ps is indeed a very surface sensitive probe. The investigatién of very open
structures should becomne possible.

As I have shown in this work the reflection fraction of Ps from ionic sur-
faces can be measured with present beam intensities the effort should continue.
Many questions remains unanswered. I have indications that the reflection coeffi-
cient is not independent from the sample temperature. A raise in Ps reflection with
temperature may simply be due to the desorption of contaminants on the surface.
R.H. Howell pointed out recently®? that LiF is a rather unique material among the
alkali halides. Consequently Ps reflection from other ionic crystals like NaF needs
to be measured. Simple metals and semiconductors are other obvious candidates.
The question of Ps diffraction aside the reflectivity for Ps below 5eV remains unan-
swered. Some of my results indicate a drop with lower energies, while the reﬁectéd
fraction remains constant at a different angle. More data with better statistics are
needed in this region.

Eventually it will become necessary to measure the energy of the Ps atoms
directly, rather than infer it fromn the positron energy in the gas cell. A time-of-
flight apparatus should be included. Also the angular resolution, which is large

at present to increase the efliciency, should be improved. Although less efficient,
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other methods of Ps formation should not be ruled out. The beam foil method
or the glancing angle method offer the advantage of ultra high vacuum conditions.
Also when the positron beam strikes the foil or the surface secondary electrons are
released. They can be used to “tag” the Ps beam and thus obtain a start signal for
timing experiments. Such a “start” signal can be obtained in. the gas cell method,
if the positron beam is remoderated in front of the gas cell. This approach was
taken by Laricchia et. al.8% I expect exciting results from the work ahead that
will enhance our understanding of surfaces in general and on how Ps interacts with

them.
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