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Abstract

Positrons, which scatter back from the target and annihilate in chamber walls near the detectors, may cause a significant error

in annihilation parameters. We have constructed a new UHV target chamber for slow positron beam studies. In our design special

care has been taken to reduce the effect of backscattered positrons. Detector wells are designed for two-detector coincidence

measurements and they are situated on both sides of the target. The distance of the wells from the target can be adjusted by

simple manipulators. This enables optimization regarding the count rate and the rate of backscattered positrons hitting the

detector wells. The magnetic field in front of the target is increased by permanent magnets situated behind the target. The

increased magnetic field guides the backscattered positrons effectively away from the detectors. The increased magnetic field

also focuses the beam spot strongly. # 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a typical slow positron beam experiment, a

portion of the positrons which hit the target surface

are scattered back to the vacuum. The backscattered

positrons, which hit the wall of the vacuum chamber

near the detector, may cause a systematic error in the

annihilation spectrum in Doppler broadening mea-

surements.

The effect of the backscattered positrons becomes

stronger at higher positron incident energies. First, the

total backscattering probability increases with inci-

dent energy [1]. Second, when a positron scatters back

from the target with a high velocity component in a

direction perpendicular to the field direction, the

magnetic field cannot effectively guide the positrons

away from the vicinity of the detectors. The angular

distribution of the backscattering yields is shown to

have cos(y) dependence, y being the scattering angle,

for normal incidence [2]. For the energy distribution of

the backscattered positrons, the most probable energy

is found to be in the range ð0:80�0:87ÞE0 for scatter-

ing angles 110–1608 (Au target, E0 ¼ 35 keV) [2].

In Fig. 1 the low momentum parameter S is shown

as a function of incident positron energy in homo-

geneous Zn-doped GaAs. In this sample, the S para-

meter is practically constant versus energy, i.e. there is

very little positron diffusion to the surface, due to the

repulsive electric field at the surface. At low positron

energies (E ¼ 5–10 keV) the S parameter has a con-

stant value, S � 0:531, which is characteristic of

positron annihilation in vacancy-free GaAs. In two

of the curves (white circles and triangles) the S para-

meter starts to decrease at higher positron energies

(E > 10, >25 keV). This decrease is caused by posi-

tron annihilations in stainless steel, which has the
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characteristic S parameter �0.470. The detection of

annihilation radiation from backscattered positrons

can also be observed in the peak count rate [3], which

increases slightly at higher energies. The main con-

tribution of the backscattered positrons evidently

comes from the annihilations in the detector wells,

which are located perpendicular to the beamline on

both sides of the target. When the wells are covered

with silicon wafers, where the characteristic S para-

meter is slightly higher than in GaAs, the decrease in

the S parameter disappears.

The effect of the backscattered positrons can be

decreased by increasing the open space in front of the

target. As the distance from the detector to the anni-

hilation site of the backscattered positrons becomes

longer, the probability of detecting the annihilation

gamma decreases strongly. Increasing the diameter of

the vacuum chamber or the tube in front of the target is

an obvious solution. When the annihilation gammas

are recorded with two detectors in coincidence, the

detectors are usually situated on both sides of the

target. The distance from the target to the detector well

becomes the shortest flight distance for backscattered

positrons. In fact, when the annihilation radiation is

measured with two detectors in coincidence, only the

annihilations which take place between the detectors

are seen. The distance between the detector and the

target is, however, related to the detection efficiency of

the measurement setup. In the design one has to

compromise between the count rate and the error

caused by backscattered positrons.

The distance between the target and the detector can

be decreased if the magnetic field is strong enough to

guide all the positrons away from the space between

the detectors. The kinetic energy of the backscattered

positron in the transverse direction can be in the worst

cases tens of kilo-electron-volts. Suppressing the cor-

responding Larmor radius to the order of tens of

millimeters requires magnetic flux densities of hun-

dreds of gauss.

Very high flux densities are difficult to create using

current coils which are located outside the vacuum

chamber. A much easier solution is to increase the

magnetic flux density locally at the target position by

placing a permanent magnet on the backside of the

target. The increase in the flux density also focuses the

beam leading to a smaller spot size. The shortcoming

of this focusing is the deviation in implantation depth,

as the strongly focused positrons do not enter the

sample in normal incident angle.

2. The design of the new target chamber

The goal of this work was to design a new target

chamber, which allows Doppler broadening measure-

ments with two Ge detectors in coincidence. Special

care was taken to minimize the effect of backscattered

positrons.

The open space in front of the target position was

increased. The chamber is a horizontal cylinder with a

diameter of 250 mm (Fig. 2). The length of the

cylinder on the front side of the target position is

200 mm. The cylinder is joined to the 40 mm 1
beamline with a 100 mm 1 tube of length 500 mm.

The manipulator for the sample holder is positioned

on top of the cylinder. The detector wells for two Ge

detectors are positioned on both sides of the target

focus. The distance between the detector wells and the

target can be adjusted. This makes it possible to

compromise between the count rate and the number

of backscattered positrons annihilating at the end

plates of the well. In measurements where only the

Fig. 1. The S parameter as a function of positron incident energy.

The effect of backscattered positrons is seen as a decrease in the S

parameter at high positron energies (* and ~), when the magnetic

flux density is too low to guide the backscattered positron away

from the vicinity of detector. After assembling the new focusing

magnet, the distortion by backscattered positrons disappeared (*).
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lower positron incident energies are needed, the detec-

tors can be moved closer to the sample. If the whole

energy range is needed, the distance to the target can

be increased in order to avoid the distortion of the

spectrum by backscattered positrons.

The wells are joined to standard Conflat (CF)

flanges (DN160 size) with flexible bellows between

the chamber and the well flanges. Simple adjustable

supports are mounted around the bellows. The bellows

allow the adjustment of the distance between the target

and the detector well end plate from 15 to 60 mm.

The focusing magnet assembly is positioned in

a DN160 CF flange on the backside of the target.

The cylindrical well for the focusing magnet has a

rectangular nose, which penetrates closer to the target

between the detector wells (Fig. 3). The focusing

magnet is placed in the well from outside and centered

and locked into the right position by a plastic cylinder.

The currently used focusing magnet consists of 10

NdFeB magnet rings, with o:d: ¼ 83 mm and i:d: ¼
56 mm, which form a 60 mm long magnetic tube. In

Fig. 2. An overall view of new target chamber.

Fig. 3. The geometry around the target position. The distance

between the detector wells and the target can be adjusted.

Fig. 4. The magnetic flux density measured along the beam line in

front of the target.
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addition to the rings, a rectangular (24 mm � 32 mm�
30 mm) NdFeB magnet is placed inside the nose of the

magnet well.1

The magnetic flux density created solely by the

coils, without the permanent magnet, is about 110 G at

the target position. The total magnetic flux density,

measured along the center axis after assembling the

focusing magnet, is shown in Fig. 4. Although the flux

density decreases rapidly as the distance from the

magnet increases, it is above 290 G in the critical

area between the detectors.

Fig. 5. The beam intensity profile without (a) and with (b) the focusing magnet, measured by moving a 1 mm � 1 mm target slab in 0.5 mm

steps across the beam spot.

1 Although the currently used magnets gave satisfactory results,

the shape and the field strength were not optimized in anyway. For

a cylinder shaped magnet the calculation of the flux density would

be easier and the field would be symmetrical.
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The DN63 CF and DN40 CF sized flanges in front

end of the chamber cylinder allow mounting of the

sample illumination feedthrough and ion sputtering

gun for in situ sputtering.

3. Test measurements

The effect of the focusing magnet was tested by

measuring the Doppler broadening parameters in

homogeneous GaAs:Zn sample with one detector.

The distance of the detector wells to the target was

varied to test its influence on the count rate and the

error caused by backscattered positrons. The black

circles in Fig. 1 show the S parameter, when the

detectors were positioned as close to the target as

possible (15 mm). In the S parameter no sign of

backscattered positrons is seen. Similarly, the peak

count rate did not show any increase at higher ener-

gies, which would be typical of increased detection of

annihilations of backscattered positrons. As a result, it

appears that the focusing magnet effectively guides

the backscattered positrons away from the vicinity

of the detectors. Without the focusing magnet, the

detector well had to be drawn to a distance of �55 mm

from the target. This reduced the count rate to about

one third of the rate at the 15 mm position.

The focusing effect of the permanent magnet was

studied by measuring the intensity profile of the beam

spot. A steel plate target of size 1 mm � 1 mm was

moved over the beam spot area in 0.5 mm steps and

the coincidence count rate of two detectors was

recorded. When positrons do not hit the target, they

annihilate in the magnet well nose and the detection

probability of both annihilation gammas becomes

much lower.

The beam spot profiles with and without the focus-

ing magnet are shown in Fig. 5. When the permanent

magnet is installed, the spot profile is very sharp.

The width of the beam is about 1.5 mm. This was

estimated from the width of the ‘image’ of the 0.1 mm

wire and the count rate at the spot center, which equals

the rate in sample holder (Fig. 5b). The spot center

position was found to be stable within 0.5 mm over the

whole energy range. Without the focusing magnet the

intensity profile becomes blurred, as the annihilations

in the target slab are mixed with the annihilation in the

edge of the sample holder, where the slab is hanging.

The diameter of the beam without the magnet can be

estimated to be �5 mm.

The effect of the strong focusing on the spread of

the implantation depth of positrons was studied by

measuring the positron diffusion length in n-type

GaN and comparing the results of strongly focused

and less focused beam. The results in both cases

were the same, �100 nm, within the accuracy of the

measurements. In bulk studies of micrometer thick

layers, the possible small deviations in implantation

energy do not matter, as the depth resolution is

already poor due the to wide stopping profile of

the high energy (E > 10 keV) positrons. For studies

where good depth resolution is essential, the spread

in implantation energy should be studied more

carefully.
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