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An intense (4xlO7 s - 1 ) , low energy {-1.0 eV), monoenergetic UE » 75 meV)
beam of positrons has been built at the Brookhaven National Laboratory.
This flux is more than 10 times greater than any existing beam from radio-
active sources. Plans are underway to increase further the flux by more
than an order of magnitude. The intense low energy positron beam is made
by utilizing the High Flux Beam Reactor at Brookhaven to produce the isotope
rtCu with an activity of 40 curies of positrons. Source moderation tech-
niques are utilized to produce the low energy positron beam.from the high
energy positrons emitted from 6lfCu.

1. INTRODUCTION
IttSUR

Since the discovery of the positron almost half a century ago, the number of
experiments using these particles has expanded at an ever Increasing rate.
Very few studies using low energy positrons were possible at first, but after
the early 1950's a number of interesting and promising measurements in this en-P
ergy range were made.(l) The discovery of positronium (Ps) opened a new regime^
of atomic physics in which purely leptonic systems could be studied; many of t
the measurements made in the decade thereafter were of the properties of this S
atom.(2) Not long to follow, however, were the first of many studies of the
properties of solids using positrons as probes.(3) By measuring the shift in
energy or angle of the gamma rays produced by positron annihilation (with re-
spect to those produced in the center of momentum frame of the positron and
electron), or by measuring the lifetime prior to annihilation of positrons in
materials, many characteristics of the solids could be obtained. A particular }
advance in this field came when positrons were shown to be sensitive tc the
presence of many types of lattice defects in solids.(4-5)

While many varied studies were performed during this period, the full cap-
abilities of positrons remained to be realized. The necessary key was the dis-
covery of the reemission of positrons from certain materials at energies of
only a few electron volts.(6) This was the discovery necessary to permit the
construction of relatively intense, narrow energy width, variable energy posi-
tron beams. Many of the essential ideas behind reemission were described as
early as 1950 (1) and reemission was first seen in 1958,(7} but 1t was not
until the mid-1970*s that the first practical slow positron beams began to be
constructed.(8-10) To this day, much work continues to be done to Improve both
the beam optical designs and the energy moderation efficiencies.

The beams currently in use can |>e classified based both on the source of the
no«1trnn« and the tvn» nf moderator Mininv*H. anti on th* m t̂hfwi II«MI tn t rant .



port the slow positrons thus produced. Common positron sources are the iso- '
topes 58Co, 22Na, and l lC, the former two being obtained commercially 1n puri-
fied form and the latter being produced directly from U B irradiated by pro- "'
tons.(10) Very promising results have also been reported 1n producing slow
positrons from the positron-electron showers produced by the beams of electron
Hnacs.(ll) A beam has been constructed at BNL using the Isotope 61*Cu which
can be produced in large quantities from Cu by thermal neutron capture in the
BNL High Flux Beam Reactor. The design of this beam has been discussed in
Ref. 12.

Many different materials and designs have been employed as positron modera-
tors. Successful B and Au moderators were described several years ago (6,7,10)
and considerable success was reported using various metal foils coated with a
layer of MgO powder.(8,9,13,14) To date, however, the best moderators in com-
mon use have been clean single crystal samples of Cu and Ni as well &s such
crystals with submonolayer S coatings.(15,16) Polycrystalline W has also been
used as a moderator, especially in low vacuum environments where clean surfaces
are not possible,(17-18) and there are new results indicating that clean single
crystal W or M with a thin epitaxial layer of Cu at the surface may be the best
yet.(19) In the high flux beam, we make use of the abilities of Cu as a moder-
ator to produce a self-moderating single crystal Cu source.

2. CHARACTERISTICS OF THE BEAM

The self-moderator 6l*Cu source consists of 63Cu and 6l*Cu atoms, and it
should be a single crystal to prevent positrons from being trapped in voids or
defects and hence not diffusing back to the surface of the copper. Typically a
250mg high purity copper pellet in an aluminum container is placed in the core
of the High Flux Beam Reactor for a period of two days where it attains an ac-
tivity of 200 curies, 19% of the disintegrations are in the positron emission
channel. It is then removed from the container, and by means of an airlock it
is brought from atmospheric pressure to a pressure of 10"i0 Torr, and guided
through;a tube into a wire basket with an alumina insert. The pellet is then
evaporated onto a W(110) crystal substrate where Cu(lll) is grown epitaxial-
ly.(20) The copper crystal on the tungsten substrate is annealed and treated
with H2S to improve the moderator efficiency. Annealing improves the moderator
efficiency by one order of magnitude
and putting sulfur on the surface im-
proves it another 20%. The copper
coated tungsten then is rotated so
that its face is perpendicular to the
beam line. The positrons emanating
from the copper crystal are energy
analyzed by two ExB plates and guided
magnetically down a beam tube into the
target chamber. Figure 1 shows the
interior of the source chamber. The
source chamber and the first £x8 anal-
yzer are located inside an 88 ton block
house which is capable of providing
radiation shielding for a 10,000 Ci
gamma ray source. The second £xB" anal-
yzer and target chamber are located
outside the blockhouse.
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Fig. 1 Schematic representation
of source chamber (not to scale).



3. CHARACTERISTICS OF THE SOURCE

The amount of positron activity from the copper pellet as a function of the
time the pellet is 1n the core of the reactor is sho\*i in F1g. 2. An advantage
of the production of the source by the reactor 1s that it does not Interrupt or
disturb any work performed by other reactor users who mainly use it for neutron
scattering. It 1s a completely parasitic operation. Another advantage is that
the half life of °*Cu is 12.8 hours, thus after severs; half lives the radia-
tion level in the block house is low enough for a person to enter it, and pro-
vide maintenance work on the source preparation chamber. Due to the high radi-
ation level when the copper pellet is first put into the blockhouse from the
reactor all operations must be remote controlled outside of It, e.g. radiation
sensors, video cameras, valves, and the removal of the pellet from its con-
tainer.

Figure 3 shows the large number of interactions which can occur when a beam
of high energy positrons impinges on a metal surface. The positrons which
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Fig. 2 The calculated dependence of
the positron activity of the source
on the time the copper pellet is 1n
the reactor core.
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Fig. 3 Various Interactions result-
Ing from a positron beam striking z.
surface (from Ref. 21).

penetrate the surface rapidly thermalize in 10- 1 2 sec by undergoing inelastic
scattering with core electrons, and then with plasmons and phonons in the met-
al. Approximately 10-MO-1* of the fast positrons which impinge upon the sur-
face are emitted as moderated positrons with about an eV of energy and with an
energy spread of 75 meV at room temperature or 24 meV at 23*K.(22) This result
which appears to hold for all metals which emit slow positrons 1s shown in
Figure 4 for Ni(lOO). The slow positrons also are emitted essentially normal
to the surface. For example, for clean Cu(lll) the angular spread Is A6FWW4
• 24* at a temperature of 300K and ae F H H M - 18° at 23K.(22)

In Figure 5 the calculated efficiency of the copper moderator is plotted as
a function of its thickness. It is evident from this figure that one should
use thin moderators. However, this reduces the source activity and hence the
number of slow positrons. A more useful quantity is the product of efficiency
and thickness vs. thickness. This is shown in Figure 6. The lower curve shows
the contribution due to backscattering of the positrons from the tungsten sub-
strate and the upper curve shows the contribution due to both backscattering
and forward scattering of the positrons 1n the moderator.

We have recently installed a 10.000A thick W(100) film in front of the COD-
per crystal to provide transmission moderation of the high energy positrons
emanating from the copper.(23) The tungsten film can be rotated either Into
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Fig. 4 Peak normalized reemitted posi-
tron intensity versus positron kinetic
energy. Curve (b) is the elastic peak
for Ni(lOO) at a temperature of 300k,
curve (a) is at 23K. Taken from Ref. 22.

Fig. 5 Calculated efficiency of
the copper moderator versus its
thickness.

the beam line or out of it by remote control. However, preliminary tests indi-
cate there was a 20% reduction in the number of slow positrons from the number
obtained by using the copper crystal as a source and moderator.

4. POSSIBLE IMPROVEMENTS OF THE PERFORMANCE OF THE BEAM

One of the obvious improvements is to employ the concept of brightness en-
hancement first proposed by Mills.(24-26) This would reduce the beam size from
its present size, one cm2 to a very small cross sectional area, depending upon
the number of remoderation stages. Another would be to evaporate the copper on
a tungsten substrate of much larger area, thereby producing many more positrons
and then use brightness enhancement to reduce the beam size. A third would not
use the moderating properties of copper and instead use a tungsten film as a
transmission moderator and thereby eliminate the need to grow a copper crys-
tal. A fourth would be to enrich the copper crystal with 6**Cu relative to 63Cu
by means of a mass analyzer, thereby achieving as much as three orders of mag-
nitude improvement in beam intensity. Lastly to make a better copper crystal
to increase its effeciency as a moderator.

5. AN EXAMPLE OF THE INITIAL RESEARCH PERFORMED WITH THE BEAM

The beam was f i rs t used by K. G. Lynn, A. P. Mi l ls , Jr . , R. N. West, S.
Berko, K. F. Canter, and L. 0. Roellig to obtain a measurement of the two-
dimensional angular correlation of the Zy annihilation radiation from a clean
Al(100) surface.(27) I t showed there was a significant difference in the angu-
lar correlation of annihilation radiation between positrons annihilating in the
bulk of the sample and on its surface. (See Fig. 7.) The data also did not
support two prevailing models of positrons annihilating on the surface of a
metal: the model of a positron bound in its "image-correlation^potential"
well(28) and the picture of a weakly bound positronium atom (Ps) where the
parallel motion, would be thermal and the perpendicular motion would be associ-
ated with the 0.5 eV Ps binding energy to the surface.(29)

6. APPLICATIONS TO ATOMIC PHYSICS

It is obvious that an intense monoenergetic beam is useful for certain types
of experiments, e.g. measurement of differential scattering cross sections,
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Fig. 6 Calculated product of efficiency
and thickness of the copper moderator
versus i ts thickness. The lower curve
shows the contribution due to backseat-
tering and the upper curve shows the
contribution due to both backscattering
and forward scattering.
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f i g . 7 One-dimensional projections
of the angular correlation of anni-
hilation radiation spectra for
momentum parallel and perpendicular
to the surface. The three spectra
for positrons annihilation on the
surface and in the bulk have been
normalized to equal peak heights.
See Ref. 27.

measurement of positron-atom cross sections which may be small, or for those
experiments requiring a narrow energy width, e.g. measuring the ionization
threshold cross section for atoms.

Presently at Brookhaven a Ps beam line is under construction by S. Berko,
B. I . Brown, K. F. Canter, K. 6. Lynn, A. P. Mi l ls , J r . , L. 0. Roellig, and M.
Weber, for the purpose of observing Ps dif fract ion, but wil l also be used for
measuring Ps-atom scattering cross-sections.(30) The positron beam wi l l be
transmitted through a relatively high density He cell (10~3 Torr) which is d i f -
ferentially pumped at both ends. Positronium is formed by the positron captur-
ing an electron from the helium atom. This method has been calculated to yield
a monoenergetic positronium beam with an angular spread of -20a FWHM and an ef-
ficiency for a 5* cone of Ps of 1,3% for 50 eV positrons and 0.7% for 80 eV
positrons.(31)
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manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
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