i o e e e e Y

’T/ geceiven & ost JUN 1 1 BB

UCRL~ 90936
PREPRINT

LONF 5D (oG-~ 12

UCRL~-90936
DE85 012961

HIGH INTENSITY POSITRON BEAM AND ANGULAR
CORRELATION EXPERIMENTS AT LIVERMORE

R. H., Howell, I. J. Rosenberg and P. Meyer
Lawrence Livermore National Laboratory
Livermore, C& 94550

M. J. Fluss
Argonne National Laboratory
Argonne, IL 60439

This paper was prepared for submittal to
The Seventh International Conference on
Positron Annihilation
Dethi, India
January 6-11, 1985

March 1985

This is a preprint of a paper intended for publication in a joumal or proceedings. Since
changes may be made before publication, this preprint is made availabie with the
understanding tkat it will not be rited or reproduced without the permission of the
author.

ISTRIBUTINY OF 14 SRO0UMENT 1S UHLIF;{”EH




DISCLAIMER

I'his document was prepared as an geeount of work spensared by an agency of the
Uailed States Gosernment. Neither the United States Gosernnen, nor the University
of California nor any of their employees. makes any warranty, express or implied, or
wssunies any fegal lability or cesponsibility for the accuracy, comgpleteness, or pseful-
ness of uny infoimation, apparatus, product, or process disclosed, or vepresents that
s use wantd not infringe privatcly owned rights. Reference herein 1o pny specific
commiercinl producls, process, or seevive hy trade name, trademark, manolacturer, or
otherwise, daes et tecessarify canstitte or imply its endursemient, recommeadation,
or fivoring by the United States Giernment or the U nivenits of Califarnia, | he
ws and opiniuns of authers cypressed heecin do not aarily state or reflect
those uf the T pited States Gosernmem ar the University of California, and shall not
be used Tor adsertising ar prduct eadorsenient purposes,

{



HIGH INTENSITY POSITRON BEAM AND ANGULAR CORRELATION EXPERINENTS AT LIVERHORE'

R.H. Howell, M.J. Fluss, I.J. Rosenberg and P, Meyer

Lavwrence Livermore Hational Laboratory, Livermore, California

A pesitron beam apparatus that produces 8 variable energy positron beam with
sufficient intensity to perform new positron experiments in an vitrahigh vacuum
envirgnment has been installed at the Lawrence Livermore 100 HeV electron linac,
¥e have installed two large area position sensitive gamma-ray detectors to measure
angular correlations in two dimensions and a separste highly collimated detector to
measure positronium energy distributions by time-of-flight velocity determinstion,
Date from measurements on single crystdls of Cuv will be described.

INTRODUCTION

Since the successful demonstration that an
intense, low-energy beam cf positrons could be
produced from the electron beam at the
Lawrence Livermore 100 Mev electron linac (1}
we have installed an apraratus that aliows us
to perform experiments with the positron beam
in & low radiation background, ultrahigh
vacvum environment (2). The positron beam cen
be varied in energy from 0.5 to 20 keY and is
produced in pulses with 0.010 to %
microseconds Guration, with 2¢ many 25 10
pesitrons per pulse. The ultrahigh vacgtw
chanber has a base pressure of 2 x 10
torr and iS equipped to sputter clean, Auger
analyze, and heat the samples contained
within, N

We have performed measurements of the
electron- positron momentum distribution for
positrons trapped at the surface of a sample
and of positronium decaying in flight by
measuring the annihilation radiation angular
correlation in two dimensions, 2D-ACAR, We
have also measured the energy distribution of
Ps ejected from the surface of clean copper
samples by measuring the time-of-flight of Ps
decaying in front of 3 well collimated
detector, Ps-TOF, and measured the amount of
Ps produced from the time spectrum of all
annihilation gamma rays.

ACAR MEASUREWENTS

Qur 2D-ACAR distributions were measured with a
system developed along lines similar to West's
using position sensitive Anger camera
gamma-ray detectors each consisting uf a 13 mm
by 400 mm Na; crvstal connected to an array of
37 phototubes {3). The position resolution
of a single camera was 8 mm so that with the
detectors at 13.67 m we had an angular
resolution of 0.9 mrad. Velid gamma-ray

events vwere selected by requiring a
coincidence between the two Anger camera
detectors and the pulse of positrons from the
linac. Positions and relative detection time
for each event were stored on tape and the
angular correlation distribetions were
calculated and corrected by the geometric
efficiency matrix sfter the experiment.

The positron beam was produced in 3 micro-
second wide pulses at 900 per second. Only 5%
of the available positron intensity was vsed
due to detector saturation, Even so, the high
intensity of the pusitrons in the beam pulse
resulted in accidental backgrounds and loss of
events due to pileup rejection larger than
those in systems using random positron
sources. Pile-up events were rejected by
taking the first event in the energy window of
each detector for each beam puise. Accidental
coincidences were minimized during the
analysis of the data by setting 2 narrow time
window on the valid events. Events that
satisfied all constraints but were vutside the
time window were made into accidental angular
correlation spectrs that were then normalized
and subtracted from the cuia as backgrouns.

The sample in these megsurements (4} was 2
single crystal of copper oriented with the
[121) axis along the besm direction and the
(11} axis along the line joining the camera
centers, The surface was cleaned by Argen
sputtering and there was less than 10% surface
contamination at the end of a2 24 hr run,

Perspective drawings of the smoothed 2D-ACAR
spectra obtained with 18 keV and 70 eY
positrons are shown in Fig. I, The positron
beam is moving in the positive p_ direction
as it strikes the surfsce, For 740 eY the
sample wes biased to attract re-emittec
positrons; for 18 keV it was set at zero te
enhance the bulk nature of the data. The
background from accidental coincidences that
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was subtracted from both anguler distributions
15 shown below the 740 Y spectrua. Approx-
dmately 5 x 107 counts are shown in esch of
these spectra, representing .24 h of dats
collection,

The data accumulated at 18 veV are similar to
those reported by Berko anc co-workers {4} for
positrons annihilating in the bulk of an
annealed Cu single crystal, In comparison,
the 240 eV spectrum is much narrower overall,
with an asymmetric shift toward the negative
p, direction due to the annihilation in

ght of energetic Ps. Careful inspection of
the 18 kev spectrum also reveals 2 small asym-
metric Ps peak which masks the neck usually
evident at zero momentum in this crystal
orientation. The enerpetic Ps component was
stripped from the underlying spectrum by sub-
tracting the spectrum for positive p, from
tihat for negative p_. This procedui'e has
the effect of ciampifg the asymmetric dist-
ribution to zero at zero momentum but only
introduces significant error within 0.5 mrad
of zero. The maximum energy of the Ps is
equal to the value of the negative Ps work
function, Taking into account the 0.8 mrad
resolution, the maximum Ps momentum is 4.5 «/-
0.25 x 10 ° mc corresponding to & work
function energy of -2.6 +/- D.15 ¢V in reason-
able agreement with the valve of -2.4 ev {5
obtained from electron and positron work func-
tion values. The most pr_o?atﬂe Ps momentum 33
found 3t p_=2.5 x 10 °, p_=0.0 mc, cor-
responding t§ o forward energf’ of 0.80 eV. In

Fig. 1. The 2D-~ACAR distribution and
background for positron beams ¢ 18 keY and
740 eV impinging on a single crystal of
copper. The heavy contour &t p_ = @
gmphasizes the asymmetry of the low énergy
ata.

the time-of-flight experiment descridbed below
the maximum Ps energy was found to be 2.6 /-
0.3 eV in reasonable agreement with the
present 2D-ACAR results, The yield of
energetic Ps in the 740 eV spectra was 4% of
the total counts for para-Ps implying )14%
total Ps if 2 statistical distribution of
spins is assumed.

The Ps momentum distribution can be celcylated
using conservation of energy and momentum if
the electron energy distribution and electron
wave funttion in the metal are known {7). The
contours from this model assuming no momentum
dependence in the Ps formation interaction and
2 free electron distribution for the electrons
are compared to the Ps date in the top of Fig.
2. The forward shapes of the contours in the
data are qualitatively described by the
model, However, significant devistions from
the model contoure occur for the position of
the most probable momentum which is less in
the data than in the model, indicating that
the simple assumptions vsed in deriving the
model contours may be inadequate.

secause the Ps momentum is strongly shifted
toward the vacuum, the distribution of momenta
into the sample is nearly Ps free, These data
are shown with equally spaced contours for
both energies in the bottom frame of Fig, 2.

l-!‘\t

-
05,

Fig. 2. Top- Contour maps comparing measured
and. computed momentyn distribyutions fo:
positronium ejected from the copper surface.

Bottom- The positive p_ contours for the 1&
keV and 780 ¢V bean with no energetic
positronium contribution, 4




The narrpwing of the pair-momentun
distribution of positrons in the surface state
compared to the bulk can be seen to be the
result of a Yoss of strength of high momentum
components from core electrons and & narrowing
of the peak in the Tow momentum part of the
distribution fram the valence band. A similar
narrowing of 1D-ACAR data for positrons
trapped in vacancies and vacancy clusters has
been gbserved (7).

The width of the underlying momentum distri-
bution from the 740 eV data is anisotropic
«ith p_narrower than p_ (6,6 +/- 0.2 mrad
versusY8.0 +/- 0.2 mrad Tul) width at half
maximum). Such anisotropy was predicted in
the momentum istribution caleulated vsing an
independent particle model with a positron
trapped in the surface image charge potential
of aluminum (Bl. There is also a strang infer-
red possibility from the low amount of free Ps
found that a localized or trapped Ps contri-
bution may be contained in the broad part of
the distribution. In the directson para)lel
to the surface, delocatization would lead to 2
narrowing of the momentum distrihution so that
either picture is consistent with our data.

Ps-TOF MEASUREMENTS

A technique that taks advantage of the pulsed
positron beam is time of flight measurements
of the Ps velocity. We use a highly
collimated detector geometry similar to that
reported by Kills (10) to detect Ps decaying
in flight at a fixed distance from the Cu
surface. Fig. 3 shows data, torrected by the
triplet lifetime for decay sn flight, ohtained
with a Ps flight path of 115 +/- .5 cn”and 15
as time resglution on the same sample as the
20-ACAR experiment. These spectra were each
obtained in 30 min, The shape of the low
temperature distribution is determined by the
electron energy distribution at the surface
and other factors in the electron~ positron
interaction along with the measurement
geometry and scattered Ps intensity. The low
. energy Ps resutting from thermal desorption is
clearly seen 3s an additional component in the
high temperature data in Fig, 3. From these
data we can derive the Ps workfunction energy
quoted ebove, accurate distributions for the
thermally desorbed Ps and eventually the
surface electron energy distributioa.

Work performed under the auspices of the
U.S, Department of Energy by Lawrence
Livermore National Laboratory under contract
IW-7405-Eng~-48,
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Fig, 3, Positronium time-of-flight

distributions for clean copper at room
temperature and 806°¢.
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