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A Abstract !

Posiironiun fraction néasurenants usinﬁ iositron beacs have been
utilized to extract information about the diffusion properties of posi-
trons as well as defect concentrations in the near surface ragion of
naterials under a variety of experipmental conditions. Owing to this
receng‘incerest we have undertaken to study some of the systematics and
unceréainties associaﬁed with measurﬁnents oé th; posit}oniun fraction,
f. We restrict our discussion to determinations of f based on the
peak:total ratio of counting rates for a single detector, only briefly
considering alternate ways of dbtaining f. Ve conclude with several

recommendations that should be of particular interest to practitioners

in the fieild.



I. Introduction

The development of a positron beam for use as a probe of surface
and near-surface phenocena ((10“ A) awaited the discovery of a method to
produce s high flux of mopo~energetic positrons with variable
energy.loz Imnediately after this discovery it was determined that a
significant fraction of the‘low-energy positrons that ixpinge on the
surface of the sample leave as positroniun (Ps).a;“ The probability
of Ps formation at a qurface has now been studied under a variety of
experimental conditions as & function of sanple temperature, surface
conditions, near-surface defect concentration and energy'and angle of
the incident positron. Fundamentally these kinds of experiments can
contribute toward the characterization of the sapple's surface condi-
tion, although at present the positron beshavior, even at “well-
characterized” surfaces, is not completely ynder;tnod. ) .

Studies of Ps have been pursued for more than 30 years. Ore and
Powell® first predicted the 3-photon decay of the triplet ortho-Ps in
1949, presenting what is currently accepted as the energy distribution
of annihilation Y-rays. The existence of ortho-Ps was soon confirmed
experimentally by Deutsch,5 and shortly thereafter Hughes et al.? intro-
duced a simple approach to the analysis of the data which has been
adapted to the present experiment;l conditions as follows.

Let N be the number of posit:oﬁ annihilation events occurring in a
unit of time. The fraction of these that are due to positrons bound to
electyons (Ps) is f and the ortho-Ps to total Ps ratio is denoted by K.

Then the annihilations are the sum of the three contributions:
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;
unbound positrons N‘ = N(1~f) (1)
para-Ps “P = Nf{1-K) ©(2)
ortho~Ps No = NfX (3)

Allowing for detection properties like efficiency and resolution of
the spectrometer, the solid angle subtended by the detector, the spatial
distribution of annihilation events, and y-ray degradation effects, the
counting rate in the photopeak region of the spectrim is

P = N[(1-f}g + f(I-K)sp + fKg_] ‘ (4)
vhere g, is the probai)ility that a photor fron an unbound-positron
annihilation event will produce a count in the peak region of the
spectrum, The probability factors 8p and g, are definec similarly
for para-Ps and ortho-Ps annihilation events. Using h,, hy, and
by ghe counts in the total spectrum are

T = l-f)h‘ + Nf(l—x)hp + Ntho (3

Since the detection probability for annihilation events from unbound

positrons and para-Ps is virtually identical in most solid state

spectrometers,

g, -5, and h‘ - ‘h_p {6}

In the extremes of 1007 (f = 1) and 07 Ps formation (f = 0), the count

rates are
By = N{(K)Dg + Kg ] . (7
Ty = N Kb+ Kb ] (8)
and . .
P, =N 9

. 0~ “o%p



‘1'0 - Nohp - {10)

Now, to remove the count rate dependence at each point, the ratios

T, -P T -P.
T-P 171 070
Re5-, R = TR Rg = To (11)

are formed and used along with (6~10) to solve for £ in {4) and {5),

viz:
x KR
RO-)+ ) - % P, N. R.-R
£=] 1 1 + X L 01 3y (12)
t B-Rg K; Pg N3 ‘*R-Rp

By assuning constant beam current {Np = Nj}) and constant ortho-Ps

fraction (K = X1), we can simplify (12) to give the expression:

Py R-R 1 _
fm [1 + R {‘!—{_—ﬁ-u-)] ‘ (13)

Althcugh Eq. (13) is the expression typically usedas“ to
calculate £ from the annihilation spectrum, it should be emphasized that
the underlying assunption of constant beam current {Ng = N;) may be
violated under some experimental conditions. This is discussed in
section III. Equation 13 has its obvious counterpart for counts iz the
valley region, which has often been used interchangeably. The existence
of a "100% Ps™ state in the siow-positron surface studies of references
3 and 4 is difficult to deternine'accutaéely. In additfon, the "0OX Ps™.
state is norpally found by extrapolation with »30% confidence. It is
the purpose of this paper to study the validity of this analysis,
specifically as related to Eq. (13), and to investigate the consequences
of errors in determining the reference states for 0 and 100% Ps.

We organize the discussion under the following sub-headings:
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Section II: discussion of sone experimental considerations

affecting R (eq. 11).
Section 11I: positron backscattering
Section IV: the effect of the ratio P3/Pp on eq. (13).
Section V: derivation of the statistical precision of eq. (13).
Section VI: data simulation to study errors introduced in the 0%
and 100% Ps references.
Section VII: the-calculation of positron diffucion length using

ioth Ps fraction, f, and annihilation lineshapes, S, is briefly

discussed.

Section VIII: discussion of the "red” shift due to Ps fraction and

kinetic energy.

Section IX: other methods for determining f£.

-

Section X: summary and recommendations.

-

1I. Experimental Determination of R -

The measured parameter R {which 1s basically the ratio of
total:peak counts—;eq. 11) is the basis of the calculation of £ (eq.
13). There are several factors which contribute to its wvalue, such as
the detection system used for the measuremert, geometrical arrangenent
and scattering properties of the apparatus, only electronics {eg. pile~
up, summing, very serious resolution degradiation). It is clearly desir~
able to understand the relationship1$?<each of these to the measured
annihilation energy distribution, since the accuracy with which £ cgﬁ be

determined depends on the consistency of experimental conditions

throughout determinations of Rj, Rg and the measured variable R.



The energy spectrometers comnonly used for measuring the annihils-
tion y-ray spectra range from Ge{ii) or intrinsic Ge detectors (with
resolution of =1 to 2 keV FWHM at 511 keV) through to NaI(Tl) scintilla-
tion counters on light pipes {with resolution in excess of 100 keV FWHM
at 511 keV)., The relatively poor efficiency of the seniconductor detec-
tors (<1/3 that of Nal) is thought to be conpensated by the ease in
clearly demarking the full-energy peak of the spectrum. Failure to com-
pletely encompass the peak leads to errors in the total:peak ratio due
to fnstrumental drifts, statistical scatter (see Sec. V and VI), ;nd
countrate-related problems such as pulse pileup and incoyplete charge
collection., Significant improvenents may be realized with the utiliza-~

tion of new fast but efficient scintillators (such as BaF3) coupled to

channel-plate photomultipliers (which are not affected by the magnetic

field associared with magnetically guided positrﬁh beamﬁs), however such

detection systems have not as yet been tested in this type of experi-
nment.

A problem in measuring R is associate§ with the scattering oi the ‘
annihilation radiation in the experimental apparatus. An exanple of
possible arrangements' of sample,  manipulator, wacuum system and detector
i1s shown in Fig. 1, where the detector Is located either to the side or
the rear of the sample with respect ti the incident positron beam. We
shall initially restrict the discussion to the case of a rear-positioned
detector, following with a comparison of the .two options.

The unbound positrons which annihilate in the sample are typically
in the “top™ 1000 A or so, and any Ps which is emitted {the spe;ies of
interest) is travelling away from the detector. The annihilation radia-

tion that is detected must escape through the combined absorbers of
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sa;ple, manipulator, vacuunm chamber, water jacket and detector housing.
Figure 2 shows a typical spectrum obtained from the Brookhaven appara-
tusa using a Ce(li) detector, with a Cd single crystal (=i/4” thick)
mcunted on the sample manipulator. The excessive contribution duemib
scattered y-rays is evident not only in the intensity of the backscatter
peak (at ~%f3 nucz) but also io the unccmmen ' 'atness of the Compton

continuum below the edge {at ~2/3 ngcz).

To investigate this further a “benchtop”™ simulation was arrangcd.g

85

Using a similar detector and a "~Sr source a series of scatterers and

absorbers were assenbled to simulate the physical environment of the
béam, as judged by the shape of the total measured annlhilation energy
distribution. The fipal arrangement is shown in Fig, 3 together with
the measured distribution [curve (a), solid line), indicating good
qualitative agreement uikh the distribution in Figr 2. . In order to see
how much of the sinulated spectrum is made up of scattered radiation, we
subtracted from it the spectrum obtained by puttimg another (zmuch
weaker) ass: source directly on the detector face and runnipg without
scatterers until the full-energy peak uené to zero. This difference is
shown in Fig. 3(b) (dashed 1ine). It is clear from these two curves
that nore than half of the counts at energy lower than the photopeak
must be atiributed to scattering. It is particularly noteworthy that
there is a region in the valley where close to 75% of the counts are due
to scatter. This is just where one would hope to have a predominance of
events due to the 3~y de;ays of ortho-Ps in order to optimize sensi-
tivity to changes in £,

The previous discussion of y-ray scattering highlights the primary

objection to acquiring data with the detector mounted lé the cide, as



11lustrated in Fig. 1. Since most of the 511 kgveradiation originates
at or near the surface of the specimen, small Qarintionl in the specizmen
angle (with respect to the detector face) can lead to significant
changes in the "shadowing™ of the detector. The samples studied
| typically have areal dimensions of about 1 1nch2, wvhereas the incident
bean is only a few mm in diapeter. This means that those y-rays which
pass through the specimen towards the detector must pass through on the
order of 1 cn of metal absorber/scatterer, The effect of small rota-
tions of the sample about the manipulator axis is demonstrated in Fig.
4, where variations of 10% in £ are found with rotations-of less than 10
degrees. 0 = (° is defined as the position ﬁhere the saople face 1is
perpendicular to the detector face, and positive rotation 1s towards the
detector.

Thi last effect we will discuss in this section is’the variation of
k with total countrate. This has obvious application since positronm
beams are often based on >°Co sourcesB‘(Tlfz = 71 dy), and determina-~
tions of the “reference™ values Rp and Rlﬂare not necessarily performed
at the sape time as a particular experiment. Once again a Ge{li) detec-
tor was used with an Ortec 572 amplifier (3 psec time constant). A GHCu
source was allowed to decay (T;;3 = 12.8 hr) while spectra were con-
tinually acquired both with‘and without p%leup rejection. The peak
{ntegral was taken from =500 keV to =520 keV. The results shown in
Fig. 5 indicate only a swmall effect of countrate from =0 up to 24 X cps,
particularly while using pileup rejection (=1X decrease in R for 15 K

cps total change in rate.)



I11. Incident Positron Backscattering

The backscattering of positrons epmitted from an isotopic source
{such as 22Na) has been studied by several researchers, 19-12 MacKenzie
et 11.11 found that the backscatter coefficient, R, was adequately
described by a logarithmic function of the atomic number, Z, of the
scattering material. Their neasured‘coefficients using both 58Ge and
22y, were in general consistent with calculations>! for ponoenergetic
positrons in the 0.1-1.0 meV energy range over a broad range of Z.
These same calculations predicted a similar (although siightly larger
for all Z) coefficient for electrons than for positrons.

Relatively little has been done for low energy posi;rons, with the

14 who studied mono-

exception of the measurements of Mills and Wilson
energetic positrons ranging from 0.5 to 2.9 keV scattering off an Al

« specimen., They found that the total scattering probability (r) was <10%
in all cases, increasing from r ~4Z at 500 eV to r = 10X ar 2.9 keV.
These d;Fa would seem to be in disagreement with the result of Darlimg~
ton and Cosslett,is who found that r decreases for electrons as a funmc~
tion of increasing electron energy, ranging from r = 44% at 500 «V to T
= 287 at 3.0 keV. In view of the aforementioned predictable similarity
of the results for jositrons and electrons at high energy, it would seen
that this discrepancy in both sign and magnitude of the r vs. E behaﬁinr
is important: It is possible that the difference arises from the effect
of low-energy positrons being c‘hannel-edl5 into the interstitial regions
of the lattice and electrons being preferentially attracted towards the
jion cores, however there are presently tco few measurements upon which
any quantitative comparison can be based., It is clear that the problen

of incident positron beam scatiering needs more attention, since the
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energy dependence would have obvious implications to the understanding

of experimental results.

1V, Reiationship of (P;)/(Pp) to £

As pentioned in the inticduction, the reference states of 100X lpd
0% Ps are often difficult to achieve, This affects f not only through
the regpective ratios Rj and Rp (discussed in section V), bur also
through the peak integrals necessary For the prefactor P;/Pp iv eg. -
(13). Because this ratio determines exactly bow f is related to R,
errors in P3/Pgp can lead to serious non-linearities, unlike errors im
either R)} or Rgp alone {sec. V). This is Eeno#strated 1n‘fig. 6, where f
is plotted versus B for two values of P3/Pp; the abscissa is scaled to
be 2sro0 at R = Ry unity at R = R} .

The value of Py/Pg is traditionally obtained empirically, just as
the individuai ratlos Ri and Rg are. The measurement of the 100X Ps
state 1s {at Brookhaven) based on the saturation value of f observed?
when Al with a submonolayer oxide coating is heated to high tempera-~
tures, and implanted with very low energy (E £ 25 eV) iocident posi~
trons. A similar saturation value (leading to the conclusion that 100%
Ps is formed) has been observed for Cs on 51.1% 1n both cases the
assunption that the surface trap normally observedax“ is removed by
the overlayer is justified by heating abowe rhe desorprion temperature.
The 2X Ps state is not quite so difficulr to attaln. It regquires only
that positrons are im;lanted in the specimen with sufficient epergy such
that few, if any, will diffuse back to the surface where Ps is forped.

Up until now the primary limitation has been positron beams thar provide
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maximun erergies. of between 5 and 20 keV, and so defected crystals
{produced by sputter-ing bombardment) which trap positrons are sometimes
used to ensure that positrons will not escape.

In general what we £ind is that P;/Pp = 0.4220.05 when using a
Ge(1i) or intrinsic Ge detector, and it seens to be fairly independent
of variarions in envirconment such as scattering, countrate changes,
etc. This independence does not, of course, apply to either R; or Rg.
It is possible to estimate with reasonable accuracy what the value of
P1/Pg should in fact be, since wost of the effects which are difficuit
to ;stinate cancel out of the expressiom. In the discussion that
follows we shall attempt to estimate P1/Pp, a summary of the results
being listed in Table 1.

We begin with the basic aSSumptiﬁh that ortho-Ps is 3 times as
plentiful as para-Ps. though this has mnever deen prcven,‘i: is based
on relatively straightforward kinematic argumentss and is certaimly
close to the truth. Ortho-Ps decays with 3 v-rays that produce a rough-
1y triangular energy distributions that increases from zero at D kel to
a maximum at 511 keV. We will take the peék integral with O Ps to be
1.0, and therefore that with 100X Ps (25X of which is para~Ps) is 0.25.
The expression for P3/Pp can be written:
0.25 + g P1(i)

Pl
P, 1.0 + L PolD) (14)
L )

where the teras P3{i) and Pg(i) are additiwve corrections to the proba-
bility that counts will £all in the peak integral for 100% and DX Ps,

Tespectively.
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The first and most obvious correction arises due to the fact that
a small fraction of the ortho-Ps decays will be included in P;. Assum-
ing the peak “window™ is 12 keV {allowing 23 keV variation), then this
correction (for a triangle) is ~0.046%0.011 (total enclosed area) x 75%
{ortho-Ps decays) = 0.03520.008. Since crtho-Ps decays by 3 y-rays,
then there is a 3/2 probability of detection relative to either para-Ps
or unbound positron annihilation (2 y-rays). For a rear-mounted detect-
or (Fig. 1) this enhancement is largely cancelled by other factors:

{1) Ps has, in general, kinetic energy that arises from the Ps

work function——which varies from =1 eV to '§<ev.1s2 Assuping a value

of 2.7 ev,lsszo about half of the ortho-Ps travels =~10 c; from the
sample face {away from the detector). To a good approxiomation, the
resulting reduction in detection efficiency almost entirely cancels the
enhancement introduced by the 3:2 y-ray ratio. s

(2) Re-emitted ortho-Ps is something like 10 to 15% polarized
along an axis perpendicular to the crystal face.2? of this fractien,
approximately 1/3 (m = 0) decays with y-rays being emitted preferen-
tially perpendicular to the axis of polafization,ZI hence having
virtually no probabilitry of being detected by a rear-mounted detector.
The total effect is small, reducing the detection probability for
ortho—Ps by =0.10x0.33, or about 3X.

The net result is that the P; correction for ortho-Ps,is unchanged
from the 0.035 calculated above. This value is not critical, but it is
nore empirical than analytical, based on the observation that our total
countrate changes wvery little as a function of Ps.

The second correction which must be applied is due to 511 keV back-

ground from acuihilations of the incident positrons in the accelerator
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grids (see Fig. 1). Since we normally use a pair of 90X transoission Mo
grids, we will base the correction factor calculation on B1Z transmis-

sion. Using a probability of 1.0 for peak-counts at the sample with O
Ps, and allowing for a  25%3% geometrical efficlency for annihilations
arising in the grids relafive to those at the sample, the total correc~

tion {to be applied to both P; and Pp) 1s given by

(o 81] x 0.19 x 0.25 (0.03) = 0.059 % 0.007

vhere {1.0/0.81) is the relative incident beam iatensity before passing

through the grids.

-

There are several other factors which influence P1/Pp, but which
are insignificant relative to those already discussed. We include ia
these room background counts, moving Ps effects (e.g. red shift and/or
pickoff), y-ray absorption and scattering effects (more important at,

E & 511 ke¥), and svmmation of 2 ortho~Ps y-rays {from one me-ay) due to
finite detector size. The result {Tabie 1) ovf the correctiomns con~
sidered is that the calculated ratio (0.32) is about 20% less than the
measured ratio (0.42)

Dne way to account for thils discrepancy would be to assume the
basic 3:1 r#tio of ortho to pata-Ps is wrong. This seens unlikely since
it would have to be less than 2:1 to fully account for the difference.
Alternately, if 20X of the ortho-Ps decayed by 2 y-ray emission this
would also account for the difference. This could arise from spia
exchange or pickoff almost imnediately following the Ps formation at the
surface, before it bhas poved too far to be influenced by “spill-out”
electrons. Although the details of Ps formation at the surface of a

metal are still uncertain, this last possibility seems unlikely in light
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of the time scale involved; Ps with 2 eV kinetic energy travels =5000 A

in 1 psec.

Another possibility which would explain the discrepancy is that
sope fraction of positrons that are deposited at a surface have zero
probability of forming Pz under any of the experimenzal conditions
studied so far. Once again, this fraction would have to be =10X to
fully explain the difference. ©On the basis of all the data obtained so
far with positron beams it 1s impossible to determine whether or mnot
this explznation 1s valid. The only direct measurement of Ps fractionm

that has been done employing triple coincidepcezz does not preclude this

possaibility.

Perhaps the most likely source of the discrepancy is scattering of
the incident positron beam, as discussed in section III. In order to
peasure P1/Pg one typically assumes a constant beam flux, acquiring data
for a fixed time. Wha. is really néeded is not constant time but con-
stant numbér 2f positrons. If, in fact, more incident positrons are
scattered out of the region of detection during the measurement of‘Pn
than for Pj, the measured P3/Pp ratios would de increased. Since Py is

typically measured at high Incident energy {5 keV) and P; at very low
energy (=25 keV) this possibility is supported by the nbsergationlu that
the backscattering probadbility increases with energy im this range. OCn
the other hand, the magnitude of the scattering coefficient £equired at
5 keV to coppletely explain the discrepancy is 24X, ﬁhich 1s sopewhat
larger than would be expected on the basis of the coefficlents measured

previously.lb
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V. Statistical Error for £

In using the dependence of f on positron emergy to deduce model
paraneters by least-squares fitting {section VII), it is essential to
weight the data with errors propagated from the raw counts. For the
errors in R (Eq. 11), a binonmial distribution is used, similar to the
approach used to obtain errors for s-parameters from Duppler-broadened

positron sp. ce2.2? The result

2 _ R(R+i)
O == — (15)

gives smaller error estimates than a straightforward Poisson statistics

analysis using the square root of the counts as errors {0P2 = P,

op = T) viz.
2 _ (R+1)(R+2) '
O‘R = ——-_f— (15}

The dependence of £ on R {Eq. 13} is shown in figure 6 for two

values of Pj/Pg. The standard uncorrelated error in f is given by

2 2 2 2
2 _ £201-5)2 1 °Po °Ry °Rg + ‘2{ 1 1 12}
ol = —£)) e+ —— + + — 4 0% [ F e
f P} PS (R],"R)z {R—Rg)z R'Ri1-Rg R-Rg

(17)
The error propagation factors ior the values that enter this
formula are shown in figure 7 for P1/Pp = 0.5. It should be noted that
relative errors are reduced during propagation, especially for P;/Pp

vhere eg. a 10X error gives a 2.5% (maxinum) error im f.

VI. Sipulation: Propagation of Endpoint Errors

The gethod employed was to generate theoretically expected y-ray

energy distributions for known fractions of Ps, and to convolute these
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data with measured response functions for 3 different detection systems

vhich are representative of those normally used in slow-positron

studies.ss“ Para-Ps was assumed to be a d-function centered at 511

keV, and ortho-Ps was generated viz:s

2
ox) = pfilak) _ Zala=k) ,,(=ck) , Zack , 20(8k) q(2k)] (19
(2n-k)2  (2u-k) = x =

where k = ETIncz. The intensity of the ortho-component was set at 3
tines that for para-Ps. Free positron annihilations were assumed to
occur with the electrons of a falrly typical metallic sanple, and the
energy spectrum was therefore fepresented bghan inverted parabola atop a
Gaussian. The parabola intensity was set at 3/2 that foé the Gaussian,
and the width at the base of the parabola was 0.6 times the FWHM of the
Gaussian. Because this width represeuts the momentum broadened Ferni
energy {which was chosen to be 12 eV}, this established. the Gaussian
FUEM = 4.1 keV,

The detectors used were: {;) a PGT Ge(li) detector with a resolu-
tion of about 1.5 keV FWHM at 514 keV; {b) a 3"x3" Harshaw Nal{Tl)
detector with a resolution of about 40 ke? FUEM at 514 keV; {c) a 3"x3"
Ral{Tl) crystal on a 4B" right—angle light pipe, with a resolution of
about 120 keV FWHM at 51& keV. Detector {c¢) was designed so that the
photonultiplier would not be affected by the magnetic field'required by
the positron beanm transport,8 while the crystal "viewed™ the specimen
from behind {on ;he magretic Field axis). A comparison of two theoreti-
¢al spectra éeneratcd for detector (c) with real data obtained previous-

1y with the same detector are shown iIn Fig. 8.
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The sources used to deternmine the response functions for all the
detgctors vere 57¢o {122 keV with some 136 keV), 138y, {412 keV) and
85gr {514 keV). The theoretical energy distribution was convoluted with
the response function measured for each of these sources; the 58 spec—
trun was applied to the range 0 to =200 keV, the 198,y vas applied frxom
~200 to 450 keV, and the 5°Sr was applied from =450 to 511 keV. The
variable peak-to-Conpton ratios and scattering properties associated
with y~rays of different energies would be best represented by measuriag
a large nupber of clean, single Y-ray standards (were such a selection
available). We feel, however, that our spectrz were suitably produced
for the purpose of this study using these three sources, since the bulk
of the information (hence systematics) arising from the positren plus Ps
annihilation spectrum is in the wvicinity of 511 leV. The favorable
comparison seen in Fig., 8 supports this statement. Spéctra were nor-
malized to-leos counts, and each data point was randomized according to
a normal distribution for which o = nilfz, vhere ny = counts in
the ith chanpel.

In figure 9 we show the results of using the simulated spectra to
calculate f, the Ps fraction, according to eq. (313). The differences
between the calculated and known £'s are plotted versus the known £f's
for both fP [Fig. 9(a); peak area) and £, [Fig. 9(b); wvalley areal.

It is evident-fron this figure that although the wvalley gives a profound
visual response to changes in the Ps fraction, it is as nmuch as a factor
of 10 less precise than an f derived from the peak. In addition, the
Y-ray scattering already discussed in section II {fig. 3) would cast
some doubt on an analysis using the valley counts. The plot of fp

also 1llustrates that both of the "better™ detectors yield reasonable



results, giving reliable neasurements to better than half a percent.
This is consistent with the conclusions reached in section II. In
addition, we found that the precision of the "worst”™ detection system is
sonewhat dependent on the selection of the summation region, and have
shown in Fig. 9(c) the results of selecting a narrower region for the
peak., It is clear from this that the best detection system must have
poderately good resolution in order to minimize systematic errors in the
deternination of F, including those not included iIn this simulatiocn such

Pl

as instrumental drifts and countrate effects.

The discussion so far has been based on the assumption that both
the extreme conditions of 0X and 100X Ps are meésurable {or can at least
be accurately extrapolated). As a test of the significance of this, we
altered the calculations of f by introducing errors of 25 ts 2£10% to the
endpoint ratios, Rp and Rj. We found this to bave no nén~linear effect
on the data uniike errors in flle discussed in section III. The only
effect was to shift curves essentially like those in figure 9 up or dowa
at either end by the amount egqual to the error that was introduced.

Aside from this, the relationship between the measured £ and the "true”

£ remained liaear.

VII. Calculation of Positron Diffusion Lengths

The absence of any non-linear conotributions to the deduced Ps-
fraction for real data lends confidence to the method commonly appiiedz“
to measurements of the positron diffusion length, li. The application of
a one-dinensicnal diffusion wodel relates £ to incident positron energy,

E:3317
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o
1+ (E/E)" .

£ = “(19)

17 25

where n is usually about 1l.6.". There is, in fact, a fair degree

of uncertainty in the derived value of n for various materials.

Although n is very nearly l.6 for "light" materials such as A117 and
Sizs, it appears to have some dependence on atomic number. For example,
n» 1.4 for Gez? and Cuza. In addition, n is often oubserved to be
reduced by the introduction of crystal imperfections, being =1.34 for
n-irradiated Alzg and as low us =1,0 for thermaliy generated vacancies
in‘Als. It is clear that obtaining the best walue for n.is of particu~
lar importance, as is demonstrated in Fig., 10. The relatioanship of f
and Iincident positron energy E can be seen to depend critically on the
value of n, although the detailed shape of the curve itself is often the
best indication of ti.> true wvalue. The expression showz in Fig. 10
[eq. {19)] results from an exponential positron implantation profile,
however the profound dependence of the curve on the factor n has analo-
gous complications using other profiles.so Eg can be related to the

positron diffusion coefficient I, by the expression:

n C:"'.eff

vhere Terf Is the effective lifetime of the positron in the sa'mg:»lme,z9

and Ly = (D+Teff)1,z. A is a constant that relates Ep to mean

depth, ao, through the function:

o= AEE {21)

Mills and Wilson2> have fourd that A = [3.32‘_‘_'3'?\3) wg/cn?, with Ep 1a

keV.
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Recently ther: has been interest in es:abliihing Ep through the

energy dependence of a standard anninilation lineshape paraneter,sl such

as S,32 which measures the relative fraction of events that fall in a
fixed central portion of the peak. An identical diffusicu wodel in eq.
(19) has been applied,’l based on the assumption that changes in the
relative fraction of incident positrons that are re—-emitted as Ps change
the lineshape parameter linearly.

Figure 11 shows the result of calculating the S-paraneter for the
simulated spectra generated with the response function of the Ge{li)
spectrometer system {section VI). It is clear from_thiﬁ result that
variations in the Ps fraction contribute more copmplicated changes to the
annihilaticn lineshape than can reliably be accounted for by the simple
model reflected by eq. (19). The extent of the error introduced can be
assessed by choosing a set of data (£ vs. E) that lead to a typical Em.
vzlue for a common metal, Table 2 lists data chosen specifically to
yield Ep = 5.0 keV when fit to eg. (19), and the subsequent f's that
would be deduced irom the S~parameters shown in Fig. 12. The systematic
error of this method of analysis leads in this case to a value of Ep = _
keV (o = 1.6). Alternatively a non-linmear fit to eg. {19) yielded Eg = _

keV, withn = s, and a slightly better fit.

Viil. Red-shift Due to Ps Energy

The last feature to be investigated with the sinulated spectra was
the effect of the Ps kinetic energy in red-shifting the peak. There is
also a false red-shift observed due to the increase in o-Ps, which was
denonstrated previously by Leventhal.3? Figure 12 shows the peak-

position {uode)lfor the simulated distributions discussed in section
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V1, The false red-shift due o the ortho~Ps is seer in this figure to
be exaggerated in the detectors with poor resolution. This effect would
lead to an even larger shift of the centroid of the peak. The data
shown in Fig. 12 were generated assuming the Ps had no kinetic energy as
it left the surface of the crystal,

In addition to this we generated a set of spectra for which the
Ge{li) detector was assumed to be behind the crystal, and the Ps was
enitted from the surface with 1.0 eV kinetic energy. Mills and
?feifferlg have denonstrated that Ps emitted from a Cu(l1l1l) surface can
have mean kinetic epergies that range from =~D.14(1) eV (for thermally
activated) to 3.4(3) eV (non-thermally enitted).

For the present study it was assumed that the Ps is ejected with an
isotropic distridbution about the normal. If the spatial distribution is
peaked about the normal, it would tend to ipcrease the pagnitude of the
red-shift we have calculated.. The data at each point in the energy
distributions (arising from Ps amnihilarions) were red-shifted with a

linear Doppler shift to account for this effect:

£ = E1 -1’_5_:.52) €22)

where the velocity is:

2E
v = ‘155%331’2 = 4.2x10° cofsec (23)

for Ex = 1.0 eV. The next effect which needed consideration was that

'the long-lived ortho-Ps (T = 140 nsec) would travel significantly fur-
ther from the detector than either “bulk™ positrons or the short-lived
pata-Ps (T = 125 psec). An estipate of the maxinum distances travelled

can be obtained by using the time 27, which means that llez or =1/10 of



22

the Ps atoms will tr;vul that far. For ortho-Ps uith Ey = 1.0 &V,
d(27) = 11.7 em, while for para~Ps d(27) =~ 0.009 cm. Because the geo-
metrical reduction in detection efficiency would be significant for
ortho~Ps we reduced all counts in the theoretical d;ftributions arising
from ortho-Ps annihilations by s factor which we now describe. By
;aking data from a chart of absolute detection efficiency £ varsus dis-
tance d for a 2" x 2" NaI(Tl) crystal,ah we were able to develop a poly-
nonial expansion for £(1/d) which we applied to our data. It was felt
that the application of this to a Ge(Li) detector would be a rea;onable
approximation, since we were only interesteh-in relative ffficieﬁcy
corrections. The derived expansion was:

£ = 1.0 - 19.25(1/d) + 5.9(1/d%) - 0.67(1/d%). (24)
The net result of the above corrections for Ps Kinetic emergy was te
furthe: (red) shift the centroid of each peak by ;n amount thar was
proportioéal to the Ps fraction. This is illustrated in fipure 13. The

9

effect is significant, indicating that this may“be an alterpative! way

to measure the Ps kinetic energy.

IX. Other Methods for Determining f

0f the various techniques for peasuring Ps one of the most direct
is 3-yv t:n:t:lm::l.dem:e,!5 since it provides an absolute determination of the
relative fraction of eveants which arise from the decay of ortho~Ps.
This has recently been used, for example, in.measurements of the hyper-
fine interval between singlet and triplet Ps,asr36 where a large nun-
ber of derectors are arranged in a zing around the chamber 1o iﬁprove

the triple coincidence probability. In general, the countrate and

geonetry limitations of this method are too restrictive for application
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t& positron bean studies of Ps, which are primarily applied to positron
diffusion-length measurements {Section VII).

Two~Y coincidence as measured with a pair of Nal detectors has been
applied to gas—quenching studies of Pspa? where the ortho~Ps fraction is
deduced from the attendant decrease measured in the rate of 511 keV vy
pairs. This technique is particularly useful in high-background sirua-
tions owing to the intrinsic collimation afforded by the coincidence
requirement. Although background is not usually a problem in positron
beam experiments, it is interesting to speculata that useful information
nay be derived through the sum/difference techniqus which employs a pair
of high-resolution solid state detectors.3? The extremely low back-
ground and reso;ution improvement relative to the single detector
measurenents discussed In this report may for some applications justify

- »

the loss of countra:e..

High resolution angular correlatioﬁ (ACAR) neasufﬁments are another
way in which Ps has been studiéd in various mon-metallic sol:ﬁ.dzs.als
Although this technique is not presently employed with positron beans,
there is sope hope that reactor-~based beams will provide sufficient
intensities to allow useful angular correlation studies not only of Ps,
but also of the positron surface state.*® Recent advances in
2~-dimensional angular correlationl‘suggest that interesting studies of
Ps may be pursued through the combination of 2-D ACAR and wvariable-
energy beams. That this has not yet been done is simply a reflection of
the difficulty and expense associated with the two techniques.

The only other technique for studying Ps that has had significant

applicaticn to bean studies is l1ifetine measurements. This has the

advantage of being z relatively direct and qhantitativ; neasurement,
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like the 3-7 coincidence method, without being as severely limited by
countrate. The'prinlry difiiculty lies in deriving a "start™ signal,
since the specimen 1is isolated from the actual positron source. This
has so far been acconplished by synchronized time~bunching of a
magnetically confined heln“l and by detection of secondary electron
emission {generated by the impinging positron) for an electrostatically
focussed be:n.“z In one case the Lyman a enission from the 235102322
transition was used as the start signal for a peasurement of a fine
structure interval in an excited state of Ps.“? It seems likely that
both lifetime studies and the single detector technique discuss:d in
this report will remain the dominant techniques for studies of Ps using
variable-energy positron beams.

X. Summiary and Recormendations

In this paper we have studind several aﬁpects of *he method of
analyzing Ps fraction (f) data obtained with slow positron beams, We

have shown that several systematic and experimental features are worthy

of concera:

(2) <Y-ray scattering in the vacuum chanber and associated equip-~
ment constitutes morea than half of the counts below the full-epergy

peak, where the sensitivity to Ps is maxinum.

(b) The dependence of backscattering {of the incident beam) on
positron energy is currently unresclwved. )

(c) Uncertainties assoclated with the referancea states of 100% and
0% Ps formation are particularly important. Although errors in
peckstotal {R) ratios indiwidually do not appear overly important, the
P1/Pp ratio (discussed in section IV) introduces clearly ‘non-linear

effects to the calculation of £,
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{d) calculation of the positron diffusion length, L,, from f is
influenced not only by the accuracy of £ but also by the derails of the
positron stopping profile. In addition, the evidence indicates that
calculation of Ly based on anuihilation lineshape paraceters may suffer
fron a pon-linear relationship of the parameters with I,

On the basis of the information presented in this paper the
following recommendations can be made:

(1) Calibration of the 100% Ps state is essential if Ps fraction
experiments are going to coantinue to be used in the aréas of positron
diffusion and surface interactions. This may be accomplished through
more precise determinations of the triple—coincidence raée.zz

(ii) The OX Ps state also Tequires more careful determination than
has been possible in the past, This problem has become more important
in light of recent controversy over positren impilantarion profiles.k“
Positron beans capable of 50 keV (or more) incident energy may alleviate
this problem if the present uncertainty in incidenmt positron backscat-
tering 1s resclved.

{1i1) 1In the special case of materials which possess a megative
positron work function, there may be some advantage in correlatinog
‘diffusion lengths calculated usipg both f and direct re-enmitted positrom
counting. Although the later techique is generally much wmore tipe
intznsive than Ps fraction measurenpents, it has the obvious advantage of
being easily calibrated.

(iv) Problems associated with absorption and scattering of y-rays
should be minimized. This involves rear-placement of the detector

{rather than side-placement) and ensuring that the amount of scatterimg
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material between the sample surface and detecior Temains relatively
constant.

{v) Calculation of f is best performed using a total:peak rather
than total:valley type of zatio. In addition, the detector resolution
should be s&s good as possible {without sacrificing too much efficiency)
to ensure that the Pf'k integral coopletely epcompasses the photopeak
without signific;nzl§ overlapping the region of the spectrum where 3.8
events domipate. The prééent standard is to use lafge (~20%) Ge(l1) or

intrinsic Ge detectors.

Ye are indebted to I. K. MacKenzie for pointing out the signifi-
cance of y-ray scattering and performing the measurenment shown in Fige
3. Ve would also i1ike to thank D. W. Gidley for his compents and sug-
gestions. This work is supported by the Division of Materials Sciences,

U.S. Department of Energy, under contract DE-AC02-76CHOCD16.
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Table 1

The factors involved with the calculation of Pj/Pp discussed
in the text (eq. (14)] are listed. Possible sources of the
discrepancy shown at the bottoo are discussed in the text.

Peak Integral

Contributions
Pi(i) Po(i)
Basic ortho:para ratio 0.25 ‘ 1.00
- (1) ortho-Ps counts in peak 0.035%0.008 0
(2) grid annihilations a 0.059%0.007 0.05920.007

P1/Pp (calculated) 40.3210.01 .

P1/Pg (measured) 0.42%0.05

0.10 0

Discrepancy




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

k}}

Figure Captions
The ultra-hﬁgh—vacuun {VUHV) target chamber for the

pagnetically-guided positron beam at Brookhaven is showm,
indicating the afrangenent of compcnents relevant to the
discission in the text.

A t;pical spe.crun obtained for a rear-mounted Ge{li) detec-
tor is shown, emphasizing the 1ow energy portion of the
distribution. The unusual shape—napely the f£latness of the
Conpton continuum and the intensity of the backscatter
peak--are indicatioos of excessive y-ray scattering in the
vacuum chawmber,

The contribution due to scattering is demomstrated by the
simulation pictured above, The solid curve (a) is similar
to the actual spectrum shown in Fig.*2 because of the proxi-
nmity of metallic scatéerers. The dashed curve {b) wagj
obtained by removing the scatterers, placing a nuch weaker
§55r source directly on the detector face, and subrracting
from curve {a) until the full‘energy peak just disappeared.
The effect of sample rotation on neasuréments of the Ps
fraction, £, is shown for a side~mounted detector (see Fig.
1). The relative "flatmess™ for positive rotation (surface
towards the detector) is due to the reduction of y-ray
absorption in the specipen, since wmost Ps annihilations
occur just ou:side the front surface of the specinen,

The influence of total countrate on the R parameter used for

calculaticn of £ [eq. (13)] is shown both with and without



Figure 6.

Figure 7.

Figure 8.

Figure 9.
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plleup rejection. The effect is small in both cases,
however the inprovement introduced through pileup rejection
is obvious.

The non-linear dependence of the Ps fraction, £, on the
total:peak ratio, R, [egs. (11)=-(13)] is shown for two dif-
ferent values of P3/Pp (peak counts with 100X and OX Ps,
respectively). The actual value of P)/Pg is approximately
0.4, although there has so far been mo direct measurement of

ir.

The error propagation factor; €, -1s shown for errors in the
measured ratio, R, and the extremes used in equation (33)
for P3/Pp = 0.5. The relative error in £ can be seen to be -
less than that in R over the entire range.

The upper curves sho;ing real spectra obtafded for Al {esti~
mate ~0% and 852 Ps re-emission) are to be compared with
the lower simulated curves. Aside from certain deficiencies
at the lowest energles, it can be seen that the comparison
is reasonably good.

The error in calculating £ with Eqn. 13 1s shown for thres
different analyses. ©Data are shown for three different de-
tection systems: for FWHM = 1.5 keV {at 5i4 keV), x for
FWHM = 4D keV and 8 for FWHM = 120 keV. It is demonstrated
that selecting a wide region for peak summation [curve {a)
relative to curve (c)} leads to less uncertainty. The
valley-type analysis [curve (b); sunmed over 410 to 430 keV]

is seen to be less accurate than the peak-type.
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Figure 10.

Figure 11.

Figure 12,

Figure 13.

kX

The relationship of £ to incident positron energy, E, is
seen to be critically dependent on the exponent, n. The
expression (inset) is for an exponenrial implantation

profile, and the curves shown are for n =« 0.5 up to n = 3.0,

in steps of 0.5.

The annihilation lineshape parameter, S, is shown for the
data generated for a typical Ge(li) spectrometer as a func-
tion of the known posi&roniun fraciion, f. The nconlinearity

evident from this curve leads to errors that are sumparized

in Table 2. . ] .
The false “red” shift in the peak position caused by differ-
ing amounts of positronium {Ps) is shown for the wvarious
spectrometers. For the purposes of this set of‘dati, the Ps
was assunmed to have no kinetic eperg¥. The detector resolu~-
tions are shown to the right of each curve.

The ceatroid shift introduced by 1.0 eV positronium kinetic

epergy is illustrated relative to O eV kinetic energy.
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