PHYSICAL REVIEW A VOLUME 55, NUMBER 1 JANUARY 1997

Measurements of total and positronium formation cross sections
for positrons and electrons scattered by hydrogen atoms and molecules
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We have measured totaDf) and positronium formatiofQpg cross sections for 1-302-eV positrges’s)
andQq’s for electrons(e™’s) scattered by hydrogen atoms and molecules. A beam transmission technique is
used to measur®+’s where the projectile beam passes through a low-temperature scattering cell containing a
mixture of hydrogen atoms and molecules generated in an adjacent radio-frequency discharg®gggiare
measured using the same scattering cell by detecting coincidences of 511-keV annikilaysrproduced by
the decay of para-Ps and by the interaction of ortho-Ps with the walls of the scattering cell in which the Ps is
formed. The preserg™-H Q1’s and Qp¢s agree very well with theoretical calculations. Comparisons of the
presene” ande™-H Q¢’s show a merging to within 20% for energies above 12 [S1050-294®7)03701-3

PACS numbd(s): 34.80—i, 34.90+q

I. INTRODUCTION two techniques to measu@y.s for e”-H scattering. In this
paper we report measurements &r's (of Q;'s and Qpes)

The scattering of positron@*’s) and electronge™s) by  and fore™’s (of Q’s) scattered by atomic and molecular
atomic hydrogen are among the most fundamental atomibydrogen. The presemt’-H Q¢'s supersede our earlier re-
collision processes. Since hydrogen is the only atom fosults[5,6], while thee™-H Q+ results reported earli¢b] as
which the wave functions are known exacty/, ande™-H preliminary are now considered to be our completed results.
collision processes provide an attractive testing ground for
scattering theories. Although many different calculations of
partial and total scattering cross sectidi@;'s) have been Il. EXPERIMENTAL APPROACH
reported for these collision systems, it has only been recently
that measurements of some of these cross sectioresft
scattering have been mafle-6)]. In fact, prior to 1994, there
were no direce” -H Q1 measurements above 12 eV, and no
e*-H Q; measurements at alle™-H positronium (P
formation cross sectioiQpy measurements above 13 eV

X b .
were made in 19922], ar&d € —I—is;onlz?nondg_rc_)ss sectrllon noid [10] to the scattering cell shown in Fig.(&s set up for
measurements were made in K. In addition t_° t € Qps measurementsThe projectiles which emerge from the
opportunity these collision systems present for making directq| are detected by a channeltron electron multipiEEM)

comparisons between the scattering of particles and antipagznich is off axis for theQ; measurements] and on axis
ticles from the simplest atom, detailed knowledgeeofH

scattering cross sections is important in research on fusion

In these experiments, variable energybeams(obtained
from an annealed 0.004-mm-thick tungsten moderator placed
in front of a?Na e sourcé whose energy distribution has a
full width at half maximum(FWHM) of about 1 eV, ore™’s
(secondane™’s from the same moderatowith a FWHM of
several eV, are guided by a lens system and a curved sole-

plasmas and in astrophysics, and interestilH scattering PHOTO-

has been stimulated by a need for partial and tefaH TUBE L
cross section information by astrophysicists attempting to

understand details of the origin of 511-keV annihilatipn Nal

rays which have been observed coming from the direction

toward the center of the Milky Way galaxy and from solar
flares[7].

We recently reported measuremeff§ and then addi-
tional preliminary measurement$] of Q¢'s for 2- to
302-eVe™’s ande™’s scattered by atomic hydrogen using a
beam transmission technique where thé or e~ beam Nal SCATTERING
passes through a cooldd50 K) aluminum scattering cell a CELL
containing a mixture of hydrogen atoms and molecules gen-

erated in an adjacent radio-frequengf) discharge region. PHOTO- Scale
Our group has also made measurement®pfs for e™’s TUBE (I
scattered by alkali aton{8,9] by detecting the coincidences 0 2 4cm

of 511-keV annihilationy rays from a scattering cell. Based
on the success of the techniques we developed in these pre- FIG. 1. Experimental setup for Ps formation cross-section mea-
vious experiments, it is quite natural for us to combine thesurements.
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for the Qps measurements. A retarding potential grid assem- TABLE I. Estimated experimental percentage errf@naximum

bly located between the scattering cell and the CEM is usedercentage errors in parenthgsemntributing to the present

to energy analyze the projectile beams and to provide addirositron- and electron-H total cross-section measurements. In addi-
tional discrimination (beyond geometrical considerations tion, statistical uncertaintieqgiven in Table Il), and the effect of
against projectiles scattered through small an§l€s. The the uncertainty in the energy assignméﬁnﬁ eV for both'positrons
target gas flows into the cylindrical aluminum scattering cell@hd €electronsand of the energy widths of the positrad eV
from an adjacent Pyrex rf discharge tube. The discharge i§WHM) and electroriseveral eV FWHM beams would have to be
excited by feeding about 25 W of rf at 29 MHz into a reso- combined with the experimental error subtotals to obtain overall
nant coaxial cavity. The gas flowing into the scattering cell iseTors:

H, when the rf discharge is off and a mixture of Hnd H

+ —

when the rf discharge is on. Recombination of H atoms in © €
the scattering cell is minimized 1] by maintaining the cell Qr(Hy) 6(17.5 5(14.5
temperature at about 150 K. Since the earlier measurements N, N 2(4) 2(4)
[5] were made in our atomic hydrogen system, the degree of f 5(5) 5(5)
dissociation of the K in the scattering cell has been im- n 3.56) 3.56)
proved (mainly by using better cleaning procedures for the L 2(2) 2(2)
Pyrex discharge tubend the precision of the knowledge of

that degree of dissociation has also been improved by mea-  Subtotal 9.084.95 8.431.9

suring not only the degree of dissociation of thg éffusing

from the exit aperture of the scattering célvhich could

only be used to set a lower limit on the degree of dissociatiorf®V ©f Hz into the discharge tube kept constant. Using this
in the scattering cell for our initial measurementsut also information, Qr(H) can be determined from the relationship

by measuring the degree of dissociation of thedffusing
directly from the rf discharge region and finding that both of
these measurements yielded essentially the same result, im- Q(H)= Qr(H2) [E [ IN(No /N)rt 0”_1) +1
plying that these measurements both provide the actual de- v2 LT L IN(No/N)t off
gree of dissociation in the scattering cell itself. Thus the
amount of recombination of hydrogen atoms to form mo-Where f=1—n’(H,)/n(H,) is the degree of dissociation of
lecular hydrogen occurring in the scattering cell is negligible,H2, while n’(H,) andn(H,) are the number densities of mo-
and the fraction of the total number of particles in the scatlecular hydrogen in the scattering cell for the discharge on
tering cell which are hydrogen atoms can be obtained as and off, respectively.
definite number(which for the present results is typically =~ The estimated experimental errors for d@f measure-
80%) simply by monitoring the gas effusing from the exit ments are summarized in Table I, where the “experimental
aperture of the scattering cell with a quadrupole mass spe&'rors” listed represent the combining in quadrature of the
trometer. errors associated with each measured experimental param-
eter, while the “maximum errors™ are the simple addition of

A. Total cross-section measurements each individual error component. A source of error not in-
cluded in Table | relates to our inability to discriminate
rTélgainst elastic scattering at small forward angles which re-
Z ) ' ) sults in our measure®+’'s being lower than the actual val-
e") beam is passed through the scattering cell. We first Me%es. The estimated upper limits for the angular discrimina-

sure relative _total cross sections fer (e7)-H, scattering o, valued 10] of this experiment foe™-H elastic scattering
with the rf discharge turned off. These are relative cross,

. ) ; t representative energie@nd the resulting estimated
sections because they are obtained using the pressure Meounts by which ouf); measurements may be too lpw

sured (using a capacitance manometetbove the rf dis- are 28° at 4.5 e\(35% too low), 25° at 11 eV(10% too low
charge tube, whereas the pressure is lower than this in thf60 at 21 eV(3% too low) an'd<15° for energies=50 e\’/
scattering cel[5]. However, by determining the factor re- (<2% too low. Similar éstimates for oue -H measure-
quired to normalize our relative™ (e”)-H, cross section at ments are 30° at 2 eY<5% too low), 9° at 11 eV(5% too
100 eV to our correspondmg ear_ller absolatge™)-H, Q low), 5° at 20-50 eV(5% too low), and <4° for energies
mea;ureineriﬂz] and applying this same factor to all of our ~100 eV (<2% too low). Discrimination of this experiment
relativee” (e )-H, Qr measurements, we are able to obtaing, o+ 4n4e=_H inelastic scattering should be complete due

i o
?‘bSO'”te total cross sectlo@T(Hz) for e” (e )'HZ scatter- 5 the use of the retarding potential grid located after the
ing, and these values are in turn used to obtain our abso'“?cattering cell

total cross sectiong+(H) for e (e™)-H scattering.

In order to obtain the absolute total cross sectipiH)
for e*(e”)’s scattered by atomic hydrogen, we determine
the projectile beam attenuation with the rf discharge on Our experimental approadB] for measuringQps mainly
[(No/N) i on] (Where Ng is the number of projectile beam involves setting a lower limit orQps which is obtained by
particles transmitted through an evacuated scattering cell afetecting(with photomultiplier tubes and attached Nal scin-
lengthL, andN is the number transmitted through the sametillators on opposite sides of the scattering cell as shown in
scattering cell when it contains target gamd the beam Fig. 1) the 511-keV annihilationy rays in coincidence pro-
attenuation with the rf discharge oftNy/N) ] with the  duced by the decay of para-Ps formed éyH ande*-H,

@

In our total cross-section experiment, we use a beal
transmission techniqU&] to measuré+'s where thee™* (or

B. Ps formation cross-section measurements
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TABLE 1. Estimated experimental percentage errdnsaxi- — e

mum percentage errors in parenthesamtributing to the present " ®  This work
positron-H, H positronium formation cross-section measurements. e'-H e et (1o
In addition, statistica_l ungertaintie(g_iven in Table 1}, and _the oL = ﬁ‘;{:,‘;g{‘f;;g”‘” |
effect of the uncertainty in the positron beam energy assignment - I P Higgins (1990)
(0.5 eV) and of the energy width of the positron bedih eV g - ]V;::lvtf;ig;g)
FWHM) would have to be combined with the experimental error ° v e Winick (1978)
subtotals to obtain overall errors. '3
7]
H H, §
Qr(Hy) 000.1 0.30.8) :
Qr(H) 0.52) -
QpdH2) 2(4) §
€CEM 5(5) 5(5) &)
€ 5(5) 5(5) s 1r _
Fo 5(5) 5(5) S
f 5(5)
n 3.56) 3.25.5
L 2.62.6) 2.6(2.6)
Subtotal 11.1434.7) 9.6(23.9 T B

1 10 00 1000
Energy (eV)

o ) . ) . FIG. 2. Total cross sections for positron-H scattering. The arrow
collisions in the scattering cell, and by the interaction ofjngjcates the positronium formation threshold. Statistical uncertain-
ortho-Ps(which corresponds tg of all Ps formed in the cell  ties for the present results in this and the following figures are
with the walls of the cell. An axial magnetic fiel®0 G)  represented by error bars except where they are encompassed by the
prevents scatteregl’s from reaching and annihilating on the sjze of the symbols.
cell walls and contributing to the coincidence signal, while
direct annihilation ofe™’s in the target gas is known to be
negligible[14] at thee* energies used in the present inves-
tigation.

To determine our measured Ps formation cross sectio
QpdH) for e*’s scattered by atomic hydrogen, we first de-
termine the total and positronium formation cross sections
for e*-H, scattering,Q(H,) and QpdH,) (with the rf dis-

(=0.80 is the measured efficiency of the CEM for detecting
positrons,N, is the detected number of primary beam posi-
trons,L is the length of the scattering cell is the distance
Qlong the cell axis from the cell entrance to the leading edge

charge off, and the total cross sections fef-H scattering, Y e
Q+(H) (with the rf discharge on Then we measure the co- o = ?fée?f{’&n
incidence counts of 511-key rays from the scattering re- N S van Wyngaarden (1986) |
gion with the rf discharge on when the flow of, lihto the = A“xf"'bk """" Callaway (1993)
discharge tube is kept constant. Using this information, g ol A ol & Twok )
Qpd{H) can be determinetsee the Appendjxfrom the rela- N l‘ak &, T Hoffnzn (1989 1
tionship g
Nps€cem (1-1) g
QedH) =5 —= - Qr(Hy) g s
P& Noe aLSEGFé(l_e aD) \/zf T 2 § :
n H
+QutH) |~ S Qughy) @ g s
T \/zf P 2/ (;:) L ! K ]
where g + .
- r Ps(H,) ®  This work
In(Ng/N V2 H ’ e+-H—— Kemoghan (1996)1
a= ( OL )it off [f( QQ(T|_(| ))_1) +1}, ©)) I @l --------------- Walters (1988)
T L @ O  This work ]
N < | s Hoffman (1982)
PsECEM E— e S—
QPS( H2) = — > — QT(HZ)v 1 10 100 1000
Noe "QrHbsesFE(1—e NQr(HID) @ Energy (eV)

. o FIG. 3. Comparison of positron- and electron-H angl total
Nps is the detected number of 511-keyray coincidences cross sections. Arrows indicate the locations of the positronium
for the rf discharge on for Eq2) and off for Eq.(4), ecgm  formation thresholds for H6.8 eV) and H, (8.6 eV).
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TABLE lIl. Present total cross-section results with statistical positron beam axjs while ortho-Ps with its much longer

uncertaintiegin units of 10°*° cn?) for e*-H, H, collisions. lifetime will generally collide with the cell wallge.g., with
n - an energy of 1 eV it will travel about 6 cm during its mean
E (eV) e"-H; Qr e’-H Qr lifetime). Since these coincidence measurements should ac-
15 102:014 0.36:0 27 count for all of the para-Ps formatlon a_nd at least part of the
ortho-Ps formatior{through the interaction of ortho-Ps with
4.0 0.81-0.07 0.62:0.16 . L
the cell wallg, they result in lower limitgLL) on Qps. The
5.0 0.790.06 0.64-0.14 . .
estimated experimental errors for dQps measurements are
6.0 0.89-0.06 0.63-0.11 summarized in Table I
65 0.91-0.08 1'1%0'32 A second approacfB] to obtain information abouRp.s
7.0 0.78-0.06 1.5¢-0.1 is to perform a beam transmission measurement similar to
8.0 0.77-0.06 2.36-0.12 the measurement of); except that deliberate efforts are
9.0 1.13-0.06 3.33:0.14 made(by using no retarding potential on the CEM retarding
10.0 1.32:0.06 3.56:0.15 elements, high axial magnetic fields in the scattering region,
11.0 1.86-0.05 3.76:0.10 and a large cell-exit aperturéo detect all of the scattered
13.0 2.610.07 4.230.15 positrons except those which have formed Ps and those scat-
16.0 3.610.08 5.010.21 tered into the backward hemisphere. This measurement with
21.0 4.71-0.06 4.82:0.14 the angular discrimination deliberately made poor would
31.0 4.68-0.08 3.93-0.13 then be an upper limit 0@ps, Which we refer to as UL.
51.0 3.86:0.05 3.0%:0.12
76.0 3.120.07 2.31:0.13 lll. RESULTS AND DISCUSSION
101.0 2.670.05 1.94r0.11
151.0 2.14-0.07 1.56-0.13 A. Total cross sections
201.0 1.60:0.12 1.1G:0.24 Our presene”-H Qr measurements are listed in Table Il
301.0 1.420.15 1.01-0.32 and shown in Fig. 2 along with our original measurements
E (eV) e-H, Or e-H Q; [5] and prior theoretical resul{45-21]. Ther_e is very good
agreement of the present measurements with the coupled-33-
1.7 15.66-0.07 16.830.17 state approximation calculation of Kernoghetnal. [21] and
3.7 16.39-0.05 12.75:0.12 the 28-state close-coupling approximation calculation of
5.7 14.74-0.04 9.84-0.07 Mitroy [20] (except at the lowest energies of overlap where
7.7 13.24-0.08 7.59-0.17 the discrimination of our experiment agairest’s scattered
10.7 10.52-0.03 6.07-0.07 elastically through small angles tends to become a more sig-
12.7 9.18-0.07 5.12-0.17 nificant problem, and with a pseudostate close-coupling ap-
15.7 8.10-0.07 4.49-0.13 proximation calculation of Waltersl6] at higher energies.
20.7 6.55-0.02 3.83-0.04 The pregene*—H ande™-H Q+T’s are compared in Fig. 3
257 5.49-0.03 3.25-0.05 w!th our prior _[12] _measurede -H, and e"-H, Qr's and
30.7 5.010.03 3.04-0.05 Wlt_h prior semiempirical reSL_JI_tEZZ], and theoretical calcu-
50.7 3.76-0.04 2 43-0.07 lations [16,21,23—26 In addition to trle very, goo.d agree-
ment between the present measueEdH Q:'s with the
75.7 2.98:0.03 2.0x0.05 . . . .
theoretical calculations, Fig. 3 shows that there is also very
100.7 2.56:0.02 1.75:0.04 _ ,
good agreement between the present measered Q:'s
150.7 2.02:0.02 1.36:0.04 . . g
200.7 171003 1.18-0.05 and the coupled-channel optical potential calculation of
. . : : : Bray, Konovalov, and McCarthf23,24. An additional ob-
300.7 1.3%0.03 0.8%:0.06

servation that can be made in Fig. 3 is that #feH and

e -H Q¢'s are quite close to each othewithin about 20%
from about 12 eV to the highest energies investigd&aD

of the scintillatorsD is the diameter of the scintillatorgg eV). The proximity of thee™-H ande™-H Q+'s is intriguing,
(=0.0055 is the measured efficiency of our systéhy us-  particularly near the low end of the energy range, when it is
ing a movable, calibratet!Na test sourcefor detecting co-  realized that the integrated elastic cross sectionefds is
incidences of 511-ke\y rays produced in the interior of our estimated 23] to be more than four times as large as that
scattering cellignoring y-ray absorption by the cell walls  calculated 15] for e™’s at 30 eV and still about 40% larger
andF¢ (=0.87 is the fraction of 511-ke\y rays transmitted even at 300 eV, while our measured Ps formation cross sec-
through the cell wallsQp{H,) is determined using the rela- tion (see next sectionnear 30 eV comprises about 30% of
tionship given in Eq(4). Since; of all Ps produced is para- Qy for e*-H scattering. This proximity of the™-H and

Ps, while is ortho-Ps, ideallyQps should equal K Qpara-ps e -H Q<'s suggests that even though the partial cross sec-
The lifetime of para-Ps is 0.125 ns and of ortho-Ps is 142 ndions that contribute t@Q; are behaving very differently for
The kinetic energy of Ps is essentially equal to the incidene™s ande™’s, the various scattering channels for each pro-
positron energy minus the difference between the ionizatiofectile appear to be “coupled” with each other in the sense
threshold of the target atofmoleculg and the binding en- that the sums of the partial cross sectidins., theQ+’s) for

ergy of Ps. As a result, in our experiment all of the para-P2™'s and e™’s turn out to be quite close to each other. It
will decay within 1 mm of where it is formed.e., near the would seem relevant that a theoretical analysis by Dewangan
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TABLE IV. Present positronium formation cross-section results

with statistical uncertaintieén units of 107 cné) for e™-H, H,
collisions.

E (eV) e"-H Qps e’-H QpgLL)
4.0 —0.002+0.044
5.0 —0.033+0.065
6.0 0.139-0.058
7.0 0.568:0.084 0.568:0.084
8.0 1.080-0.094
9.0 1.680-0.112 1.573:0.104
10.0 1.946-0.110
11.0 2.355-0.114 2.105:0.101
12.0 2.7650.115 2.489:0.104
13.0 2.925-0.096
16.0 2.930:0.077 2.681-0.070
18.5 2.545-0.077 2.266:0.068
21.0 2.275-0.073 1.966:0.063
26.0 1.604:0.070 1.316:0.057
31.0 1.216-0.059

41.0 0.711-0.060 0.468:0.039
51.0 0.453-0.037 0.248:0.020
76.0 0.207-0.033

101.0 0.115:0.029

E (eV) e"-H, QpdLL) e*-H, QpdUL)
4.0 0.012-0.040 0.33:0.092
5.0 —0.065-0.027
6.0 0.013-0.034
7.0 —0.037:0.033 0.28:0.063
8.0 —0.007+0.029
9.0 0.088-0.036 0.85-0.075
10.0 0.234-0.038

11.0 0.565-0.049 1.39:0.070
12.0 0.857-0.053 1.72:0.067
13.0 1.220:0.052

16.0 2.010:0.053 2.83:0.045
18.5 2.080:0.058 3.02:0.050
21.0 2.030:0.058 3.07:0.048
26.0 1.680-0.062 2.63-0.054
31.0 1.616-0.059

41.0 1.190-0.067 2.08:0.067
51.0 0.712-0.040 1.39:0.049
76.0 0.271-0.034

101.0 0.186:0.030

[27] related to higher-order Born amplitudes calculated in

the closure approximation has been shown to injg§,29
that if e~ exchange can be ignored in the scattering case,
and if the closure approximation is valid, then a mergiog
near merginy of the e*- and e”-atom Q+'s can occur at
energies considerably lower than the asymptotic energies
which the first Born approximation is valid.

B. Ps formation cross sections

The measured upper and lower limits Qp for e*-H,

Fornari (1983)
Diana (1986)

+ Fromme (1988)
L [ semmennans Bussard (1979)
L | Biswas (1991) i
3 L[ Ray (1980) 5

® This work (LL)
|| v This work (UL) ]
4l o
L o ]
(o]

Positronium Formation Cross Sections (10-16 ¢cm?)
[
I

Energy (eV)

FIG. 4. Positronium formation cross sections for positrgn-H
scattering.

results7,33,34. Our measured UL and LL values are within
50% of each other over the energy range from 13 to 30 eV.
If there are no serious systematic errors in the measurements,
then the true value ofpswould be bracketed by these lim-
its. Comparing our preseps measurements with the prior
experimental resultg30—32, one can see that our UL and
LL limits bracket those results quite well. Although our
lower limits are obviously on the lower end of all the data,
considering that Fornari, Diana, and Colenja@] and Diana

et al. [31] measuredp, by using basically the same method
as our UL approach which actually gives the upper limit of
Qps, We cannot definitely say which results would be closest
to the true values oQps. The theoretical resultgusing a
molecular Jackson-Schiff approximatjoaf Ray, Ray, and
Saha[34] cover only the high-energy tail d@p,where they
are close to ouQpdLL) values, while the semiempirical
results of Bussard, Ramaty, and Drachri@hand first Born
approximation(n=1 and 2 states of Pgesults of Biswas

et al. [33] are roughly consistent with the general trends of
our experimental results. It is worth noting that @@gslower
limit results we measured fa™-Ar, -K, -Na, and -Rb scat-
tering[8,9] all agree reasonably well with the oth@p, mea-
surementgfor Ar) and theoretical calculationdor K, Na,
and Rb. This may suggest that in those experimeftsing
glssentially the same approach and the same type of apparatus
as in the present experimera major part of the ortho-Ps,
which accounts fog of all the Ps formed in the cell, interacts
with the cell walls and gives rise to the emission of 511-keV
annihilationy rays in coincidence and this in turn could re-
sult in our measure@p, lower limits for those atoms being

scattering are listed in Table IV and shown in Fig. 4 alongclose to the true values @Jp, Which we would expect may

with prior measurementg30—32 and available theoretical

also apply to our H measurements.
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|
Cross Sections (10-1¢ cm?)

Positronium Formation Cross Sections (1016 cm?)

* 1 ' ”“'10 ' “““1'00 ' ”””1600
1 . N B Energy (eV)

Energy (eV) FIG. 6. Total and partial cross sections for positron-H scattering.

(Error bars are not shown to improve clarjty.
FIG. 5. Positronium formation cross sections for positron-H

scattering. (“Elastic”) and excitation(‘‘1 s-2s,”” ‘‘1 s-2p’’) cross
sections calculated by Kernoghatal. [21] as well as the
The measuredQpcs for e-H scattering are listed in ionization cross sectior§loniz.” ) measured by Jone al.
Table IV and shown in Fig. 5 along with prior measurementg4]. In addition to these partial cross sections, we have esti-
[3] and some theoretical resu[0,21,35—-40 For graphical mated the sum of all of the other discrete excitation cross
clarity, and due to limited space, we have selected only a fewections(“Other exc.”) by subtracting the values calculated
of the large number of available theoretical calculations conby Kernoghanet al. [21] for all of the above partial cross
sidered to be good representations of the most reliable. Kectiong(elastic, k-2s, 1s-2p, Ps, and ionizationfrom the
should be noticed that ouRp results (“This work” ) for  Q¢'s calculated by Kernoghast al. [21]. If our measured
e"-H scattering are determined by using our measured loweQ’s and all of the partial cross sections shown in Fig. 6 are
limit (LL) values of Qps for e-H, scattering in Eq.(2),  correct, then one would expect the sufiSum”) of all of
whereas in order to determine true lower limits Qs those partial cross sections to be equal to our measDyésd
[“This work (LL)" ] for e-H scattering we used our mea- (“Total” ), so Fig. 6 provides a check of the consistency of
sured upper limit values dQp for e*-H, scattering in Eq. the partial cross sections showincluding our measured
(2). It is to be noted that we have not determin@d{UL) Qpss) and our measure@+’s. At low energies(below 10
values fore*-H scattering due to large uncertainties arisingeV), the positron beam energy uncertainty and width and the
from the mixture of H and Kin the scattering cell. On the errors in ourQ; measurements due to the angular discrimi-
basis of our earlie@Qp, measurementsee discussion above nation of our experiment result in relatively large experimen-
we expect our “This work” results to be the most reliable tal errors in ourQ¢'s and Qpss so a comparison of the
indicators of the actudps. Our presenQps measurements “Sum” curve and the “Total” curve is not too meaningful
for e*-H scattering are seen in Fig. 5 to be reasonably conat such low energies. From 10 to 100 eV, this comparison
sistent with the prior experimental resu[8]. It is very en-  provides a more stringent consistency check and it is found
couraging to see the very good agreement of the pré&3ent that the “Sum” curve is very close to the “Total” curve.
measurements with the recent coupled 33-state calculation dte proximity of these curves suggests that the partial cross
Kernoghanet al. [21] and the 28-state close-coupling ap- sections shown in Fig. 6 are consistent with our measured
proximation calculation of Mitroy20], and with most of the Q+’s, and the consistency of all of these results with each
other theoretical calculationg35—37. However, the first other attaches somewhat more credibility to all of them than
Born approximation results of Massey and M§#0] and the  would just a comparison of the individual partial cross sec-
rather sophisticated Fock-Tani calculation of Strt88] are  tions with corresponding calculations or measurements. It
about 40-50 % higher than our measurements near the peakould be noted that in order to optimize the clarity of Fig. 6,
region, while the two-state close-coupling approximationwe have selected only one set of experimental or theoretical
calculation results by Basu, Banerji, and Ghd€9] are results for each of the partial cross sections shown rather
lower than our lower limits below 20 eV. than showing several different sets of available results for
In Fig. 6 we show the relationship of our measu@gs  each partial cross section, and there are other sets of mea-
(“Total” ) and Qpss (“Ps”) to other calculated and mea- sured or calculated partial cross secti¢es., theQp.s and
sured partiale®-H cross sections, including the elastic or the Q,,,'s measured by Webeegt al. [3]) that could be
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substituted for those used in Fig. 6 without perturbing thegas scattering region composed of a mixture of H and H
indicated degree of consistency appreciably. It appears thawith number densities afi; andn,, respectively,
considerable progress has been made both experimentally ax
and theoretically in understanding this most fundamental N(X)=Noe™ %, (A1)
atomic collision system, but it still remains that there are n
direct measurements of elastic and excitation cross sections
for e™ H scattering. | a=n1Qr(H)+n;Qr(Hy) (A2)

In addition to using Fig. 6 to check consistency of the
e*-H partial and total cross sections, it is also of interest jus&nd Q+(H) and Q+(H,) are the total cross sections for posi-
to see the relative roles of the various partial cross section&ons scattering from H and H
that contribute taQy. Between 10 and 35 eV, Ps formation ~ The number of incident positrons that will form Ps in the
is the largest of all the partial cross sections that contribute t§cattering cell between the Nal scintillators will be
Q+, reaching a maximum value near 15 eV which is more L+D
than three times as large as the elastic cross sectionat15eV  zr, — J MX)[N1Qpd H)+n,Qpd Hy) 1dX,  (A3)
which is the next largest partial cross section at that energy, Ls
and more than three times as large as the maximum reached , ,
by the ionization cross sectignear 50 eV. Qpgat its maxi- whereLg and L,+D are the distances along the positron
mum (near 15 eV accounts for approximately 60% ¥ . It be_arr_] from the entrance aperture of the cell to where the
is noteworthy that elastic scattering accounts for less thafCintillators (having a diameterD) begin and end, and
one-fifth of Q7 in e'-H scattering at and above 15 eV, QpdH,) is the Ps formation cross section fef-H, scatter-

whereas in thee -H scattering case it is estimatéd1] to  Ing- Integrating Eq(A3) gives

account for more than 80% @+ at 15 eV and still consti- Nye 31— e 2P]

tute about 60% o at 30 eV. No=[n1Qpd H)+n,Qpd{ H>)] :
Returning to the indications that our measueddH Qp.s a

shown in Figs. 5 and 6 may be close to correct, leads to a (Ad)

consideration somewhat tangent to the main thrust of thesgyom this expression we obtain

investigations, but nonetheless interesting. Since eduH

Qp.s were obtained by detecting 511-keV annihilatign aMNps n,

rays in coincidence, and the decay of ortho{(®&ich con- QpdH)= nNpe 1—-e3P] n,; QrdHp). (AS)

stitutes three-fourths of all the Ps formed in our caibuld

not tend to contribute to that signal, the implication is that a Using conditions of constant flow of gas into the scatter-
major part of the ortho-Ps is giving rise to a tweray coin-  ing cell when the rf discharge tube is on and off, the degree
cidence signal upon interacting with the walls of our alumi-of dissociation of H in the scattering cell is

num scattering cell. Furthermore, this conversion process is

occurring efficiently over the entire energy range investi- le_ﬁ (A6)
gated in our experiments, which includes Ps energies down n,’'

to just a few eV or less. This observation is consistent with

the high degree of ortho-Ps conversita a two-y-ray coin-  Wheren; is the number density of jwhen the rf discharge
cidence signalsuggested by our prid@psmeasurements for is off. The number density of H in the cell when the rf
Na, K, Rb, and Ar[8,9]. In contrast, ortho-Ps interacting discharge is on is given by

with a MgO coated surface has been foyd@] to have a B ,

very low probability of giving rise to a tworray coinci- ny=v2fny, (A7)
dence signal at low Ps energiseV). Therefore it may be  \yhere it is recognized that each, Hroduce 2 H atoms and
interesting to study this conversion process as a function g, velocity of H is larger than that of Hoy v2, which

Ps energy on various surfaces. increases the pumping speed of the cell-exit apertures for H
relative to H by the same factor. The ratio of the number
ACKNOWLEDGMENTS densities of H and H with the rf discharge on is given by
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—= (A8)
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APPENDIX: DETERMINATION OF QpdH)

The derivation of Eq(2) for determiningQp{H) for e*-H
scattering begins with the basic expression for the attenua- a= IN(No/N)rt ot [ (‘QQT(H) _1) +1
tion of A projectile beam particles as they pass through a L Qr(H2)

the expression foa in Eq. (A2) can be rewritten as

. (A9
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In this experiment our measured number of primary beanNps assumes that all of the ortho-Ps that forms in the scat-
particles N, and Ps formation coincidence signidp, are  tering cell is converted into 511-key rays at the cell walls
related to the actual quantitidg, and Nps by the expressions and this effect has been taken into account in determining

el
No=No/€cem (A10) With the above information it now follows that
and N -
PSECEM (1-1)
QpdH)= = Q+(Hyz)

Noe=Npd (egF2), (A11) ) Noe *segFa(l—e 3P | vaf <7 72
whereecgy is the measured channeltron detection efficiency (1-1)
for positrons,eg is the measured efficiency of our system for +Qr(H) |~ VIf QrdH2), (A12)

detecting coincidences of 511-keY rays produced in the
interior of our scattering cellignoring y-ray absorption by making it possible to obtain a measured Ps formation cross
the cell wallg, and Fg is the fraction of 511-keVy rays  section fore*-H scattering based entirely upon measurable
transmitted through the cell walls. The measured quantityjuantities.
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