VOLUME 57, NUMBER 13

PHYSICAL REVIEW LETTERS

29 SEPTEMBER 1986

Laboratory Simulation of Direct Positron Annihilation in a
Neutral-Hydrogen Galactic Environment

B. L. Brown and M. Leventhal

AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 19 June 1986)

The linewidth for thermalized positrons directly annihilating with bound electrons in low-density
molecular hydrogen gas has been found to be 1.56 +0.09 keV, by use of a Ge detector with a low-
energy pulsed positron beam. This linewidth measurement together with previous experimental
results makes it possible to determine precisely the composite spectrum due to positrons annihilat-

ing in a neutral-hydrogen galactic medium.

PACS numbers: 95.30.Cq, 78.70.B;j

Observers using gamma-ray telescopes in the late
1970’s detected a 511-keV line originating from the
direction of the galactic center.!'2 The line has been
universally interpreted as a positron annihilation line.?
Since the line is not gravitationally redshifted, it is
generally assumed that the positrons are annihilating
in a gaseous interstellar environment.* A previous
laboratory simulation of a neutral-hydrogen annihila-
tion medium has shown that most positrons slowing
down from high energies (>keV) will form positroni-
um (Ps) at relatively low energies, = 10-100 eV, and
annihilate in flight.>*® A small fraction drop below the
Ps formation threshold and directly annihilate with
bound electrons giving rise to an extremely sharp line
which can dominate the composite linewidth. In this
paper we present the first experimental determination
of the direct annihilation linewidth in gaseous H,. Pre-
vious annihilation studies were done in H, liquid’ and
in dense gases other than H,.2 Our results were ob-
tained by use of a pulsed positron beam with a gas
pressure of = 10 mTorr and are in reasonable agree-
ment with theoretical predictions.® We are now able
properly to construct the composite annihilation spec-
trum!® based completely on experimental results. In
the near future observations with gamma-ray tele-
scopes are planned in which large parts of the sky will
be surveyed with an array of high-energy resolution
Ge gamma-ray detectors.!! The detailed understand-
ing of the annihilation spectrum for a neutral medium
presented here will undoubtedly be helpful in the in-
terpretation of positron lines detected in such a future
search.

The slow positron beam used for the experiment is
obtained from a *8Co source with a W(110) moderator
followed by an Ex B filter.® Positron beam energies of
0.5 to 19.5 eV (width of 0.2 eV) were used for the
measurements presented here. Several stages of dif-
ferential pumping separate the source region from the
gas-target region. A detail of the target chamber is
shown in Fig. 1. The positrons enter at an energy E,

which was typically below the threshold energy for Ps
production (below the Ore gap) which is 8.6 eV for H,.
After undergoing a collision, positrons are trapped in
the target region by the biased cylinder and baffle in
region 3 and the biased plate in region 1, if their longi-
tudinal energy goes below the potential barrier set up
in region 3 (typically E;—1.5 eV). Positrons thus
trapped can directly annihilate either with bound elec-
trons in H, or on the walls. Positrons can be tem-
porarily trapped by elastic collisions in the gas cell
since the change in direction suffered in such col-
lisions can drop the longitudinal energy below the bar-
rier in region 3. There is a fractional energy loss dur-
ing each elastic collision of 2m/M, where mis the pos-
itron mass and M is the H, mass. The positrons also
can lose energy by inelastic collisions below the Ps
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FIG. 1. Gas cell used to trap positrons and observe the
direct annihilation of positrons with bound atomic electrons
in H,. The positrons are trapped principally by undergoing
vibrational collisions with the hydrogen molecules. The
longitudinal magnetic field and potential barriers in regions 1
and 3 create a bottle for positrons which lose sufficient ener-
gy in region 2.
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threshold.!? The inelastic processes in H; include exci-
tation of the vibrational (minimum energy loss 0.55
eV) or rotational modes (minimum loss = 0.01 eV).
The threshold for direct impact dissociation of H, oc-
curs at about 9 eV and it is not a factor in trapping
below the Ps threshold. Vibrational excitation is the
most significant mechanism for trapping in view of the
expected energy loss and of recent cross-section calcu-
lations.)> By use of a technique of measuring the
number of positrons which survive after a given delay
time® the trapping efficiency was found to be 28% at
10 mTorr and 35% at 30 mTorr.

To minimize the effect of wall annihilations, a 5-
cm-thick lead shield was used with a 2.5-cm-diam col-
limation hole to shadow the walls effectively from the
detector. In addition, an annular limiting plate was
placed behind the collimator so that positrons diffusing
radially would annihilate in a shielded area, never
reaching the walls. Cu material was used for the
biased plate in region 1, the limiting plate, the baffle in
region 3, and all the baffles along the differentially
pumped beam line. This was done to produce an in-
strumental annihilation line of uniform width which
could be separated from the direct annihilation line-
width in the data analysis. The remainder of the ap-
paratus is stainless steel, which has nearly the same an-
nihilation width as Cu although it is not as Gaussian in
shape.

The beam was pulsed on for 1 ms and off for 1 ms.
The intrinsic Ge detector (1.08-keV FWHM resolution
at 511 keV) was enabled only during the off cycle,
after an initial delay of 100 us. The pulsing eliminated
the background from the prompt annihilation of the
injected positrons on the baffles; the delay allowed
time for the positrons nearly to thermalize before the
detector was enabled. Again by use of the survival-
fraction technique the 1/e measured lifetime of posi-
trons in the apparatus, 7,,, was found to be =13 ms at
a pressure of 10 mTorr. The measured lifetime de-
creased at higher pressures. From lifetime measure-
ments in H, the number of effective electrons Z is
reported'* to be 14.7, which corresponds to an annihi-
lation lifetime of 260 ws Torr. At a pressure of 10
mTorr the direct annihilation lifetime, 7,, is thus 26
ms. The chamber confinement time, 7., is surmised
to be =26 ms with use of the relation 7,= (7,7,,)/
(r,—7,). With this confinement time we would ex-
pect a significant amount of direct annihilation in the
gas. The positron thermalization time in H, has been
measured to be 3.3 ns amagat (=2.5 us Torr) at rela-
tively high gas densities.!* This corresponds to 250 us
at 10 mTorr. This thermalization rate is thus two or-
ders of magnitude faster than the direct annihilation
rate given above, and we expect the positrons to be
thermalized before directly annihilating.

A note to avoid possible confusion is in order here.

1652

800

T
Il

COUNTS
EN
o
o
T

0 . 1 1
506 508 510
ENERGY (keVv)

1 1

512 514

FIG. 2. Direct annihilation data obtained with a high-
resolution Ge detector. The solid line shows fit to the data
with use of the model described in the text. The pressure
for this S5-d run was 15 mTorr.

The direct annihilation of positrons with atomic elec-
trons is sometimes referred to as free annihilation (cf.
Ref. 15). We wish to reserve the term free annihila-
tion to refer to the annihilation of positrons with free
(unbound) electrons (cf. Ref. 4).

A typical example of our data at 15 mTorr is shown
in Fig. 2. A nonlinear least-squares fit was made with
the following components: (1) two Gaussian curves of
the same line center for the instrumental line and the
direct annihilation line (one Gaussian has a fixed
width of 2.52 keV which is characteristic of the Cu in-
strumental line); (2) a step function below 511 keV
for triplet Ps that could be formed on the chamber
walls and be present in the instrumental background
and for the Ge detector response; and (3) a measured
constant room background with the beam completely
off. This background is subtracted from the data. A
X2/v of 109.3/123 was obtained for this five-parameter
fit. The data runs were typically 5 d long in part be-
cause of the weak == 30-mCi ¥Co source that was
used. The data were taken in 1-d intervals and then
added together (after adjustment of the gain if neces-
sary) before fitting. No statistically significant changes
in the resulting linewidth were found by variation of
the gas pressure or the incoming positron energy.
Pressures of 5 to 200 mTorr and positron energies of
Ey=4.5, 7.5, and 19.5 eV were tried. The relative
amount of instrumental line in the result did vary with
pressure. The lower pressures produced a lower
overall counting rate with a higher instrumental frac-
tion, which is not surprising since the direct annihila-
tion lifetime is longer at lower pressures. The line-
width for a beam energy of 19.5 eV (above the Ps for-
mation threshold) would not be expected to vary from
the linewidth for lower-energy runs if the positrons are
nearly thermal before the detector is enabled. The
direct annihilation width did show a significant correla-
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tion with the width chosen in the data analysis for the
Cu line. The correlation was = 2 to 1 at a gas pressure
of 45 mTorr, meaning that a change of +0.2 keV in
the Cu linewidth would produce a change of +0.1 keV
in the direct annihilation width. At a pressure of
10-15 mTorr the correlation was =1 to 1. Another
systematic error was due to the slightly non-Gaussian
form of the Cu line. This is taken into account in the
final result by construction of an artificial spectrum
consisting of the measured instrumental line plus a
Gaussian direct annihilation line of appropriate inten-
sity. The artificial spectra were then fitted by use of
the model described above and our final results were
adjusted accordingly. The measurement of the Cu in-
strumental linewidth was made with low-energy posi-
trons, £y=0.5 eV, impinging on the Cu plate in region
3. The width was found to be 2.52 +0.03 keV.

The final result is given for three high-quality runs,
one at a pressure of 45 mTorr and two at a pressure of
15 mTorr. The runs yielded a direct annihilation width
of 1.56 +0.09 keV where the error is given as the sum
of the statistical error (0.04 keV) and the suspected
systematic error (0.05 keV). The reason for not in-
cluding more data is that our systematic uncertainties
have begun to outweigh the statistical uncertainty in
the final result. Our result is in good agreement with a
calculation made by Darewych using a one-state ap-
proximation. His work, using a simple positron wave
function, implies a rather Gaussian shape with a
linewidth of 1.6 keV FWHM. The same calculation,
incidentally, gives a value of Z.s=1.9 in poor agree-
ment with the measured value of 14.7 (Ref. 14).
Darewych notes that electron-positron correlation ef-
fects are not included in his calculation and that this is
the reason for the discrepancy. Although current
theory indicates that H, fails to bind positrons by a
small amount,'® it is conceivable that direct annihila-
tion occurs in a weakly bound state, giving rise to a
high Z.. If this were the case, it would still not alter
the predicted annihilation width appreciably.!” Our
results also agree with the linewidth for direct annihila-
tion in liquid H,, obtained with reasonable accuracy
from the angular correlation spectrum in Ref. 7.

The experimentally verified composite annihilation
spectrum for positrons in a neutral H, medium is
shown in Fig. 3. This spectrum consists of a p-Ps
(singlet) annihilation component of width of 6.4 keV
(Ref. 3), a direct annihilation fraction of 10.3% (Ref.
4), and a direct-annihilation-component width of 1.56
keV. The o-Ps (triplet) is also included with the prop-
er Doppler broadening. This consists of the experi-
mentally verified!® curve, originally derived by Ore
and Powell, convolved with a 6.4-keV-wide Gaussian
distribution. (The o and pPs have the same
Doppler-broadening profiles.) The composite line for
H, has a FWHM of 2.2 keV, but the reader should be
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FIG. 3. Composite spectrum for positron annihilation in a
neutral H, medium using previous experimental results to-
gether with those presented here. The curve A4 is the direct
annihilation line, B is the p-Ps line, Cis the o-Ps line, and
the inset shows the o-Ps line without Doppler broadening,
D. The sum 4 + B + Crepresents the shape expected for H,
with no instrumental rounding. The results for H, and the
expected shape for atomic H are virtually indistinguishable.
A neutral-H spectrum (see text) has been fitted directly to
the data obtained from the direction of the galactic center in
Ref. 10 and it was shown that neutral hydrogen cannot be
ruled out as an annihilation medium.

cautioned that the width of this non-Gaussian line can-
not be directly compared to the limits set by a Gauss-
ian fit to the galactic data.!?. The respective parame-
ters that are predicted for neutral atomic H are 6.4 keV
(Refs. 4 and 5), 9% (Ref. 10), and 1.3 keV (Ref. 19).
The corresponding composite spectrum for neutral H
has a FWHM of 1.9 keV and it is almost identical to
the H, spectrum. Distinguishing between the atomic
and molecular hydrogen annihilation spectra is virtual-
ly impossible from an experimental standpoint, espe-
cially after the addition of the detector resolution. The
predicted spectrum for neutral H has been fitted
directly to the data obtained from the direction of the
galactic center and it was shown that neutral hydrogen
cannot be ruled out as an annihilation medium.!® The
same conclusion holds for our experimentally verified
spectrum in H,.

While a large number of molecular hydrogen clouds
are known to exist near the galactic center,2’ we would
like to stress that other media also seem reasonable.
Models involving a time-varying neutral medium,!® a
partially ionized region,* or a region where dust plays a
major role?! cannot be ruled out at this time. In fact,
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where there is a clearly varying signal intensity from
the galactic center,? all three models may come into
play at various times. Future observations of the
galactic center and of large unexplored areas of the sky
may help us to distinguish specific annihilation media
more clearly.

The authors would like to thank R. J. Drachman,
J. W. Darewych, D. W. Gidley, A. P. Mills, Jr., P. M.
Platzman, and W. H. Zurek for informative discus-
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FIG. 1. Gas cell used to trap positrons and observe the
direct annihilation of positrons with bound atomic electrons
in Hy. The positrons are trapped principally by undergoing
vibrational collisions with the hydrogen molecules. The
longitudinal magnetic field and potential barriers in regions 1
and 3 create a bottle for positrons which lose sufficient ener-
gy in region 2.



