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Thermalization of Positronium in Gases
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The thermalization of positronium (Ps) formed at a few eV in gases is investigated using time-
resolved, Doppler broadening measurements of the annihilation photons. Magnetic quenching permits
energy measurements about 40 ns after Ps is forméthjiN,, He, Ne, Ar, isobutane, and neopentane.

The thermalization rate is measured by changing the gas density, and a classical elastic scattering cross
section and a Ps formation energy are determined. The impact of Ps thermalization on decay rate
experiments using gases is also discussed. [S0031-9007(98)05946-8]

PACS numbers: 36.10.Dr, 34.50.Bw, 78.70.Bj

Collisions between normal gas atoms and the exotiprocedure suffers from the systematic complication of de-
atom positronium (Ps, positron-electron bound state) areonvolving the effect of the Ps-aerogel collisions [11,12].
interesting and unique because Ps is so light relative t6urthermore, these ACAR techniques are not time re-
its target. Hence Ps, formed at typically a few eV insolved in that they do not distinguish the age of the Ps
most gases, will thermalize very slowly if elastic scat-when it annihilates.
tering is the only available energy loss mechanism. In In this Letter, we report the measurement of Ps thermal-
the elastic case, the fractional energy loss per collision igation rates, formation energies, and momentum transfer
only of orderm/M ~ 10~* (m is the Ps massy is the  cross sections in purely gaseous target using time-resolved
atomic/molecular mass.) The low energy Ps-atom colli-Doppler Broadening Spectroscopy (DBS). In this comple-
sion is also inherently quantum mechanical in nature sincenentary technique to ACAR, the Doppler broadening of
the de Broglie wavelength of Ps below 1 eV is greaterthe back-to-back annihilation photons observed in a single
than 9 A, larger than the classical geometric atomic sizehigh-resolution Ge detector is a measure of libwgitu-
Moreover, it was recognized early [1] that cross sectiordinal momentum of the annihilating Ps. Timing infor-
calculations must include the polarization/Van der Waalsnation as well as DBS is derived from the Ge detector
interaction and electron exchange. These features appasignal, enabling the direct correlation between age and en-
ently complicate the calculations of cross sections, donergy of the Ps to be determined. The rate of thermalization
presently including the exchange interaction for only one-and the average formation energy of Ps can then be deter-
and two-electron systems scattering Ps (H: [2}; FB]; mined. The gases used in this investigation include He,
He: [4-9]). For example, the calculations for Ps-He elasH,, and Ar for comparison to the theoretical calculations
tic cross sections differ by as much as a factor of 5 whil§3—7] and/or experimental results [12]. Also included are
the H, calculation will be seen to be at least a factor of 10all of the gases used in a recent, precision orthopositron-
above experimental results. Our present results will unium (o-Ps) decay rate measurement [13]: Ng,isobutane
derscore the need for improved cross section calculation$C4H o), and neopentanéCsH;). The thermalization
Improvements in understanding the fundamental Ps-atorof Ps in these gases is an important systematic concern
interaction will, in turn, through knowledge of scattering [13] to ensure that the collisional annihilation rate is con-
lengths, improve the understanding of Ps interactions witlstant throughout the time interval when the decay rate
surfaces of condensed media. is measured.

Positronium as a scattering probe offers a unique ex- The thermalization rate of Ps in a noble gas was calcu-
perimental advantage since its annihilation into two phodated 30 years ago by Sauder [14], under the assumption
tons provides a mechanism for determining its velocityof classical elastic scattering, i.e., an energy-independent
and hence the rate of thermalization and the momenturoross section for energy loss (momentum transtey)
transfer cross sectioiw,,) for gas targets. Previous mea- which was interpreted as the classical geometrical atomic
surements of Ps thermalization in gases [10—12] have afiross section. If Ps is formed at only a few eV, below the
used the technique of angular correlation of annihilatiorb.1 eV threshold for excitation of the Ps or the noble gas
radiation (ACAR) in which the small deviation from col- (>10 eV) and slow enough to avoid collisional dissocia-
inearity of two 511 keV photons is a measure ofttams-  tion, Sauder’s elastic model may be appropriate. The Ps
versePs momentum. Such ACAR measurements in purdinetic energyE(r), as it asymptotically approaches ther-
gases are difficult because the Ig@vdecay positron stop- mal energy Ey, is given by [11,14]
ping power of the gases spreads out the Ps source so as .
to degrade the resolution to low energy Ps [10]. A sec- E/Ew = cot?(B + Tni), (1)
ond approach is to use sili¢8iO,) aerogel filled with the where 8 is related to the average initial energy of Ps
target gas to produce a compact source of Ps [11]. Thithat can eventually thermalize: cétB = Ey/Eq. I is
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the rate of thermalization normalized to the gas number 10000
density(n). The value ofo, is related tol’ from [14]

o mM 2Eq Tm
F_(m+M)2"’”\/ m m P (2) 1000

where py, is the momentum of thermalized Ps. Even
when 8 = 0 (Ey; — ), Ps approaches thermal equilib-
rium with a characteristic time- = (I'n)~!, such that
after times ofr, 27, and3r, Ps has slowed to within 70%,
8%, and 1%, respectively, @,.

Measuring o-Ps thermalization with time-resolved DBS
of the 511 keV photons was first done by Chagtgal.
[15] with o-Ps in evacuated &) aerogel. In this tech- -
nique, a magnetic fieldBy = 2.85 kG in our apparatus) ] . ~':l'\“‘\;'"'.‘.".'.‘"“".';'.'
perturbs and admixes the two = 0 Ps states. The field- 1 A PRI
perturbed o-Ps state has a vacuum lifetime of 52 ns at 505 510 515 520
By compared to 142 ns for the two unperturbed=
+1 o-Ps states. The perturbed o-Ps state also decays 64% E (keV)
of the time by2vy, yielding the 511 keV photons required !
for the DBS measurements. A high-resolution Ge detecFIG. 1. Typical thermalization data. The Doppler broadened
tor observes the energy spectrum of the 511 keV photorzl1 keV photopeak is resolved into two Gaussians, a step

ackground, and &y tail. The first three components are

from o-Ps formed and decaying in gases. The apparap—hown convoluted with the intrinsic detector resolution; 2he

tus is essentially the same as [13] (see Fig. 1 therein}j is also convoluted with the narrow Gaussian.
with the Ge detector situated above the gas chamber.

A delayed time window, 30—50 ns after prompt events
(parapositronium and direet* e~ annihilation), selects The direct annihilation o™ is not well described by
0-Ps events for energy analysis; the Ge detector has twa single Gaussian [17] due to annihilation with high mo-
outputs, one used for timing and the other for energymentum core electrons. Therefore, if the relative frac-
spectroscopy. The intrinsic resolution of the Ge detectotion of slow ¢* annihilation becomes too large, the fit
(FWHM = 1.20 keV) is calibrated using the 511.86 keV obtained for the narrow component becomes speciously
nucleary ray obtained from a°Ru source. broadened. To minimize this effect we have utilized a
The spectrum containing the 511 keV o-Ps peak is modvariety of functional forms to fit the wide component,
eled as the sum of two Gaussians with the same centroidith the most successful being a “modified” Gaussian
and a step function (at 511 keV) in the background. Thesé&he Gaussian exponent of 2.0 is replaced with an em-
shapes are then convolved with the intrinsic resolutiompirically determined value of 1.64). Then, if the narrow
obtained from the®*Ru source. A region of=19 keV ~ component fitting with modified and Gaussian wide com-
surrounding the 511 keV peak is fit with the resolution-ponents is not consistent, it is excluded from the final
convoluted, two-Gaussian shape, as shown in Fig. 1. Theesults. Data not used for this reason are low pressure
Doppler broadening of the o-Ps is measured byrthe  isobutane and neopentane and higher pressures dfie,
rower of the two Gaussians. The wider Gaussian contain®le, Ar, andN,. Two systematic errors are included in
a number of components involving” annihilation with  the results to account for residual model dependence and
higher momentum molecular electrons, including (1) an+esolution variations. For Ne and Ar, the model depen-
nihilation of o-Ps colliding with gas molecules; (2) direct dence systematic is the largest contributor to the final error
annihilation of slowe ", i.e.,e™ that have lost too much en- in the thermalization rate. The intrinsic resolution of the
ergy to form Ps; and (3) uncorrelated, random backgroun&e detector also limits the minimum narrow Gaussian
in the delayed time window. Thy 0-Ps continuum spec- width reliably fitted to 40% of the intrinsic Ge width.
trum, which cuts off at 511 keV, and small-angle compton The fitted result for the width of the narrow Gaussian
scattering of 511 keV photons lead to the step function il FWHM: Wp, in keV) is used to calculate a rms average
the background. The background is fit to two straight linesnergy of 0-PsE in eV) from [18]
with slopes on either side of the step. A small fraction of _ 2
0-Ps3vy continuum decays will have two photons emitted E(eV) = [1.0288Wps (keV)I. (3)
in almost the same direction, so that both simultaneouslin deriving this Doppler broadening formula, it is only as-
strike the Ge detector. Thigy effect leads to a tail on the sumed that the thermalizing Ps has a Maxwell-Boltzmann
high energy side of the 511 keV peak [16]. A 1.6-mm-distribution of isotropic velocities which then yields a
thick Pb shield is placed between the detector and the RSaussian in the DBS spectrum. There is no evidence
source in order to reduce thly tail to a negligible ampli-  from this investigation that the narrow Ps component is
tude as shown in Fig. 1. not a Gaussian, but sensitivity to this feature is not high.
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Using this method,E is determined after various nearly a factor of 20 and apparently order by the mass of
numbers of gas collisions by changing the density othe atom struck, along with somenolecularsize factor.
the gas while keeping the delayed time window fixed atSpecifically, theN, data fall between He and Ne with
30-50 ns. It is important to note that this observationM values of 4 and 20, respectively, consistent with the
of thermalization is model independent, in contrast to theatomic mass of 14 for N. Thé&l, and hydrocabons, for
previous ACAR studies [10—-12]. The valuesBfvs nt  which we assume H is the struck atom, all thermalize Ps
can then be related to the classical elastic thermalizatiofaster than He and order by molecular size (i.e., number
model by inverting Eq. (1) to yield arcco{fE/E;, =  of H atoms). Clearly, the molecular masses of isobutane
I'nt + B. In Fig. 2, we plot arccothE/Ey, vs nf, and neopentane, 58 and 72, respectively, are not explicitly
where? = 38 ns is the weighted average of the delayedrelevant. Such trends can be qualitatively understood
time window andn is expressed in amagats, the densityfrom the fact that Ps, even thermalized, is so fast that
unit corresponding to one atmosphere pressure at STevllision times permit only the struck atom to recoil, not
for whichn = 2.69 X 10" /cm?. The slope of the lines the whole molecule. These intuitive results are quite dif-
in Fig. 2 is thereforel’, the thermalization rate at one ferent from those in Ref. [11] in which the thermalization
amagat, and the interceptdetermines the average initial rate determined by ACAR is claimed to be equal for He
energyE,. Results forl" andE, are found in Table I. [12], Ne, and isobutane.

As can be seen in Fig. 2, a clear advantage of this Unfortunately, quantitative comparison with previous
nt-resolved DBS technique over the ACAR methods iSACAR measurements is difficult because the results in
that one can test the validity of the elastic thermalizatiorRef. [10] are not absolute, but relative, measurements (and
model by observing the linearity of the data. The goodhence no errors are quoted), and the results in Ref. [11]
linear fits of the noble gas data are not surprising, giverare subject to a systematic error in the treatment of the
our limited sampling range of o-Ps energies. Howeveraerogel thermalization effect and values ®f, for He,
for polyatomic gases wheirelasticscattering dominates, H,, and Ar have subsequently been revised downward by
the curve should roll over at higkv as some of the inter- factors of 3—5. The revised values [12] to be compared
nal degrees of freedom become less accessible alow with those in Table | are now (in units ofo~'® cn?)

The fitted slopes should therefore be considered an “effeer,,(He) = 11 * 3, o,(Hy) = 17 = 5, and o, (Ar) =

tive I'” for this particular o-Ps energy range. In addition, 15 = 10. Although these cross sections are for a Ps
asnt — 0 all of the data approach nearly common inter-energy ofE ~ 0.3 eV, somewhat lower than our average
cepts corresponding to average initial enerdgigsn the  E of about 1 eV, the agreement for He aHd is still not
range of 2—4 eV. This is completely consistent with thegood. The theoretical and experimental results for these
expectation that Ps witlt > 6.8 eV (the Ps binding en- two gases are summarized in Fig. 3. The calculation
ergy) will likely dissociate before thermalizing, and henceof o, (H,) [3] is probably too high, having neglected
values ofEy, = 6.8/2 eV are reasonable. polarization effects. There is also a wide spread in the

The slopes of the data in Fig. 2 and the correspondingde calculations, especially considering recent unpub-
fitted values ofl" in Table I, and hencer,,/M, vary by lished results [8,9] which are significantly lower than
the published values and in agreement with the present
measurement. Our He value may be consistent with the
scattering length measurement [19] and calculation [6]
(the zero energy cross sections in Fig. 3) if the energy

TABLE I. Results of Ps thermalization measurements in
gases. The table displaygT’, the inverse of the Ps thermal-
ization rate per amagat (am.), i.e., at one atmospheric pressure
(STP); the average formation energy for Fs; the energy in-
terval of the measurementAE; the derived elastic scattering
cross section for momentum transfet,. For molecular gases,

it is assumed tha¥ in Eq. (2) is that of the molecule.

ArccothE/E,

1

0.1 ’ ] Gas 1/T (nsxX am) E; (eV) AE (eV) on (A?)
AN IR AR A AN IO AT |_E 10 H, 356 3.9%07 0.54-235 24 *04
0 5 10 15 20 25 He 72 + 11 40%13  0.38-1.45 23 +04
nf (ns amagat) Ne 147 = 22 31794 0.38-1.93 57 +08

FIG. 2. Fits to Sauder's th lizati del [13]. The sl AT 27%30 222%500 088-205 65 1.3
. 2. r's thermalization mode . The slope 010

of each line gives the Ps thermalization rate for the indicated > 15 = 12 2'06;?409 0.48-1.85 102 = 1.1
gases. The zero intercepts are the average initial energieSsHio 17 £2 3450 0.31-0.80 144 = 19
Only the fitted lines are shown for isobutane, He and Ne. ThesesH,, 14+12 33707 0.27-1.42 208 * 17
data are omitted for clarity. -
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e exchange effects. It also compounds the difficulty of
100 | comparing theory with experiment in a case where our
F ] He andH, results using DBS are not in agreement with
those using ACAR. These cross sections appear to be
H, (Ref. 12) significantly smaller than previously thought. The slow
o~ thermalization rates determined herein demand further in-
g :i\ ] vestigation of incomplete thermalization in precision o-Ps
- 10 He (Ref. 12) —::-:J% decay rate measurements.
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