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Doppler-broadening measurements of positronium thermalization in gases
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The formation and subsequent thermalization of positroniBsn produced at a few eV in gases are inves-
tigated using time-resolved Doppler-broadening measurements of the annihilation photons. A static magnetic
field quenches the Ps enabling Doppler energy measurements from 25 to 70 ns after the Ps is formed. Varying
the gas density permits a significant range of the thermalization process to be observed. Seven different gases
are studied, He, Ne, Ar, H N,, isobutane, and neopentane. A classical elastic scattering model fits all the gas
data reasonably well. For each gas, an elastic scattering cross section and an average Ps formation energy are
determined from the classical model fit. When comparisons can be made, these cross sections are often
significantly smaller than most quantum-mechanical-theory predictions and most previous experimental results
obtained using the angular correlation technique. Various systematic tests have been applied to the apparatus
and the analysis, reinforcing the discrepancy with previous works.
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[. INTRODUCTION less than 10 eV, due to problems in forming the collimated Ps
beam. The nondissociative thermalization process begins at
The formation of positroniuntP9g, the positron-electron energies below 10 eV and therefore the London cross sec-
(e*e™) bound state, can occur in gases as édsslow down  tions [4—7] are not directly applicable, except that they
toward thermal energies. In the ground state, Ps is a triplet gfometimes can be compared with the same theoretical calcu-
spin-one states called ortho-Rs P9 and a singlet, spin-zero lations of the cross sections.
state called para-P9{P9. In vacuum,o-Ps decays into 8 Previous experiments to directly investigate Ps thermali-
with a lifetime of 142 ns Xt=1/r=7.0 us ') andp-Ps de-  zation in gases have all used the angular correlation of the
cays into 2y in 125 ps (s=8.0 ns'). If Ps is formed in  annihilation radiation(ACAR) technique. In ACAR, two
gases near atmospheric pressure with a kinetic energy greatet1-keV photons are examined for the roughly 1-mrad angu-
than its binding energy of 6.8 eV, collisional dissociation lar deviation from 180°, which measures the transverse mo-
with the gas occurs rapidlyl]. There is a range of lowe™ mentum of the annihilating system. No time selection for
energies, called the ® gap[2], where low-energy Ps is isolating Ps states is presently possible with high-resolution
formed and lives long enough to be observed to annihilateACAR, although efforts in that direction have recently begun
With an initial energy of several eV, this Ps will frequently [8]. A further complication is the requirement of small source
collide with the gas, losing energy and approaching thermalolumes for high-resolution ACAR. Typica® initial ener-
equilibrium with the gas. It is this thermalization process thatgies are hundreds of keV from radioactive sources, requiring
we wish to study. large gas volumes or high pressures to stop atie Two
Since Ps is neutral, there is no direct Coulomb interactiorapproaches have been taken toward this problem. First, a
when scattering with the gas. Assuming that electronic excismall gas chamber and very low count rates yielded only
tations or other inelastic processes are too high in energy tqualitative resultd9]. Relative measurements between dif-
be accessed, only elastic scattering can thermalize Ps. Aisrent noble gases at 1-atm pressure showed essentially no
elastic electron exchange interaction is operative between thdifferences. A roughly atomic size cross section was inferred
e in the Ps and one of the™ from the gas molecule. Also, for elastic scattering between the Ps and a gas §8&nThe
Ps is strongly polarizable, which together with exchangesecond approach compared ACAR spectra of silica aerogel
results in a relatively strong interaction with most gases. Rigin vacuum and then with 1-atm pressure of gas admitted to
orous calculations of the Ps energy-loss process are exhe aerogel10,11]. Microvoids in the aerogel are a low
tremely complex. In principle, all excited states in Ps and thequenching region foo-Ps, that is, there are very few colli-
gas must be included in the calculation, as well as effectsions betweero-Ps and the walls of the microvoids that
only appearing in higher order. Consequently, only the simcause rapid singlet state annihilation. Adding gas to the aero-
plest systems are calculated and even then approximationgl, one effectively obtains many small gas chambers for Ps.
are necessarf3]. Unfortunately, different types of calcula- The Ps is formed in bulk silica, but can thermally diffuse to
tions give differing results. Early calculations yielded crossa surface, from where the Ps is ejected at roughly 0.3 eV into
sections that were systematically too lafdd, reinforcing  a void[11]. Adding gas to the aerogel, one hopes the silica
the misconception that Ps always thermalizes rapidly irsurface and the bulk remain unchanged so that the Ps ejected
gases. into the voids has the same energy distribution in vacuum or
The direct measurement of Ps-gas cross sections, usingwdth gas. The validity of this assumption and their results
collimated beam of Ps atoms incident on a gas cell, has beenill be discussed later.
done at University College, Londop—7]. Unfortunately, Our initial results were briefly reported in R¢fL2]. The
these measurements are unable to access Ps with an energgasurements are done with time-resolved Doppler-
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broadening spectroscog®BS). Only one of the two 511- energy, then Sauder’s description could be fairly accurate, all
keV vy rays is observed in a single high-resolution Ge detecnoble gases require 10 eV for excitation.
tor. In almost all applications a larger 511-keV peak width is  Since Ps is light compared to the atom that it strikes, very
readily evident compared to a nearby nuclearay peak, a little energy is lost by Ps in each elastic collision,
broadening due in our case to Ps motion. A static magnetic
field, usuallyB=2.85 kG quenches some of the long-lived AE  mpg
0-Ps by mixingm=0 stateg13]. The magnetic quenching E M (1)
also introduces a # decay component into the-Ps m=0
substate. This 2 component is the basis for time-resolved where mp is the Ps mass (8,) andM is the mass of the
DBS measurements and, in favorable cases, leads to a domitruck atom. Values oAE/E=10"% to 10 ° indicate that
nating component of very narrow width in the Doppler spec-numerous elastic collisions are required to thermalize a Ps
trum. The intrinsic resolution of the Ge detector is removedatom starting at a few eV. From kinetic theory, the rate of
in the analysis. The width of the remaining component iscollisions is
directly related to th@-Ps kinetic energy when annihilating.

All measurements are performed using a single, time- Ae=N0oUps, (2
delayed window, usually 30-50 ns after Ps is formed, for
Doppler analysis. By raising or lowering the gas density, thayheren is the gas densityy is the cross section, ang is
Ps thermalization process can be observed after more or letise Ps speed. Note, the gas atom motion can be ignored since
collisions, tracing out the energy-loss process. It should b@®s is so light in comparison. Even when thermalized, Ps is
noted that this procedure is independent of any assumegloving much faster than the gas atoms.
model of Ps thermalization, in distinction with previous Sauder’s classical elastic scattering theory of Ps thermal-
ACAR measurement9—-11]. ization results in a concise expression for the rms average

This study began as a systematic investigation of anomékinetic energyE(t) as Ps asymptotically approaches thermal
lous quenching effects im-Ps decay rate measurements,energy,E,,= 3k T [10,20:
which used the gases Ne,, Nisobutane, and neopentane,
pure and in mixture$14—1§. Available information at that
time on o-Ps thermalization indicated that no significant E—mZCOthz[ﬁJantl (39
problems should have been encountered. However, it was
clear from the analysis of thg—Ps decay .rate data that where g is related to the formation energgg) of Ps that
anomalous effects were occurring at early times and low gagg, eventually thermalize,
densitie§ 14—1§. The thermalization ob-Ps was suspected
and led to these investigations. Indeed, we have found that Eo
the thermalization process proceeds significantly slower than — =cott?[ B]. (3b)
was previously believed. The effect on theéPs decay rate Etn
experiment has been investigated by a gas quenching experi-. o .
mepnt[17] and by simulationsgof the gecgy re?te experigr]nenrt)a S the_ rate of thermallza_tlon normalized ipthe gas den-
data[18]. Three additional gases, beyond the four used in th ity. This type of gas density dependence for energy modera-
gas decay rate experiment, have also been studied. The an W'”.be ;shown to .be a general feature of any model C.)f Ps
results are for further comparisons with other experimenté ermalization, C'ass'.c"?" or otherwig@he essential quantity
and/or theory. Since our previous pap&g], more data have IS th_e nhumber of C.OH'S'OnS that Ps has u_nde_rgone since for-
been acquired with some of the gases. Further, a number ganon)l The der)sny—normallzed thermalization rate, in
trials have been run for some gases with various systemati auder’s model is
changes in the static magnetic field and the delayed time
window used to observe-Ps decay. Finally, a new analysis = mpMa
that is systematically much more rob(i$®] than that in our (MpstM)2
previous worl{ 12] has been applied to all of the gases. Only

small changes from our previous valugs] are presented here p,, is the momentum of thermalized Ps. Maxwell-
here. Boltzmann distributions are used in the rms averaging, im-
plying a fairly broad distribution of energies occurs at any
given time after Ps formation.

Using Eq.(3a), the approach of Ps toward thermal equi-

The thermalization of Ps formed in a noble gas has beefibrium with the gas at density can be characterized by the
calculated by Saud¢R0] under certain assumptions. Princi- thermalization time:7=1/'n. The functional dependence
pally, classical elastic scattering between the Ps and the gasown in Eq(3a) implies an extremely rapid approach to the
atoms is assumed. That is, there is a velocity-independeithermal asymptote. Even from an infinite starting energy
elastic scattering cross sectian, interpreted as the classical (8—0), Ps has slowed to within 70%, 8%, and 1%Epf in
geometric size of the atoms. Further, isotropic &Wave”  timesr, 27, and 3r, respectively.
scattering in the center-of-mass frame is assumed. If the Ps Inverting Eq.(3a) suggests a method to determine Ps ther-
has a kinetic energy less than 5.1 eV, the lowest Ps excitatiomalization rates,

g
(Vpgth= M Pen (4)

II. CLASSICAL THERMALIZATION CALCULATION
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E Ivanov et al. [33]
arccoth\/E:m=B+ I'nt. 5 Mitroy et al. [34] He
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10 __— Blackwood et al. [46]
Experimentally, we measurg while varying the product P 8
(nt). If Sauder’s model is correct, plotting the energy as in 1
Eq. (5) versus (t) should result in a straight line with slope % 6,‘\' -------------------------------
I' and intercepiB. In this manner, the model can be tested * Drachmanet al. [45] M\u.. o .« n:
and, if correct, the thermalization rate and the initial energy g af ) Basuet al. [48]
are thereby determined. S5 ko
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Biswas et al. [S'lli]m.w"' i;e;lcl; [49]
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I1l. QUANTUM-MECHANICAL THERMALIZATION ol .
CALCULATIONS 0 2 4 6
Sauder’s classical theory has two main assumptions, a Energy (eV)
constant cross section for energy loss,and only Swave FIG. 1. Elastic cross sections for Ps-He scattering: theory. The

scattering. Admitting higher thain=0 partial waves compli-  tota] elastic scattering cross section for He, as calculated by theories
cates the quantum-mechanical description of the thermalizanat include the electron exchange interaction, is shown as a func-

tion process. The very low Ps energies encountered in thigon of the Ps energy.
investigation, ~1 eV, indicates the dominance of the
Swave component of the scattering amplitude. On the other
hand, Sauder’s energy independent constant-cross-section asj

sumption must be seriously addressed. by quantum mecharic ly also been of interest since the scattering lengths are
P i Y » 0y q "elated to the zero energy cross section. Reasonable agree-
cally accounting for all pertinent physical processes occur-

ment had been obtained in the 1970s between two indepen-

ring during the scattering. In general, the appropriate cros . : B )
section to describe thermalization is the momentum-transfeafent calculations of the scattering leng{li@—32. The de

. . e rived cross sections at zero energy are 40[81,32 and
cross sectionr,,, sometimes called the diffusion cross sec- A2 d : £ th - h
tion [10,21], 50 A“ [30]. More modern versions of these scattering lengt

calculations have obtained cross sections in the range of 30
_ do to 40 A? [33—35. While it is difficult to assign a theoretical
0m=277f (1—cos#) —sin 6d#, (6)  error bats) to the preceding calculations, probabhy25% is
0 dQ a reasonable estimate for Ps-H results. Numerous other the-
oretical papers have been published on Ps scattering from
whereda/dQ is the elastic differential cross section. The atomic hydrogen focusing on various tests of techniques and
momentum-transfer cross section differs from the total elasether issue$36—4Q. The first experimental step toward this
tic cross section by the factor of (lcosé) in Eq. (6). difficult problem has been the formation of Ps in atomic
In 1954 Massey and Mohr first considered the slowinghydrogen[41]. Verification of the preceding Ps-H cross-
down of Ps by inelastic and elastic collisions with atomicsection calculations remains for the future.
hydrogen ga$1]. Once thermalizing Ps is below the energy  Two electron systems, He and, lgases, are experimen-
threshold for electronic excitations, the inelastic channetally much easier to use for Ps formation. Theoretical cross-
turns off. The effect of elastic electron exchange during col-section calculations in the several eV range are numerous for
lisions was estimated by Massey and Mohr using the BornPs-He, but only three Ps,Hanalyses have been carried out
Oppenheimer and other approximations, resulting in a crosgt2—44. The more recent Ps-Hcross-section calculations
section of 22 & at 6.7 eV, increasing to 200%in the zero  obtain 3 & in the zero velocity limit and 0.7 Aat 5 eV
velocity limit [1]. The consequences from the polarizability [43,44. The three-state coupled-channel analyi8,44
of Ps were deemed negligible compared to electron exyielded much smaller cross sections than the older static ex-
change, except at the very lowest energies. Massey and Mokhange calculatiofd2], 170 A2 at 0 eV and 11 Aat 5 eV.
also point out, in analogy with electron-scattering calcula-The most recent Ps-tHalculation[44] differs Ref.[43] only
tions, that these Ps cross sections are probably overestimatashigher energies due to an improved treatment of ionization
by an amount that increases as the energy decrg¢hkes processes. Using the most recent H andchlculations as a
A number of subsequent calculations of Ps scattering fronguide, the Ps cross section decreases by a factor of roughly
atomic hydrogen, H, have been published. Exact calculationthree or four going from zero energy to 5 eV, a very strong
using the first Born approximation have recently appearediependence compared to the constant-cross-section assump-
[22]. Initially, a static exchange approximation was appliedtion in Ref.[20].
to this problem [23-26. More sophisticated, closed- Most of the Ps-He cross-section calculations predict a
coupling calculations, using a three-state approximatiorsofter slope at low energy compared to the H andésults.
[27,28 and an extensive 22 coupled pseudostate formalisnm Fig. 1 the calculations of the energy dependence of the
[29], are the present state of the art. The most recent resuls-He total elastic cross section that include the electron ex-
[29], for comparison with Ref[1], are 9 & at 6.7 eV and change interaction are shown. It is believed to be essential
34 A2at0eV. for accurate low-energy calculations to include the effects of

Calculations of the Ps-H scattering lengths have histori-
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electron exchange during collision4,22]. Two scattering While Massey and Mohr outlined these Ps scattering
length calculation$33,45 are also shown in Fig. 1. Never- problems almost 50 years agfdl], limited theoretical
theless, there is significant disagreem@iitout a factor of 7 progress occurred in succeeding decades. Recently, increased
at 5 e\) between different Ps-He calculations, but the slowinterest has been sparked by the gas ACAR reg@sl1]

drop off of the cross section with increasing energy is evi-and this experimer{tl2] with low-energy cross sections and
dent for each curve. The difference between total elastic angt higher energie$10—100 eV using a Ps beam to obtain
momentum transfer cross sections,, being the quantity total cross section measuremefts-7].

that we measure, will be addressed later. The calculations of

Ps-He strongly disagree at energies below 10 eV both in V. EXPERIMENTAL APPARATUS AND TECHNIQUE

shape and magnitude of the cross section. The calculated

zero-energy cross sections are 11% 6], 9.1 A2 [33], High-resolution Gey-ray detectors enable DBS of Ps for

8.6 A2 [34], 6.8 A2 [45], 6.5 A2 [47,48, 3.3 A2 [49], and this e-xperlment. The Dopple_r broadening of the 511-keV
peak iny-ray energy spectra is due to a center-of-mass mo-

2 H : .
2.7 A [50], differing by over a factor of 4. All calculations tion (longitudinal componentwith the respect to the labora-

predict a decreasing cross section with increasing energy, L{%ry at the instant of a 2 annihilation. Application of time-

to 5 eV, but the slope at 1 eV is understandably three times . . L )
larger in Ref.[46] compared to Refi50]. resolved DBS to investigate-Ps thermalization was first

There are two theoretical calculations of the Ps-Ne cros%jone by Changt al.[53] in an evacuated Siaerogel. This

sections versus enerd0,51 and one calculation of the echnique utilizes a magnetic field to perturb and admix the
scattering lengthi34], giving the zero energy cross section. tvtve?tensqsi:tg t\%gtﬁz\,/vrggggp_Pesrtﬁptgeggimoo]; tr;?tl}:gggg:
The agreement between calculations is not good, with zer P P

: 2 13]. The mg=*1 0-Ps states are not affected by the field.
[e3n Erg%g;?nsgs s;: 2'?;;(;): c?f(zé'?‘g]e iﬁuﬁtigilg‘b?giif c'foss Each perturbed state is characterized by the field-free state

; i i ; lus some of the otheang=0 state mixed in. For perturbed
sections is similarly discrepaf84,50,5]. The zero ener P . S .
Ar cross sections gre 9.62,2[5?)] o8 Azil[Sl] and 11.3 &gy p-Ps, a small mixture ob-Ps hardly makes any difference to

[34], differing by a factor of 3. An overall universal disagree- our observations. On the other hand, perturlie@s is

ment exists for all cases of Ps-atom scattering calculationgtrongly affected by very limited amounts @Ps being
except H, indicating the difficult problems introduced to Mixed |,n. For exar_npl_e_, the vacuum decay rate (_)f perturbed
elastic-scattering calculations with both projectile and targeP’Ps‘k o can bg significantly quenched with ordinary labo-
having internal structure. The heavier noble gases, Kr anfftory fields[13];
Xe, are calculated only in Ref51], but we have no data to 1
compare with this calculation. To our knowledge, there are N=——[Ar+y3s], (73
no calculations for molecular targets other than H +y?

A classical elastic scattering theory would seem to be in-
adequate to describe the interaction of few eV Ps with molhere
ecules. Unlike noble gases, molecules may have inelastic

electronic excitations that are energetically accessible during X

Ps thermalization. In addition, there is a fine structure of y 1+ J1+x2 (7b)
molecular vibrational excitations superimposed on the elec-

tronic excitations and the ground state. For bothardd N, and

the low-lying density of vibrational excitations is several lev- )

els per eV[52]. Furthermore, a hyperfine structure of rota- (e 29'ugB_ B 79
tional molecular excitations dresses all of the above- AEps ~ 36.5 kG

described levels. The scattering of Ps from a molecule must

include, in principle, contributions from these many possibleTypically, B=2.85 kG is used for the gas thermalization

inelastic excitations, as well as the elastic-scattering componeasurements. At this field, the perturbedps lifetime is

nent. reduced to 52 ns from 142 ns B=0. Since this perturbed
Inelastic collisions will quickly remove energy from Ps, state has somp-Ps mixed in, the usuat-Ps 3y decay is

causing very rapid thermalization compared to the small enaccompanied by somey2decays: 64% of the decays arg 2

ergy losse$Eq. (1)] in elastic scattering. Even though inelas- events atB=2.85 kG. This time-delayed %2 component is

tic cross sections are, in general, much smaller than elasti¢sed for the DBS measurements of Ps thermalizing in low-

cross sections, inelastic cross sections could dominate sondensity gases.

parts of the thermalization process in molecules. A pertinent The Doppler-broadeneg rays have their energy mea-

example is found in Ref42]. The first vibrational level in sured with a single Ge detector, crystal size

H, is 0.5 eV above the ground state. For Ps energies jufi3 mmx56 mm. The Ge detector resolution is 1.20 keV

above this threshold, the efficiency for inelastic collisions to(full width at half maximum, FWHM at 511 keV. Through-

remove energyproduct of energy loss and cross sectian  out this experiment, the instrumental resolution of the Ge

about equal to that for elastic collisions. Clearly, any accountletector is monitored on a daily basis using 662-keYays

of Ps thermalizing in molecular gases must address the issdieom **'Cs. On a roughly monthly basis, a day-long calibra-

of numerous possible inelastic channels for energy loss. tion run is obtained with only a&%Ru source. The'%Ru
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f To A delayed time window, typically 30 to 50 ns after prompt
phototube events, is used to select mainly perturte®s events with
7=52 ns. This window is essentially free of all prompt
degztor hf]i events at about the 16 to 10 * level. Unperturbed-Ps
Luvite\ S shiglds decays from then= =1 substates are present in this delayed

light guide time window since their lifetime is near 140 ns. To get 2

Ng y o events from unperturbeatPs, it must be quenched during a
g B Magnet gas atom collision. That is, annihilation occurs from $e
/» Pole =0 state when the positron mPs overlaps with an atomic

scintillator | sioin Faces electron of the opposite spin. This type of collisional quench-
ing is called pick off and it affects each of the gases studied
\ here, as well as the perturbedPs componenit54].
Gas Another important mechanism to gety2vents into the
Chamber delayed time window involves “slow positrons” that have

fallen below the @ gap[2] and have lost too much energy
to form Ps. These slow positrons thermalize in the gas, dif-

FIG. 2. Experimental apparatus. Positrons fréiNa decay pass  fusing and eventually directly annihilating toy2 Slow pos-
through a thin scintillator and enter a gas chamber. A magnetic fielgirons can live for a long time in gases at low densities, the
confines the trajectories near the axis. Positrons that stop in the gggymber of slow positrons and their lifetime is also strongly
can form Ps. Annihilationy rays are detected in a Ge crystal. gas dependerif5].

The final contribution to events in the delayed time win-
decay chain includes &19%, 511.86-keVy ray. The in- dow is accidental, uncorrelated coincidences, i.e., random
strumental resolution observed in the Ge detector for thisackground. Accidental coincidences are essentially an aver-
nuclear line approximates to better than $@hat foro-Ps.  age of all events, regardless of their timing. Because of the

The experimental apparatus is shown in Fig. 2. The magsmall solid angle of the Ge detector for viewing Ps degay
net and gas chamber used in this experiment are essentiallgtlys, the accidental background is a significant component of
identical to the apparatus of Ref&4—-16. As shown in Fig.  the delayed window events.

2, the Ge detector is situated above the gas chamber, replac- With so many possible contributors to the delayed time
ing the large volume plastic scintillator detectors used inwindow, there is concern for systematics disturbing the mea-
Refs.[14—16. Positrons emitted from a 2Ci ??Na source  surements. Additional delayed time windows, both earlier
must pass through a thin plastic scintillaorl3 mn) before  and later than the usual 30 to 50 ns, are employed in tests to
entering the gas. The thin plastic signal is used to start anderstand and quantify systematic effects. Variations in the
timing system. The timing of this signal is taken to coincidemagnetic field, both higher and lower than the usBal
with Ps formation since positrons thermalize rapidly. The=2.85 kG, are also employed in the tests.

magnetic field confines the positron trajectories to near the As normally operated, a logic signal is generated indicat-
chamber axis where some stop and form Ps. A positron beaing that an event is in the delayed time window. This signal
dump is at the opposite end of the gas chamber from th& used as a gating trigger for obtaining DBS data from the
source region. Lead and tungsten shields are used at bogmergy signal. An 8192 channel energy spectrum is acquired,
ends of the gas chamber to prevent the Ge detector frorbut only 400 channels centered on 511 keV are actually ana-
directly viewing the source or the beam dump areas. lyzed. Typical total singles counting rates are 25 kHz in the

A turbo-molecular pump is used to evacuate the gaglastic scintillator positron detector and 800 Hz in the Ge
chamber. Fresh gas samples are installed weekly with pres~ray energy spectrum. Typical coincidence rates for the de-
sure rises of less than 0.2 Torr/week when sealed. Pressurgged timing window trigger are 1 Hz and 0.3 Hz into the
are measured with a capacitance baratron. actual 511-keV peak in the DBS spectrum. Data are acquired

With a lifetime of 52 ns, the magnetically perturbed for at least one day at a particular gas density to obtain suf-
events can be separated from prompt, short-lived eventsicient statistics for meaningful fits to our DBS model.
p-Ps and direce™e™ annihilation (<1 ns). This separa-
tion requires sufficiently good time resolution of the events.
The Ge detector supplies two identical outputs; the first is
used for energy, the second for timing. The first goes directly A time-resolved DBS spectrum is shown in Fig. 3 for
to a spectroscopy amplifier with s integration. The sec- 100-Torr neopentane along with a fit to a model described
ond timing output is amplified by 100 with 100-ns differ- below. The prominent narrow peak at 511 keV is the signal
entiation and 100-ns integration. Constant fraction timingfor this experiment due to perturbeePs. The Doppler width
discriminators are used for both this amplified and shaped Gef this peak yields the longitudinal component of s
signal and the thin plastic scintillator signal from a coupledvelocity which then gives the-Ps energy. Also centered at
photomultiplier tube. Timing discriminator signals are routed511 keV, a second wider peak of reduced amplitude is shown
to a time to amplitude converter. A time resolution of 13-nsin Fig. 3. The origins of this wider peak are the background
FWHM is obtained for prompt coincidences from this processes contributing to the delayed time window, aside
system. from perturbedo-Ps. The wide peak processes &t pick

V. DBS DATA AND ANALYSIS
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10000

experimentally measured, is used as the Ge detector resolu-
04.7¢V/Channel ___ Total Fit tion function at 511.0 keV.

_____ Wide In preliminary fitting, both the wide and narrow compo-
nents at 511 keV are represented as Gaussians with adjust-
able widths and amplitudes and a single centroid. The Gauss-
ian peak shapes are also convolved with the Ge resolution
function before fitting. The peak shapes shown in Fig. 3 for
the narrow and wide components have been convolved with
the Ge detector resolution function. The actual width of the
narrow Gaussian alone for the run depicted in Fig. 3 is about
0.5 keV, almost three times narrower than the narrow com-
[ b ime e e ponent shown in Fig. 3.

W The final, very small feature in Fig. 3 is a two-photon
505 520 (2v) tail appearing at and just above 511 keV. Thetail is

due to a summing of energies from two photons emitted in
almost the same direction from a singler ®-Ps decay. If
both of the two photons strike the Ge detector, their energies

FIG. 3. Typical thermalization data. The Doppler-broadenedwill be summed together. The phase space for such decays is
511-keV photopeak is resolved into two Gaussians, a step backsmall, but not negligible. To reduce the effect to the size
ground, and a 2 tail. The first three components are shown con-shown in Fig. 3, a 1.6-mm-thick Pb absorber is placed in
voluted with _the intrinsic detector_resolution; they 2ail is also  front of the Ge detectofsee Fig. 2 The Pb absorber selec-
convoluted with the narrow Gaussian. tively attenuates the 2 tail events much more than the 511-

keV y-ray signal events. The unconvolved shape of the 2
off from o0-Ps, perturbed and unperturbé#) slow positrons; tail is a sharp rise at 511 keV and then a roughly exponential
and(3) random accidentals. The amplitude and width of thedecrease at higher energies. The t2il shown in Fig. 3 has
wide peak are observed to depend on the gas compositidseen convolved with the-Ps narrow Gaussian component
and density. and the Ge detector resolution.

Away from the peaks in Fig. 3, an asymmetric back- In this apparatus, the2tail can be readily observed pro-
ground is observed. The background on the rigtigher  truding to the right of the 511-keV peak only under special
energy is due, in part, to accidental coincidences from high-conditions: removing the 1.6-mm Pb shield and turning off
energyy rays that Compton scatter in the Ge detector withthe magnetic field. With no perturbemPs, turning off the
only partial energy deposition. Another mechanism involvingfield removes most of the two-photon decay events from the
Ps for the right side background is the summing of twmy ~ delayed time window, but not all. A much more sensitive
energies where ong ray goes directly from the annihilation study of the 2 tail was performed in a similar previous
site to the Ge detector. A secondray from the same decay, experimen{57] with o-Ps confined in a MgO-lined, evacu-
emitted in roughly the opposite direction can Compton scatated cavity. The results of the previous tel#%,58, com-
ter in nearby material. If the reemitteg ray hits the Ge bined with the presenB=0 observations, lead to the 1.6-
detector, its extra energy will be summed with the figsay.  mm-thick Pb shield.

The energy dependence for both background processes is The small-angle Compton scattering of 511-ke\Mrays
smooth enough that a straight, sloped line can adequately fitenetrating the 1.6 mm of Pb and the vacuum vessel was
the data out to 19 keV to the right of the 511-keV peak. also studied with the Ge detector. A small-angle scattering of

The background on the left sidéower energy of the vy rays removes a relatively small fraction of theray en-
511-keV peak is enhanced by the addition of two new backergy. These scattering events result in an increased back-
ground mechanisms. The first is small-angle Compton scaground to the left of the 511-keV peak. The background to
tering of the 511-keVy rays in the intervening material be- the left of the 511-keV peak originates mostly from single-
fore getting to the Ge crystal. The second mechanism and thghoton events from 8 o-Ps decay, but small angle scattering
dominant source of left background events involve the threeis a non-negligible component. The exact ratio of these two
photon decay ofo-Ps. The single-photon energy spectrumprocesses depends on gas density and composition; typically,
from three-photon decay is continuous and rises from 0 tGcattering is a few percent.

511 keV where there is a sharp cut ¢86]. The energy Of the various components discussed, the second wider
dependence of the two new, nonpeak backgrounds is algmeak provides the most difficulty for extracting the narrow
sufficiently smooth that a sloped straight line can adequatelGaussian width. Modeling this wider component with a
fit a region 19 keV to the left of the 511-keV peak. single Gaussian is clearly not correct since it comes from a

Note in Fig. 3 at 511 keV, where the left and right side number of sources. While each of these sources obtains its
backgrounds should exhibit a step function, the backgroundsiomentum from a bound electron and is therefore clearly
on the two sides are smoothly connected. The step functiowider than the primary narrow Gaussian, there is no reason
in the background has been convolved with the intrinsicto believe that they are identical. This was addressed in our
resolution of the Ge detector as determined from ¥f&u  previous work[12] by fitting this component with both a
calibration runs. The 511.86-keV Ry-ray line shape, as Gaussian and a non-Gaussian shape and comparing the two
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FIG. 4. Effects of fit window. A simulation with two wide Gaussians and one narrow Gaussian is fit with only one wide and one narrow
Gaussian. The fit to the simulated data is shown for fit windows of 60 and 400 total channels. Although the overall fit is excellent in both
cases, the narrow and wide Gaussians are much more accurate with the 60 channel fit window. In particular, the narrow Gaussian width
differs by 2.0 channels for the 400 channel fit and by only 0.2 channels for the 60 channel fit.

results. This rudimentary method was a good test of the sersure. The results of all the runs for a single pressure are then
sitivity of the overall fit to changes in the shape of the model.averaged together to find the average value of the FWHM
However, it was unable to provide a quantitative measureand height of the two Gaussians for that pressure. The results
ment of systematic uncertainties introduced by an inaccurat®r each of these four parameters are then plotted versus the
model of the wide peak. width of the fit window and compared with results from fits

Computer simulations are generated and fit in order taf a simulation. The input parameters of the simulations are
carefully study the systematic effects introduced by the widehen adjusted until the results of the simulation fits are com-
peak. A simulated spectrum is generated using three Gausgarable to the fits of the real data. Limits are assigned to the
ians, one for the narrow peak and two for the wider peaknarrow component by adjusting the narrow component of the
This simulated spectrum is fit with only two Gaussians, onesimulations until the simulation can no longer be made to
for the narrow peak and one for the broader peak. The intemhatch the real data. An example of this for 100 Torr of N
of the simulation is to quantify the effects induced by thecan be seen in Fig. 5. The final result for the narrow Gauss-
second wide Gaussian in the simulation on the overall fit ofan width extracted for a given pressure is then the average
the spectrum. Figure 4 shows an example of a spectrum genf these limits with half of their difference as an estimate of
erated by the simulation and the fit to that spectrum. For théhe one standard deviation error bar.
purposes of this experiment, the only parameter important This analysis is an improvement over that presented in
for determining the Ps energy is the width of the narrowour previous papdrl2]. In that paper, depending on the gas,
Gaussian. Figure 4 depicts a scenario in which fitting a spedadata were thrown out at both high and low gas densities
trum with two Gaussians yields statistically good results thatvhen there was difficulty separating the wide and narrow
are inaccurate in their fit of the narrow peak. Clearly, suchpeaks. With the current analysis, this problem was elimi-
effects must be taken into account when fitting actual datanated. Currently, data are eliminated when we are unable to
This can be accomplished by varying the window width statistically separate the narrow peak from the energy reso-
about the peak that is fit. The systematic effect that arisekition of the HPGe detector. This occurs at the highest gas
from an inaccurate model of the wide peak will vary as dif- densities of N and H..
fering amounts of the wide peak are included in the fit. This As an aside, the two next heaviest noble gases, Kr and Xe,
is demonstrated in Fig. A9]. were run on our apparatus, each at a variety of densities.

Our model of two Gaussians is certainly not a correctUnfortunately, the analysis specified above was unable to
representation of the numerous contributions to the wideobtain reliable narrow component widths for these gases and
peak. Generating three Gaussians in the wider component dfierefore no thermalization results can be quoted. One inter-
the simulation was also tested in the above fashion. It waesting, but crude observation during these runs is that the Ps
found that this additional degree of freedom did not signifi-event rates in our 30 to 50 ns time window for both Kr and
cantly change the size of effects that could be induced in thXe did not show the dramatic reduction predicted by the
fit to the narrow peak. Therefore, only two Gaussians werebserved dearth59] of long-lived Ps, i.e., a very small Ps
used to simulate the wide peak. formation fraction.

In order to apply this technique to real spectra, each of the The fitted result for the width of the narrow Gaussian is
many spectra are fit with varying windows at a single pres-used to compute an average rms kinetic energy{Bs. The
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FIG. 5. Determination of the narrow width and associated error bars. The simulations for 200, Teme 8shown. The fits to the width
and height of the narrow and wide Gaussians are shown for various fit windows ranging from 60—400 total channels. Simulations are
generated and then fit to match the systematic shifts in the fit to each of the four parameters. The dashed line shows the simulations that

represent the limits of a good fit to the real data.
0-Ps energyE, in eV, is given by[60,61]
E=(1.0288V)?, (8)

expressing the Gaussian widiv (FWHM) in keV. This

pic velocities. A thermal, isotropic distribution of velocities

temperature. The simplestr® picture[2] of Ps formation

proaches a Maxwell-Boltzmann form. This investigation pro-
duced no evidence for a nonthermal distributiémon-
Gaussian narrow compongnéven for the spectra taken
closest to the formation condition. Unfortunately, the sensi-
tivity to non-thermal distributions is not great due to the
Doppler-broadening formula is derived assuming the therunderlying wide component in the DBS spectra and a lack of
malizing Ps has a Maxwell-Boltzmann distribution of isotro- statistics.
To observe theo-Ps thermalization process, the average
becomes a Gaussian in the DBS spectrum. It is clear that @tPs energy in a typically 30 to 50 ns delayed time window
the time of formation, the Ps velocities are isotropic, butis measured at a given gas density. By either raising or low-
certainly not a simple thermal distribution at some elevatedering the gas densititime window fixed, a later or earlier

part of the thermalization process can be accessed, and the
predicts an initial energy distribution that is flat from O to 6.8 o-Ps energy measured. This method of observing the ther-
eV. After formation, as the Ps scatters from the gas atomsnalization process makes no assumptions about the func-
the average Ps energy decreases and the distribution agsnal form of the energy-loss cross section, in contrast to
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FIG. 6. Fit to Sauder’s thermalization mod&D]. For seven different gases, the thermalization rate is given by the slope of each line and

initial energy can be determined from the zero intercept. The bottom right figure shows only the fits for all of the gases for the sake of

comparison. Runs done at 100-Torr pressure appear here at about 4.6 ns amagat.

previous high-resolution ACAR studies ofPs thermaliza-
tion in gaseg§9-11] which do not time select.

are difficult to understand since inelastic excitations of the
moleculeselectronic, vibrational, or rotationalvhen collid-

The results foro-Ps energy versus gas density are anaing with o-Ps seemingly should introduce some structure in
lyzed using the classical elastic scattering model proposed biie linear plots. As the-Ps energy becomes lower, fewer

Sauder[20]. A slight modification to Eq.(5) results in a
linear equation in density,

inelastic channels are open, slowing the thermalization pro-
cess. While it is true that there is always a fairly broad dis-

tribution of energies present and averaging over this distri-

E _
—=pB+TI'nt,

arccot
Etn

9

bution will tend to dilute inelastic structures, the complete
absence of structure is still surprising. Certainly for the hy-

drocarbon molecules and perhaps the diatomic molecules,

identifying t ast, an average ot over the delayed time

window. The averaging fot is weighted by the distribution
of perturbedo-Ps events in the time window. Most of the

TABLE I. Results for Ps thermalization. The table displays,1/

thermalization data are taken with a 30 to 50 ns time windowhe inverse of the Ps thermalization rate per amagat, i.e., at one

andB=2.85 kG (rpe=52 ns), resulting it =38 ns. Plot-

ting the o-Ps energy according to Eq9) versus nt will
result in a straight line if the classical elastic scattering model!

atmospheric pressul&TP); E,, the initial formation energyAE,
the range of the measurements;, the derived elastic scattering
cross section. It is assumed tiin Eqg. (4) is that of the molecule.

adequately describes the actual thermalization process. Thezas

slope of the line is the density-normalized rateoes ther-
malization,I". The zero density intercept of the straight line H2
is related to the averagePs formation energy [Eq. (3b)].
Remarkably, for all seven gases studied in this investiga-
tion, straight lines give reasonable fits to all the data, asNe
shown in Fig. 6. The zero density intercepts for all the gases
cluster into a small region corresponding to initial Ps ener-
gies of 2 to 7 eV. This is not surprising since the simplesg O N,
model picture would predict 6.8/23.4 eV as the average
initial Ps energy. More surprising, the molecular gases, espe
cially isobutane and neopentane, display quite good linearcH,,

I (nsamagat E, (eV)  AE (eV) om (A?)

25+ 5 6.0°1% 039-3.00 3307

He 59+ 16 7t3  025-1.20 2808
130+3 3.92°91% 071-2.18 6.480.15

254+ 38 2.25°3% 0.47-2.02 6.61.0

90+ 4 2.07°9% 0.68-1.73 13.80.5

C4Hio 16.6-1.2 31739 015-152 14611

13.2£0.8 3605 0.25-1.39 22813

fits over the energy range investigated. These linear results
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the observed thermalization rate should be considered an ef- 040 Tos
fective rate for the energy range studied. _ o o oy

In Table I, the results for all seven gases are summarized. 0300 & 2540ns(35k0) {os
The density units fom are amagats, one amagat being the zz 1
density corresponding to one atmosphere pressure at STP 01| 1,
(n=2.69x10"%cm’). The reciprocal of the density- o1of
normalized thermalization rat€,, is the thermalization time 05, 5 : r 5 o'
at one amagat. The rangée in Table | is the energy interval 040
of these thermalization measurements. Note from(&q.Ps oss| [W 3050ms0kG)
thermalization measurements are sensitive to the quantity m.—‘a 030}
o/M for elastic scattering, whefd is the mass of the struck 0 o
atom. For noble gased is unambiguous. For molecular 015
gases, howevel might be an atomic mass or the molecular o onf
mass or something in between. For the purposes of reporting R e e e R
o in Table I, the molecular mass is used to facilitate com- 8
parison with previous ACAR results. 8 ol 5 IO

Before this investigation, the initial energy of the long- oa] | @ HOmEoIe) iﬁ 03
. . . . . - 50-80 ns (2.0 kG) i
lived Ps formed in gases was experimentally inaccessible, o Jos
but generally believed to be abo(6.8/2 eV from the Qe o] él
gap argumenf2]. The initial energy distribution is almost ' 12 |,
certainly not Maxwell-Boltzmann, the distribution used for o =10

T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50

averaging in the Sauder model. In spite of this difference,
reasonable estimates of the initial energy can be made from nt (ns amagat)

these DBS data. ) )
FIG. 7. Asummary of the systematic tests performed for various

nonstandard time windows and magnetic fields. The lines shown are
VI. SYSTEMATIC TESTS OF TIME-RESOLVED DBS the best-fit lines for the standard 30-50 ns time window and

IN Hz, Np, AND NEOPENTANE 2.85-kG magnetic-field strength as shown in Fig. 6 and Table I.

An important feature of Sauder’s classical model involvesf
the simple scaling of gas density with t, time since Ps
formation. In Eq.(3a), these quantities only appear once and

as the simple producing). That is, the thermalization of Ps are also employed. The results are summarized in Fig. 7. The
in different densities of the same gas is simply related by Yonstandard resulté.e.. notB—2.85 kG and 30 to 50 ns

scaling of time. This can be understood physically from the

following facts. The progress of the Ps thermalization pro-WmeW) have not been subject to the selection procedure.

.. The error bars shown in Fig. 7 are statistical only. The lines
cess depends solely on the number of gas atom COIIISIOn-agre not fits to the data in Fig 7, the lines come from Fig. 6.

experienced by the Ps atom after formation. Since the colli- Another possible systematic effect to consider involves
sion rate is directly proportional to densifq. (2)], the the time interval necessary for a beta decay positron to slow

thermalization process scales exactly witit)( N e :
This property of (it) scaling in the Ps thermalization pro- down to~10 eV and fqrm Ps. Imugl timing is derived near
he beta source and, in low-density gases, there may be a

cess is not restricted to just classical scattering. The argu-

ments above are not dependent on elastic scattering or claé'-gmﬁcamt time interval before Ps formation. Unlike Ps,

sical scattering. Any mechanism for Ps energy loss inWhlch loses energy very slowly since it is neutral, a charged

scattering, whether elastic or inelastic, classical or quantur‘ﬁoSltron slows dovyn qupkly. .A conservative est|mate.|nd|—
: o . ) cates that the positrons in this apparatus slow down in less
mechanical, must exhibit scaling of the produnt)( This

) o ; than 1 ns at the lowest densities encountered in these DBS
(nt)-scaling principle is used as a basis for several system-

. . . studies. This 1-ns limit on the delay is an order of magnitude
atic tests of the time-resolved DBS technique. . . -
These systematic tests involve varying the magnetic fiel maller than the time resolution of the system. Hence, posi-
and/or the delayed time window. Changing only the mag_ron slowing down time is a negligible systematic effect.
netic field should, in principle, make no difference to the
thermalization measurements. However, the perturs&s VII. DISCUSSION OF RESULTS

Ilfetlme.d(_apends_ _strongly on 18 field str_ength, affecting Several recurring features are evident in this investigation.
the statistical efficiency of the DBS technique and the calcurqjiaple fitting of the narrovo-Ps Doppler component oc-

lation of t. On the other hand, changing the delayed timecyrs only in a certain restricted Ps energy range for any spe-
window is a direct SyStematiC test of the time-resolved DBS:IflC gas. The extreme limits are 0.15 éMobutanéto 3 eV
technique and should produce essentially the same results @g,). Measurements at the high energy end of these limits
changing the gas density whenis properly evaluated. A use low gas density runs, which are statistically inhibited for
variety of test runs are used with,HN,, and neopentane. all the gases. At higher gas densities, the séowproperties
Higher and lower values for both the time window and Bhe of the individual gases become important. Unlike most

ield are employed. Along with the usual 30 to 50 ns window,
a 50 to 80 ns window and a 25 to 40 ns window are also
used. Along with the usud@=2.85 kG,B=2.0 and 3.5 kG
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He

gases, isobutane and neopentane rapidly annihilate eslow
causing their high-density rurikow-energy limitg to be lim-
ited by the Ge detector resolution and stability. For the non- 12-
hydrocarbons at higher gas densities, skt contaminate <

the DBS spectrum with a wide component that increases in ‘E 104
amplitude with increasing gas density. The repeatedly ob- -§
served effect on the fitting routine is to return a narrow com- & 89 o %=

-~
ponent width that is speciously too large, overestimating the E P L \
P . Th timating effect i in both th - il
s energy. The overestimating effect is seen in bo e non-& B codet al [51]
——

‘Nagashima et al [11]

% _Blackwoodet al. [46]

hydrocarbon gases and in the systematic tests of the delaye: 4
time window. Clearly, an asymmetrical systematic error ~._] " Canteret al [63]
could be applied to these DBS results to account for the 2 T — ///*"""
uncertainties introduced by the wide component. We have This Work _qu,/éch[”]
elected not to apply an asymmetric systematic error bar. The o v T v T v 1
analysis scheme, as depicted in Figs. 4 and 5, cannot alsc o 2 4 6
decide the asymmetry in the error bar. The data in Fig. 7, Energy (eV)
while indicating a possible need for an asymmetric error, ) ) )
cannot quantify the effect. The,Nlata shown in Fig. 7 pre- FIG. 8. Comparison of theory and experiment for H(_e scattering.
cisely follow the line from Fig. 6. The neopentane data inMéasurements of the momentum-transfer cross sectign, are
Fig. 7 are just beginning to observe the overestimating effedplotted at the average _Ps energy for each e_xperlment. From _Flg. 1,
in higher density runs, that is, the data points are starting t?Jnly two elastic scattering calculathns are dlsplaygd, those with the
fall below the line. The overestimating of the narrow com- _argest and the smallest cross sect_lon. Where avallable,_the t_heoret-

. . . . . ical momentum-transfer cross section has been added, in this case,
ponent width is most pronounced in the high densipyrtth, : . ; )

o . . given at just one point, the average energy for our experiment.

where the point is more than#,,; below the line. Compari-
son of this point in Fig. 6 indicates why such a large error bar ) ) ) )
appears in Fig. 6 resulting from the analysis scheme depicte@XPectations thaBwave elastic scattering should dominate
in Figs. 4 and 5. The new analysis scheme has quantified afyhen Ps is thermalizing in noble gases, a laPgeave and
accounted for the systematic bias introduced by the presendigher wave contributions have been found in the latest cal-
of the wide component in the DBS spectrum. The data preculations[51], indicating a difference betwear and o,
sented in Fig. 7 provide an experimental verification of thethe latter being the experimentally measured quantity. Con-

new analysis scheme and its conservative handling of thgédquently, much more care is needed in comparing experi-
systematic effects. mental cross sections with theoretical calculations. Only in

Even with all of the above qualifications, these DBS re-Ref. _[51.] have appropriate calc.ulations been done to obtain
sults often differ significantly from the results obtained from @m. incidentally reducing the disagreement between our ex-
ACAR and, where available, most theory. Fog, Nhe latest perimentalo,, for He anql the theoretical calculatipa6] by
ACAR result is 0,,=26+=8 A?> compared too,,=13.0 a!most a factor of 2. It is gnknown how mgeﬂn and el
+0.5 A2 determined by this studgTable |), less than a & differ for the o_ther calculatlo_ns. B_ut even vv_lth the predlcted
difference. For H, the latest ACAR result iso,,=17 sharply dropping cross sections in Fig. 8, it is unlikely that
+5 A? [62] compared to 3.3-0.7 A? from this investiga-
tion. The older theoretical fHcalculation[42] is an order of 20
magnitude larger than either experimental result. The recent Ne
theory[43] is in good agreement with the present DBS re-
sult, perhaps indicating that the ACAR result for theddoss 15
section may be too large.

The theoretical situation with He is much more complex &
since there are many more calculations as shown in Fig 1. 10
The disagreement between theoretical He calculations is as g,
large as the disagreement between the experimental values § _______

For He, the latest ACAR result is,,= 11+ 3 A? [62] com- O s\ T N T e «—%n
pared to 2.8 0.8 A% from this investigation. These two ex- ) . \ """ - T
perimental cross sections are shown in Fig. 8 at the average Mitroy et al. [34] \This Work Biswas et al. [50]
Ps energy of each cross section measurement. Also shown ir 0 - - . ‘ - .
Fig. 8 are the higheg6] and (absoluté lowest[50] theo- o 1 2 Ene: (eV)4 5 6
retical curves from Fig. 1. An old measurement of the scat- gy
tering length[63] is also included in Fig. 8. Note that the  FiG. 9. Comparison of theory and experiment for Ne scattering.
highest theoretical curve from Flg 1 has an attached point ilMeasurements of the momentum-transfer cross sectign, are

Fig. 8. This extra point depicts the momentum-transfer crosplotted at the average Ps energy for each experiment. The elastic
section at the center of the energy interval of our measurescattering calculations have also been plotted. Where available, the
ments, as given in a footnote in R¢B1]. Despite universal theoretical momentum-transfer cross-section curve has been added.

Nagashima et al. [62]
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A ACAR [10,11,62,64,6b The ACAR H, and He values pre-

r sented herg¢11,62 were revised downwards by factors of
3-5 from the upper limits appearing in an earlier rep .

The revision came about from a different treatment of Ps
elastic scattering in the aerodé4,65. Clearly, the ACAR
results are very sensitive to the treatment of the aerogel ther-
15 . Blackwood et al. [51] malization process.

Another systematic problem with the aerogel ACAR tech-
o nique is the assumption that tbePs released into the micro-

101- troyet al [34] 7T e-eaoo. =0, voids has the same initial energy distribution with and with-

~.
-~

Nagashima et al. [64]

Cross Section (Az)

Jl TR +e— Biswas et al.[S0] out gas added to the aerogel. The absorption of the gas onto
This Work T Tmrmeseanl the walls of the microvoids changes the character of these
0 1 N 3 4 s & surfaces. This change can be important since either long-
Energy (eV) lived Ps is formed on these surfaces or Ps from the bulk must
pass through these surfaces to get into the microvoids. If the
FIG. 10. Comparison of theory and experiment for Ar scattering.initial Ps energy distribution is changed by adding a gas, the
Measurements of the momentum-transfer cross sectign, are  aerogel subtraction employed in the ACAR studies will lead
plotted at the average Ps energy for each experiment. The elastio erroneous results. Further, there is experimental evidence
scattering calculations have also been plotted. Where available, thsf this very problem occurring in one aerogel thermalization
theoretical momentum-transfer cross-section curve has been addéflvestigation[61]. Time-resolved DBS studies of aerogel
with and without 0.2 atm @give an apparent contradiction,
the ACAR measuremen§2,11] and our DBS measurement adding gas slows thermalization. Either the initial Ps energy
can be brought into accord. However, our DBS measuremerié much higher with gas added or inelastic Ps-surface inter-
and the scattering length measuremggg] could be con- actions are much weaker with gas added. Either scenario is
nected by a quickly dropping curve and may not be in dis-systematically awkward for interpreting aerogel ACAR data
agreement. with and without gas. Admittedly, ©gas is probably more
The situation with the Ne cross sections is similar to He,reactive with the aerogel microvoid surfaces than some of
including theo,, problem. The very latest calculatiof81]  the other gases studied in Refd0,11,62,64,6b But, all
contain substantiaP and higher wave contributions leading gases, even noble gases, absorb to aerogel, just in differing
to a large difference betwees, and o, at a few eV, as amounts and probably with different effects on the microvoid
shown in Fig. 9 with the experimental data for comparison.o-Ps, both in formation and in subsequent wall scatterings.
The ACAR measuremeii62] for Ne yieldso,=10=7 A>  These systematic problems may account for the consistently
and our DBS value isr,,=6.40+0.15 A2, agreement only much larger H, N,, and He cross sections obtained with the
because of large error bars. The theoretical calculations amerogel ACAR techniqu§l0,11,62,64,6bcompared to the
quite discrepant. Similarly for Ar, the comparisons are showrDBS results presented here.

in Fig. 10 with the difference between,, and o, shown for For molecular gases, there is a little theory fos, Hhs
Ref. [51]. The experiments are in nominal agreement ancpreviously discussed, and none for heavier molecules. The
theory calculations are discrepant. ACAR result for the isobutane cross section is an upper limit

To summarize the situation for Ps in noble gases, the exef 210 A? [10], compared to (14 19) A? found here with
perimental Ne and Ar momentum-transfer cross sections ar@BS. Is an isobutane molecule actually this large in a clas-
in good agreement for the ACAR and DBS techniques. Fosical sense? Simple bond-length arguments would predict a
He, the ACAR and DBS techniques give apparently incon<lassical size several times smaller than these observations.
sistent cross sections even though the measurements &@erhaps, rovibrational excitations of the isobutane molecule
done at slightly different Ps energies. The theoretical situaby the collidingo-Ps are increasing the apparent molecular
tions for He, Ne, and Ar, all feature calculations with differ- size by speeding up the thermalization process with inelastic
ing cross sections, by as much as an order of magnitudenergy losses. The IR spectra of isobutane and neopentane
Most of these calculations indicate a decrease in cross seboth have a strong line indicating a vibrational level at 0.17
tion with increasing Ps energy. In an attempt to investigateeV [66], which unfortunately is outside the Ps energy range
this feature of the calculations, the Ne and Ar DBS data arénvestigated here for neopentane and just barely inside for
fit to a Sauder-likg20] thermalization model but witha~!  isobutane. Other, weaker IR lin86] indicate that both elas-
dependence for the cross section, instead of a constant crass and inelastic energy-loss processes could be operating in
section[20]. The Ne and Ar DBS data fit this ! model in  the Ps energy range observed in the DBS thermalization ex-
a manner just as reasonable and acceptable as the Saugeriment. If inelastic collisions contribute significantly to Ps
model shown in Fig. 6. The conclusion is that one cannothermalization, then the straight lines for isobutane and neo-
discern from these DBS data whether the cross section igentane in Fig. 6 are simply fortuitous and probably due to
constant, Fig. 6, or is sharply decreasing with energy. the broad energy distribution for a thermalizing Ps sample.

The clear difference in both He and,Hexperimental The same logic of inelastic, vibrational excitations applied
cross-section values between ACAR and DBS may be due tm H, and N, seems to predict curved lines in Fig. 6. The
systematic problems in handling the aerogel subtraction fonumber of vibrational excitation levels in both molecules is
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several per e\(f52]. Over the Ps energy range investigatedtion, no specific model of Ps energy loss need be assumed. It
for these two molecules, the number of available inelasticurns out that a classical elastic-scattering model adequately
channels changes dramatically. One would expect a largdits the data for all seven gases studied here. When compari-
inelastic cross section at higher Ps energies with more awsons can be made, the energy-loss cross sections that are
enues for inelastic energy loss. Elastic scattering calculationsptained from the fits are often significantly smaller than the
for H, H,, He, Ne, and Ar all have the opposite energy de-ACAR results and most theoretical calculations. A limited Ps
pendence, with cross sections decreasing at higher Ps engiiergy range from at best 0.15 to 3.0 eV is investigated in
gies. The straight lines observed for non-_noble gases in Fighe present study. Future studies could expand the Ps energy
6 could also be due to a near cancellation of inelastic anghnge and improve the accuracy. An estimate of the initial
elastic energy dependencies leaving a roughly constant totgl - ation energy of Ps is obtained by extrapolation of the
cross section. , , , measurements. The initial Ps energies, when accurately ob-
The contribution from inelastic scattering betweentained, cluster between 2 and 4 eV, as expected from a
~1 eV Ps and molecular gases is usually assumed to bé?mple Qe model of Ps formation.
comparable to inelastic c_ontriputions observed in electron e reliability of the DBS technique has been extensively
scattering[67] and scattering with regular atoms and mol- yasteq in three of the gases and systematic errors are included
ecules. Yet, the case of Ps scattering is quite different angl, yhe final results for cross sections and formation energies.
unique because of the combination of small mass and neutrgh e 5greement with ACAR experiments is still not good. The
charge. The interaction of a Ps atom with a gas molecule igreatment of the thermalizing effect of aerogel is critical in
by necessity, short ranged and, since Ps moves so fast, pfierpreting ACAR data. A subtraction of aerogel ACAR
short-time duration. The usu_al view of Ps scattering from thyith and without added gas assumes no change in Ps emitted
whole moleculg10] may be incorrect. from the aerogel grains. Errors could arise in the complex
Consider the relative thermalization rates of He, Ne, anqyoatment and reduction of ACAR data to obtain cross sec-
N as shown as their slopes in Fig. 6, lower right. Note thejons, |n comparison, our DBS technique is straightforward
slope of the N line falls between the HeM =4) and the Ne g has inherently a better signal-to-noise ratio in the raw
(M =20). lines. This fact could indicate tha.t Ps scatters fromyaia due to time selection. While the ACAR technique has
only a single N atom i1 =14), not the entire molecule. In jnherently much better instumental momentum resolution
this interpretation oM in elastic scattering, theNand H,  compared to DBS, source inefficiencies and uncertainties in
cross sections presented in Table | would need to be reducgge interpretation of ACAR spectra may be causing misesti-
by a factor of 2 and expressed as N and H cross sections @hates of cross sections.

6.5 A> and 1.65 &, respectively. The theoretical progress on Ps gas scattering calculations
Using this same scattering picture, the large saturated hyg not as quick as Massey and Mol expected, but im-
drocarbon molecules used in these studies may appear to Bgving and expanding rapidly. Published calculations of rel-
as an isolated “clump” of several H atoms. For elastic scat-eyance to the Ps thermalization problem are, except for He,
tering, theM used in Eq.(4) could be as small as a few gparse and often contradictory. The disagreement between
compared to 58 and 72 for isobutane and neopentane Mgnese DBS results and ACAR measurements for He has re-
lecular masses. The cross sections appearing in Table | fently interested theorists and the literature is now expanding

these molecules would be substantially reduced with thi$apid|y on this difficult scattering problem.

new interpretation. Also, the excitation of certain vibrational | appears from these DBS results that Ps-gas cross sec-
and rotational modes would be forbidden in this alternatgjons are significantly smaller than previously believed. This
view of Ps scattering with molecules. For both isobutane angnpjies that thermalization times are actually much longer
neopentane, vibrational excitations involving only C-H than previously thought. The ramifications of slow Ps ther-
bonds all have energies above 0.17 eV. Conversely, vibranajization in gases could be substantial in experiments mea-
tional excitations involving C-C bonds, deep inside the mO"suring Ps lifetimes in low-density gases. The appearance of
ecule, are all below 0.17 el66]. One might expect a dra- ps thermalization effects in lifetime spectra is characterized
matic effect on Ps thermalization when crossing this 0-17'9\6y a lifetime that apparently changes as the Ps gets older.
threshold. Unfortunately, 0.17 eV is near the bottor_n of thegch effects have been observed in high-precision, decay
range of the present measureme(sise Table | and Fig.)6  rate (lifetime) studies[14—16. Understanding these decay
but a second-generation thermalization apparatus could eaggte effects was the original motivation for beginning the
ily scan through this energy threshold and search for a repps investigation and has led to an ongoing reinvestigation
duced thermalization rate at low energy. Until such a test, thf thermalization and guenching issues in decay rate experi-
correct picture of~1-eV Ps interacting with molecules will ments using gaseid7]. A small correction to existing gas
remain a mystery. decay rate results will be published in a forthcoming paper
[18].

A replacement gas chamber has been designed for the
existing electromagnet and single Ge detector. This revised
We have demonstrated that time-resolved Dopplerdesign is optimized in the sense @ greatly increased sta-

broadening measurements are a simple, yet powerful teclistical efficiency,(2) improved signal-to-noise ratio, where
nigue for observing the formation and thermalization of Ps inthe noise here is due to accidental, random coincidences, and
gases. Unlike the previous ACAR studies of Ps thermaliza¢3) increased resolution stability. With the addition of this

VIIl. CONCLUSIONS
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gas chamber and upgrading of the data-acquisition electrorf72 versus 84 is small compared to a possible factor of 2
ics, an order of magnitude reduction in cross-section errochange in mass from which Ps scatters. Such a change
bars may be possible. The systematic effects of the broaelearly could affect elastic scattering and also vibrational ex-
DBS component must also be understood better to extend tifitations[66]. _

present measurements. Access to more thermalization data USing electrons or photons as a scattering probe of large
would greatly aid in the quantitative understanding of thehydrocarbon molecules results in a rich spectrum of inelastic
broad DBS component. Externally derived DBS dggg—  €Xcitations: rotational, vibrational, and electronic degrees of
70] can also, in some instances, be used to specify the forffeedom are readily accessed for all types of bonds. The
of the broad DBS component observed in our spectra. ThRresent evidence from Ps thermalization is bland in compari-
possibility of using mixtures of gases to suppress the broa on; no m;alastlc structure is evident for isobutane or neopen-
component needs to be investigated as well. In short, th he. An improvement in the accuracy of the energy mea-

future prospects are excellent for more DBS measuremene ;:trigegasd Iisn e?e?sstlircaTSnt?iT)%ti?ﬁsy tgethgegﬁf;ary|£s riens%I\S/e
of Ps thermalizing in various gases. 9y

The hydrocarbon gases studied here, isobutane and r]et(E_ermaIization; the same applies to extending the range of
! t

pentane, are noted for rapid quenching of slow positrons. e Ps energy measurements.

These gases have excellent prospects for expanding the en-A Seco’?d'ge”e“'?‘“on therma_llz_atlon apparatus C.OUId ad-
%ress the issue of inelastic collisions in many possible mo-

ergy range of the Ps thermalization measurements down : .
thermal. At present, Ge detector resolution stability limits thetlecular gases. It could also improve the accuracy of elastic

lowest Ps energies that can be investigated. The resolutidff 0SS Sections and the search for their energy dependence in

stability issue is simply a hardware problem with our data—.nObIe gases. The ability to compare experiment with theoret-

acquisition system and can be straightforwardly minimizeofCal calculations will expand in future. years both for nople
and molecular gases, hopefully, leading to the correct view
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