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Measurements of positronium formation cross sections in positron-Mg collisions
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We report measurements of positronigR®s formation cross sections for 0.1-60 eV positrons scattered by
Mg atoms. There is reasonable agreement between the measured cross sections and recent calculations of those
values, both of which indicate an unusually steep increase of the Ps formation cross section from zero to a large
peak value as the positron energy is increased from the Ps formation threshold to less than 1 eV above that
threshold.
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. INTRODUCTION existing calculated)p, results[13] related to single ioniza-
tion of the atom, that at a given incidesit energy above the
During the past decade our group has measured positr@s formation threshold, the larger the differefige(whether
nium (P9 formation cross sectionsQpss) for positrons  positive or negativebetween the kinetic energies of the in-
(e*’s) scattered by hydrogen atoms, inert gases, alkali-metatominge™ and the outgoing Ps atom, the smaller is the Ps
atoms, and some moleculgls-5]. Qp.s have also been mea- formation cross section. Van Reeth al. show that a rela-
sured by other groups foe™’s scattered by a variety of tionship of the form
room-temperature gases and for atomic hydrd@dnThese
results, along with prior measurements of total cross sections Qps=Aexp(— BE[) @)
, +
(Qr's) for e™'s scattered by the same target atoms and .mo.lbrovides a quantitative description of the correlation between
ecules[7], as well as corresponding calculated results indi-

. : .QpsandE, described qualitatively above, where the positive
cate that the Ps formation channel plays an important role i oefficientsA and B are energy-dependent parameters, one
e interactions with atoms and molecules at low to interme-, i

, X set of which would apply to all the inert gases, another set of
diate energies. which would apply to the groundnE=1) states of all the
For the room-temperature gas atoms and moledsiesh 5 ali-metal atoms, and yet another set would apply to the
as kb, He, Ne, Ar, Kr, Xe, N, CO,, etc) there are generally n=2 states of all the alkali-metal atoms. It should be noted
pronounced increases in tig@’s when thee™ energy rises that for single ionizationE, is just Ep, the Ps formation
above the threshold for formation of Ps in its ground statehreshold of the atom. Our observations for the alkali-metal
[7]. For the alkali-metal atoms, due to their ionization thresh-atoms referred to abo@0] and the quantitative analysis by
old energies being less than the binding energy of Ps in it¥an Reethet al. suggest the possibility that Ps formation in
ground statg6.8 eV), Ps can be formed at arbitrarily low e™* collisions with target atoms whose Ps formation threshold
energieq“negative” Ps formation thresholgisand one does energyEgis close to zero may look like a resonant process
not see the effect of the Ps formation channel in@iés in in the sense that it may have particularly large value® gf
an obvious way as in the case of the room-temperature gasea. energies just above the threshold. Van Resthl. [12]
However, the role of Ps formation ie”-alkali-metal-atom also mention that the slope of the fit to E@{.) becomes
scattering is nonetheless important. For instance, it is resmaller(the parameteB decreasgsas the excess energy of
markable that for some alkali metals, the neglect of the Phe incident positron increases, and that this corresponds to
formation channel in calculations related to the peak ofQpsbeing closer to the Ps formation threshold for
e’ -alkali-metal-atom collisions leads to drastic disagree-atoms whosépvalues are closer to zero, which appears to
ments between theory and experiment with the calcul@ged be consistent with what we have observed for the inert gas
results[8] being muchlarger than the corresponding mea- atoms[3] and with the calculatefil3] Qps results forn=1
surementg9] at low energies, emphasizing the importanceand for n=2 Ps formation ine*-alkali-metal atom colli-
of taking the coupling between the Ps formation channel andions.
other scattering channels into account in theoretical models. In light of the above discussion, Mg is an interesting can-
Regarding our motivation for investigating Mg, we had didate for a detailed investigation @y, since the threshold
pointed out sometime agd0] that theoretical calculations for ground-state Ps formation for Mg is 0.84 eV, which is
[8,11] of Qpes for e* - alkali-metal-atom collisions, with significantly closer to a zero-energy Ps formation threshold
which our measured)p,s were in reasonable agreement, than for any other atoms or molecules, for whighss have
were consistent with a possible correlation between the reldbeen measured so far, including the ground or excited Ps
tive proximities of then=1 orn=2 Ps formation thresholds states of any of the alkali-metal atoms. If the hypothesis by
(“negative” or “positive”) to zero energy and the relative Van Reethet al. [12] referred to above applies to other at-
importance of the roles of those states in the overall Ps foroms, including Mg, this would suggest that there is a possi-
mation process. Consistent with this observation, Van Reethility that the Qps values could be rather large for Mg above
et al. [12] have recently formulated a hypothesis, based orts Ps formation threshold, and th@bg could rise to its peak
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value unusually abruptly as tled energy is increased. In the ergy width and the angular spread of #ie beam. Using the
same light, it could be tempting to investigate atoms such asell retarding potential curve information, the potential ap-
Ti, Cr, and Zr, whose ground state Ps formation thresholds gplied to the cell can then be varied by an appropriate amount
0.02, —0.04, and 0.04 eV, respectively, are even closer tdo set the actuad® beam energy in the scattering cell at any
zero. Unfortunately, each of these atoms requires relativelgdesired value.

high temperatures> 1000°C) to obtain vapor pressures suf-  We measure upper limitsQ(,,'s) on Qps, by measuring
ficient for measurable attenuation of teé beam. On the the attenuation of oue™ beam with the angular discrimina-
other hand, in the case of Mg, a scattering-cell temperaturgon of our experiment deliberately made as poor as possible
of about 350°C is sufficient for obtaining a measurable atin order to keep scatteresl’s (which have not formed Ps or
tenuation of thee™ beam. annihilated otherwigein the beam that exits the scattering

Another motivation for studying Mg is that it is a member cell with the unscattered*’s. This is accomplished by using
of the alkaline-earth metal family of elements that has nevethe relatively large(90 G) axial magnetic field referred to
been investigated in a@" scattering experiment. above and a relatively large scattering-cell-exit aperture
(4.76 mm inside diametgcompared to the entrance aperture
(3.18 mm i.d). Under these conditions, Ps formation can be
the main contribution to the attenuation of thé beam over

We carried out all th&p, measurements on Mg using the a significant energy range above the Ps formation threshold.
same apparatus that we have used before for measQeggy  We then obtairQ_ from the relationship
in e*-alkali-metal-atom scattering described in R¢%4,5
except for a relatively minor modification. A description of I=Tpexp —nQy.L), (2)
the experiment follows.

Positrons emitted by &Na source are slowed by a set of whereZ, is the transmitted beam count rate with the scatter-
three annealed tungsten meshes serving as a moderator, fog cell “cold” (no appreciable vapor pressure in the dll
cused by an electrostatic lens system, and guided by an axia the transmitted beam count rate with the cell “hdMg
magnetic field to form a beam that passes through the scatapor of number density in the cel), andL is the path
tering cell. The measured energy width of @ir beam(full length of the beam through the célissentially the distance
width at half maximum is energy dependent and typically between the entrance and exit apertures of the).c€he
several tenths of an eV. The axial magnetic field in the scatnhumber density is obtained by measuring the temperature of
tering cell (=90 G) is large enough to preveat’s, which  the scattering cell and using published vapor pressure data
scatter elastically or inelastically without forming Ps, from [14] along with the ideal-gas law. The “cross sectio@;_
reaching the walls of the scattering cell. The stainless steabtained in this way is regarded as an upper limit on the
scattering cell is an oven with an attached cylinder thatactualQpvalue because the" beam attenuation associated
serves as a reservoir for the metal whose atoms we wish twith this cross section is related not only é’s that have
use as target atoms fa@" collisions. When the cell is at a formed Ps, but also te*’s that have been scattered into the
relatively low temperaturg“cold” ), e*’s pass through it backward hemisphere or at sufficiently large forward angles
without significant attenuation and reach the channeltrorso that they are removed from the primary beam.
electron multiplier(CEM) located just beyond the cell, en-  One-fourth of the Ps formed in the scattering cell is
abling us to measure the primary beam counts. When the cgllara-Ps(spin 0, mean lifetime 0.125 pswhile three-fourths
is heated sufficientlby passing electric current through is ortho-Ps(spin 1, mean lifetime 142 nsThe scattering cell
separate tantalum wire heating elements embedded in itsas a square cross section and its walls are 1.27 cm apart. A
walls and in the wall of its attached cylindee™’s scatter free 1-eVpara-Ps would travel about 0.05 mm prior to de-
from Mg atoms in the resulting vapor that fills the cell, and caying into two back-to-back 511-ke\y rays, so even
Ps is produced when thee” energy is above the Ps formation para-Ps with kinetic energy of the order of 100 eV moves
threshold. only about 0.5 mm and will not even come close to reaching

The energy of the* beam as it passes through the scat-the inner surface of the scattering cell prior to annihilation.
tering cell is defined by the potential difference applied be-On the other hand, a free 1-artho-Ps would travel about 6
tween the tungsten mesh moderator and the cell, and by them prior to decaying into threg rays with a total energy of
relative work functions of their respective surfaces. With the1022 keV, so if the Ps work functiofor the “Ps formation
cell being cold and the potential difference between the modpotential”) of the cell's coated inner surface is ignored, even
erator and ground set at a given value, the mearbeam a 0.1-eVortho-Ps moving within 70° of being perpendicular
energy can be measured using a retarding potential technique the cell wall would tend to strike the wall before annihi-
by varying the potential difference between the ¢efthichis  lating in flight. However, a negative Ps work function of the
electrically floating and ground, and plotting the derivative cell's coated surface of the order of 1 eV would imply that
of the resulting retarding potential curve with respect to theortho-Ps with less than that amount of kinetic energy would
applied cell potential, which results in a bell-shaped curvenot tend to strike the oven surface, so the Ps work function of
The position of the peak of this curve indicates the midpointhe scattering-cell surface could play an important role in
of the retarding curve falloff and hence, the mean energy ofhese considerations for low-energgtho-Ps. For theortho-
thee™ beam when the cell potential is set at zero. The widthPs’s that do reach the inner surface of the scattering cell,
of the peak gives an indication of a combination of the en-their interaction with the surface could give rise to the pro-

II. EXPERIMENTAL APPROACH
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duction of two 511-keVy rays by conversion intpara-Ps or  coefficient of they rays that contribute to our 243signal

a breakup(if the ortho-Ps has sufficient kinetic energinto  (Which would be expected to be lower than the correspond-

ane’ and ane” with the subsequent annihilation of teé  ing coefficient for the 511-ke\ rays.

with ane™ in the surface. Thus, by detecting coincidences of If we are able to determine,;, to our satisfaction, we

2y rays within appropriate energy windowset to 511  will then be able to obtain the iterated value@js,, add it

+50 keV) using two photomultiplier tubes with attached to Q(L'L) on the right-hand side of Ed4) to include the at-

Nal(Tl) scintillators located on opposite sides of the scattertenuation of thee* beam due to the 243signal in the lower

ing cell, we can place a lower limiQ,; onQps, because the |imit, and then continue substitutions of the converging val-

measured 2 signal can account for all of theara-Ps and @ yes ofQ’s until both Q. andQ.s, converge. Then the sum

significant fraction of thertho-Ps that is formed in our cell.  of these converged cross sections would correspond to the

We determme the o_verall dgtectlon efﬁqency of our system«otal Ps formation cross sectionQps.

for the 2y signal using a'callbrated sodium 22 source. In this work a value 0fQys, is determined as just de-
We also detect coincidences of two out of the three scribed, but using the same produquzy (instead of

(2/3y) rays coming from decays afrtho-Ps in flight by set- o . .
ting energy windows between 300 and 460 keV. Although62’3T_F7.) in the .tcjienomllnator 0; Edq'é') las for: ths Zy S|ghqal.
the overall detection efficiency of our system for this signal” réliminary evidence is provided below that doing this may

is not easy to determine, we have been exploring differenP€ @ reasonable starting point for our present stage of accu-

ways to measure it, and by doing so, we are learning moréACy Of ourQps measurements.

about the amount obrtho-Ps that decays in flight. We call ~ Using Eq.(4) to determineQ,, in the absence of knowl- -

the corresponding measured cross secgp, . We can ob- edge ofeys, , we assume that the attenuathn of the beam is

tain actualQps values by adding contributions that come due to the 2 signal alone so the corresponding cross section

from 2y and 2/3y coincidence signals once the overall de- QL. Maintains its status of a valid lower limit.

tection efficiency of our system for the 2/3ignal has been The first step in measuring a set of cross sectiddgy (

determined. QL. andQy,) is to adjust thee™ beam tuning parameters
As explained in Ref[5], we use an iterative procedure to (I€ns voltages and magnetic-field coil currgntsthe system

cell cold for a givene™ beam energy. Normally, ou®, ,

QL. and Q,3, measurements are based upon a so-called
= , (3) “hot run” (scattering-cell temperature high enough to sig-
Noe "Orta(1—-e "%P)e, F2 nificantly attenuate the* beam bracketed by two “cold
runs” (scattering-cell temperature low enough to cause no
whereN,, is the rate of 2 coincidencesN, is the rate of  significant attenuation of the® beam for eache™ beam
e’ counts in the unattenuatédold) primary beamp is the  energy. Then this sequence of events is repeated for each
Mg atom number density in the vapor that fills the cellgy newe” beam energy that we wish to investigate. Reasonable
is the channeltron efficiency fa" detection.e,, is the 2y agreement of the cold runs before and after a given hot run is
coincidence detection efficienck,, is the transmission co- required for the data from such a sequence of measurements
efficient of 511-keVy rays by the cell's wallsL, is the  to be considered reliable.
beam path length from the entrance aperture of the cell to the For our Q,, and Q,, measurements, we have also per-
front edges of the scintillators, ardlis the beam path length formed energy scans by optimizing the tuning of thé
between the scintillators. The actu@|, values are then ob- beam with the scattering cell cold for an energy located in

QTNnycEM

1
QY

tained by iteratively using the formula the scanned energy range and then increasing the scattering-
cell temperature for the hot run and simply stepping the cell
i1 Q(,_iL)NzyeCEM voltage along by discrete increments and measuring coinci-
QM= (4 dence count rates and the transmité&dbeam count rates at

0 Y= () '
Noe "CiLte(1—e MU, FF each of those energies with the cell maintained at the high
. L) . i o temperature before making the final cold run. This enables us
and starting withQ[’ obtained from Eq.(3) in the limit 5 gptain much more data in a given period of time because
whereQr goes to zero, as explained in RES]. The iteration e can avoid cycling the temperature from cold to hot to
procedure does not depend Qr and it converges in essen- cold (a very time-consuming procediréor each separate
t|a.”y a.” cases W|th|n ﬁVe iterations. The I‘esu|tirig|_|_ iS energy value that we wish to investigate_
based only upon thej2signal that we measure. Regarding the “minor modification” in apparatus men-
The “two of three” y cross sectiorQy3, should be cal-  tioned at the beginning of this section, one of the major
culated using a formula similar to E¢4) with N, replaced  challenges we encountered in trying to measQgeg for Mg
by the rate of 2/3 coincidencesNy,, and Q) on the  with our heated scattering cell was related to the need to
right-hand side replaced b9, + Q(z',)sy (since both the 2  establish a reasonably uniform coating of the Mg on the
and 2/3y signals are related to Ps formation and as such ariner surfaces of that cell. The scattering apparatus used in
both connected to the attenuation of e bean), €, re-  this experiment was originally designed for investigations of
placed bye,s, (the 2/3y detection efficiency which we do the alkali-metal atoms. Our work with the alkali-metal atoms
not yet know, and wherer, in this case is the transmission had indicated that it was important to precoat the scattering-
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cell walls with the alkali metal being investigated and tothe development of nonuniform Mg coatings, contamination
maintain a reasonably uniform coating during the data runef the Mg coatings, or the buildup of excessive Mg deposits.
in order to obtain reliable estimates of vapor pressures baséfhen our measure@_ curves were carefully monitored
upon measurements of cell-wall temperatures. When the cypver time, significant changes in absol@g, values or in
inder which served as a reservoir for the alkali metals waghe shape of th@y, curve helped make us aware that such
heated, the alkali metal would melt and the vapor that wa®roblems could be occurring and gave us a basis for rejecting
produced would condense on the inner surfaces of the scanreliable data.
tering cell and wet and eventually visibly coat those surfaces. An additional check on whether our cross-section mea-
Since the scattering cell is heated as well, there is a dynamigurements were making sense was provided by wh&per
equilibrium between these coated surfaces and the vapor Was approaching zero when the beam energy was re-
the cell (we try to compensate for the loss of atoms due toduced belowEp allowing for the energy width of the beam.
effusion from the entrance and exit apertures of the cell byVhen problems were developing with uneven or contami-
maintaining the cylinder at a slightly higher temperature tharhated coatings or excessive buildups of Mg, we could easily
the scattering cell We believe that it is reasonable under undercount the primary beam due to not having all the beam
these conditions to make use of published saturation vapdhat enters the scattering cell reach the CEM detector be-
pressure datfil4] along with measured cell-wall tempera- cause of blockages by the Mg buildups or due to deflection
tures and the ideal-gas law to determine the number densi§f the beam related to asymmetries or other changes in the
of atoms in the scattering cell. Mg coating. This would result in our measured cross sections
Magnesium does not melt when heated, but rather it suboeing too high and this problem could be particularly severe
limes, resulting in vapor that condenses on some parts of thas thee™ beam energy approached low energies2(eV)
cell walls, but it does not wet the cell walls and we foundregardless of the 0.84-eV threshold of Ps formation. Thus,
that it was considerably more difficult to obtain a reasonablyindications of rising values of our measured cross sections at
uniform Mg coating on all the inner cell-wall surfaces. As a the lowest energies, rather than the expected decrease in their
result, we were plagued for an extended period of time withvalues as the positron energy was approaching close to the Ps
unreproducible cross-section results. We ended up dealinigrmation threshold, served to warn us that problems were
with this problem by inserting a cylindrical tube machined arising and provided an additional criterion for rejecting un-
from solid Mg that fits snugly inside the scattering cell. Thereliable data.
internal surface of this tube served as our Mg lining for our It should also be noted that every time measurements for
scattering cell rather than relying upon the particularly non-a givene" beam energy are made, the temperature of the
uniform coating produced by migration of atoms from thescattering cell and the corresponding number density has
cylindrical reservoir to the scattering cell above it. We alsobeen somewhat different, and since measured cross sections
machined slots in the bottom part of the Mg tube so that Mgshould be independent of number density, this provides an
vapor originating from the Mg ribbon in our heated cylindri- ongoing check of internal consistency of our data as we go
cal reservoir could enter the interior of the Mg tube andback and remeasure cross sections for given energies to test
“refresh” the inner surface of that tube during our data runs.for repeatability of our results. For the data that we deem
Another difficulty that arose was that after making cross-reliable, there are no indications of dependence of our mea-
section measurements with Mg for a few days, an excessivaured cross sections on number density.
buildup of the metal would tend to occur in certain locations
inside of our scattering cell, in apertures, and in_ ot_her parts Il RESULTS AND DISCUSSION
of the system and that would reduce the transmission of our
e” beam through our system to the CEM detector. This re- The tabulated averaged results of the lower limifs ()
sulted in moree™’s entering the scattering cell than reaching and the upper limits@y, ) on Qpgare given in Table | and
the detector, and a corresponding undercounting of the priare plotted versus™ energy in Fig. 1 along witlQp.s cal-
mary e* beam, which would tend to mak®,, and Qz3,  culated by Walter$15] using a coupled-state approximation
values too high. The excessive buildup of Mg can also narand by Hewittet al. using a close-coupling approximation
row the exit aperture of the scattering cell and the aperture dfl6], and also inelastic cross sections obtained by Gribakin
a retarding element following the scattering cell, and narand King[17] using anab initio many-body correlation po-
rower apertures could provide better angular discriminatiortential calculation which should represe@p up to the
which could makeQy,, too high also. On the other hand, if threshold(4.3 e\) for excitation of Mg bye*’s. Our mea-
the Mg coating became nonuniform, or was oxidized or consured upper limits and lower limits, taking their respective
taminated in some other way, and no longer was adequate ferror bars and the energy width of ceif beam into account,
producing the expected equilibrium vapor pressure for Mgessentially brackefand therefore are consistent withll of
corresponding to a given cell-wall temperature, our meathe theoretical calculations shown in Fig. 1. Our measured
suredQyuy , Q.. , andQ3, values could tend to be too low. upper limits are reasonably close to the calculated results of
SinceQy_ involves a relative measuremefthe ratio of ~ Walters up to about 20 eV, shapewise and absolute-value-
the attenuated to unattenuated beam count)ates fairly ~ wise. The energy dependence of our meas@gds appears
insensitive to many problems that can plague our absolute® be consistent with the calculated Ps formation threshold
coincidence measurement®( , Q,), but it would still  (0.84 e\). Our Q, values fall off as thee™ energy is re-
tend to be sensitive to the problems referred to above such akiced below 1.1 e\Q,, is essentially zero at about 0.12 eV,
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TABLE 1. Positronium formation cross sectionsefi-Mg scat- %0 — ———ry

tering: lower and upper limits with statistical uncertainti@s pa- [ —— Walters

rentheseswith respect tee™ energy. 8or ° === Gribakin etal. (Q,._,) |]
ol " Lower ik ]

e . eo

Energy(eV) Lower limit (A% Energy(eV) Upper limit (A?) o . /: g:::::yzndzm

0.12 1.40.3 1.2 74.00.5 < I

0.6 13.40.3 2.0 68.50.2) &£ 50

1.1 22.70.3 4.0 50.40.4) 2 wl

2.0 22.60.3 6.0 40.60.1) o I

4.0 17.90.2 8.0 32.70.1 30 |-

6.1 16.40.2) 9.9 26.70.4) 2 [ .

8.1 10.70.2 15.0 20.60.1) I - K

10.1 10.60.2) 20.0 15.70.1 10 -

15.0 5.90.3 25.0 15.90.1) 0 [ o R

20.0 5.40.2 30.0 10.70.2 0.1 1 10 100

30.0 2.50.1 50.0 6.10.2)

40.0 2.00.1) 60.0 7.30.2) FIG. 2. Lower limit is shown along withQ,s3, and Q,,

50.1 1.20.1) +Qzs3,: they are compared to the theoretical results by Walters

60.1 0.90.1) [15], Gribakin and King[17], and Hewittet al.[16]

consistent with the calculations of Walters, indicating that

measured energy width of 0.4 eV at this energy for etir beam energy has been increased by less than 1 eV, which
beam is taken into account. represents a much steeper riseQ@y; to its maximum than

If the energy width in our experiment were smaller, it for any other target atom or molecule that has been investi-
would be tempting to look for evidence of increased annihi-9ated up to the present time. This is intriguing in view of the
lation y-ray production below the energy threshold for Psdiscussion in Sec. | of this paper, which suggests that a steep
formation in Mg beyond what one would expect from free fiS€ to @ maximum may be consistent with having a Ps for-
annihilation of the positron with an electron due to a pre-mation energy threshold near zero energy, which is the case
dicted bound state that am" may form with Mg with a for Mg.
binding energy o~0.9 eV[18]. The Q,3, results obtained using the same prodagFi

The position of the maximum i, also appears to be Of detection sensitivity and the square of theransmission
coefficient in the denominator of E4) as for the 2/ signal

- I -— are shown in Fig. 2 along with th®,, values and the theo-
® Lower Limit, this work retical result§15—17 that were shown in Fig. 1. The sum of
- O Upper Limit, this work | ] theiteratedlower limit (which we callQ,,) andQ,, is also

—— Walters . . 2 ;
- - - - Gribakin et al. (Q,_, ) plotted in Fig. 2. If the product,,F’, that pertains to the-
60 Hewitt et al. ray signal resulting from decay aifrtho-Ps in flight were
known, this sum would be the actual Ps formation cross sec-
tion, Qps. However, there are some indications that the pro-
cedure we are presently following to obtain @3, results
may be a reasonable starting approximation to the cross sec-
tion that represents thertho-Ps formed in our system that
decays in flight. The argument for this follows.

If the et beam energy is set so that it is just barely above
Eps, then the resulting Ps’s will have very little kinetic en-
ergy. In the limiting case as the" beam energy approaches
Eps, the ortho-Ps is moving so slowly that it cannot reach
the walls of the scattering cell and would be guaranteed to
decay in flight. In such a case, since there is three times as
muchortho-Ps aspara-Ps formed in the scattering cell, one

FIG. 1. Positronium formation cross sectionsein-Mg scatter- ~ Might expect the ratio 00y, 10 Q, to approach3:1.
ing: lower and upper limits are showgerror bars in this and the However, a more careful analysis of a Dalitz flo®] for 3y
following figures represent statistical uncertainties, except wherélecay, taking the widths of our energy windows for detecting
error bars are encompassed by the size of the symhals com-  the y rays associated with)2and 3y decays into account,
pared with theoretical results by Waltdrs5], Gribakin and King ~ suggests that this ratio should actually be about 1.5.
[17] (inelastic cross sectiopsand Hewittet al.[16]. In Fig. 3, the ratio 0fQ,3, to Q,, is plotted versue™*

80

Q,, (10™%em?)

20 -

Energy (eV)
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22— T T T " T v T appears to be relatively insensitive to the incidentenergy
20k ] within an e™ energy range of 100 eV or so. This could be
B 1 consistent with the relatively energy-independent behavior of
181 \ ] the ratio plotted for Mg in Fig. 3 when the" energy is a
16— few eV or more abové&p,. It could also be consistent with
o 14 [ \; ] the relative energy independence of the Li and Na results
- . \ I : discussed above over the whole energy range investigated if
=12 ? \{/I\ T ] the Ps formation potential for those elements is of the order
g" 1.0 of those for the common metals, Al, Cu, and (Ne., a few
S osl ? eV). The reason for this could be that the Ps formation
E X 1 thresholds for alkali-metal atoms are negative so the kinetic
0.6 energies of the Ps formed in its ground state in collisions
04l ] with the alkali-metal atoms can never be less than a few eV
02l 1 and so even for arbitrarily small incideat energy would be
“1 ] like the case for Mg when the incideet energy is a few eV
0-00 . é : 1'0 : 1'5 . 2'0 or more. Comparing the ratios for ID.7) and Na(0.5 to
that of Mg (1.0) at energies more than a few eV abdugg
Energy (eV) suggests that Na has the highest probability of conversion of

theortho-Ps into a 2 signal on the inner walls of the coated
scattering cell while Mg has the lowest probability of con-
version. It is interesting that this conversion probability ap-
beam energy. We believe that there could be some interestirngears to reach somewhat of a plateau at higher Ps energies
physics related to the interaction oftho-Ps with surfaces that is characteristic of the particular substance being inves-
revealed by such a plot. The ratio increases agthenergy tigated.

is reduced from a value of about(above 7 eV and reaches The systematic errors in similar experiments were dis-
a value of 1.9-0.3 near 1 eV, the lowest energy at which the cussed in detail in Ref$5,21]. The systematic uncertainties
ratio was measured. It is encouraging that the ratio decreaseaused by spiraling trajectories ef" and stray magnetic

as thee™ energy is increased, since we would expect that agields around the beam discussed in these references do not
the ortho-Ps energy is increased, its tendency to interact wittchange in the case of Mg. They do not significantly contrib-
the wall and to give rise to a2 coincidence signal would ute to the total systematic uncertainty. The main factor in the
increase, thus increasing the signal that contributeQ4p  case of Mg is rather the quality of the Mg coating on the cell
and decreasing the amount @ftho-Ps that decays in flight walls (uniformity and degree of contaminatijpand how this

and correspondingly th®,/3, value. The measured ratio at 1 affects our determination of the number density of Mg atoms
eV is nearly within its uncertainty of the estimated value ofwhen we use Ref.14]. Our estimates coming from the stan-
1.5 discussed above. This indicates that our use of the sanggrd deviation of the upper limits are that the systematic
product €2yF2 in calculatingQ,3, as for calculatingQ,  errors caused by vapor density uncertainty may be about
may be a reasonable rough starting approximation given th&0% of the measureQpsat energies<15 eV and up to 40%
present uncertainties of our measurements. at energies>15 eV.

It is also worthwhile noting that our measured ratio of We are in the process of trying to more accurately deter-
Qzs3, to Q,, that we have recently reportd®] for Li is mine the appropriate produetz,gszy that should be used
~0.7 and for Na is about 0.5 for all energies investigatedfor our Q,3, data by investigating room-temperature gases.
We find the apparent differences between the ratios for LiOur calculation ofQ,3, and iteration ofQ,, to calculate
Na, and Mg curious. First, consider the general shape of thQ,,, involve the product that is used for thes3ignal instead
ratio curves. At higher energies for Mg and for all energiesof the unknownez,gyF but we consider this to be the best
investigated for Li and N&5] the ratios appear to be rela- that we can do at this point to give an experimental indica-
tively independent of the™ beam energy. A possible expla- tion of the actual value oQp for Mg. It is interesting that
nation for this is that when the™ beam energy is a few eV the resulting sum,, +Qy3, agrees reasonably well with
or more above the Ps formation threshold, dntho-Ps has the general shape of the calculations @f and that our
sufficient energy to reach and interact with the coating on thﬁ?neasuredgps’s along with the calculated values suggest that
cell wall and to break up. Since calculated Ps formation poQ,, rises steeply as thet beam energy is increased above
tentials[20] sometimes referred to as Ps work functions forg,_ from zero to a large value within less than 1 eV above
some common metals such as Al, Cu, and Ni are betweerg,_.
—2 and—3 eV, ortho-Ps with a few eV of kinetic energy
approaching such a surface could possibly break up upon
impact into ane* and ane”. Thee* has a reasonably high
probability (can be greater than 50% for some elemgf6] We would like to acknowledge H.R.J. Walters for helpful
of being reemitted as low energy Ps. If tké energy is communications and the support by NSF Grant No. PHY99-
larger than a few eV, this probability of reemission as Ps38093.

FIG. 3. The ratio 0fQy3, to Q,, with respect toe™ energy.
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