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lonization and fragmentation of CCI,F,, CCIF5;, CF,, and CHF; by positron impact
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The fragmentation patterns of the halomethanes,l&CICCIF;, CF,, and CHR have been studied by
positron impact, in the energy range from threshold to around 50 eV. These data were obtained using a
guadratic potential time of flight mass spectrometer, coupled with a Penning trap and a LINAC-based positron
source. The present data for positrons are compared with results for electron and photoionization from other
works.

PACS numbe(s): 34.85+x

INTRODUCTION tercepted § a W converter to produce positrons by pair pro-
duction. Some of these positrons are moderated to thermal
The fragmentation patterns of molecules by collisionsenergies in the W converter, and re-emitted to form the pri-
with electrons, photons, and other charged particles havmary positron beam, which is then accelerated to 3 keV. This
been studied for many years, but until recently there has beemas previously produced positron beams with intensities in
little work using positron projectiles, largely due to the dif- excess of 1®s ! [22], although the present measurements
ficulties associated with producing suitable beams of slowere performed with intensities of arounck@0° s 1. This
positrons. However, annihilation, positroniyfg formation  is mainly due to degradation of the converter, and to LINAC
and compound formation by dissociative attachment are posperating parameterghosen by the primary usethat are
sible for positron scattering, and these present interesting rexot optimized for positron production.
action channels for investigation. The Penning trap and mass spectrometer are shown sche-
lonizing positron-molecule interactions have previouslymatically in Fig. 1. The 3-keV positrons from the primary
been studied at positron energies both abjdves] and be- beam are implanted in a 1000-A W foil, immediately in front
low the thresholds for Ps formatid@,10]. At energies below of the entrance gridd;) of the 10-cm-long Penning trap.
the Ps threshold, annihilation of the positron on the mol-
ecule, possibly involving the formation of a long-lived

positron-molecule resonanf#l,12, is possible. If the anni- B-field
hilated electron is not in the highest occupied molecular or- ) Penning
bital, the molecule may be left with enough internal energy Flight tube fap

to cause fragmentatiofl3]. At energies just below the Ps Jl]]l L R TTHTTTI

formation threshold it has been suggested that virtual state:
of Ps may also cause an enhanced annihilation[dztk but
this idea has been challenglb]. There has also been some
theoretical interest in the formation of Ps compoufts— ;
18], in which a positronium atom is bound to a neutral frag- trapping potentials ; :
ment. So far the only case to be experimentally confirmed is— 52 """""""""""""""""""""""""""""""""""""""" A
PsH, formed in dissociative collisions with GI6]. distance (cm) % 6
We have previously reported data for the fragmentation
and ionization of CHF [19] and CHCI [20] by positron
impact and have now extended this work to include four
more halomethanes: CE,, CCIF;, CF, and CHE. In
these experiments, almost monoenergetic beams of slow pos
itrons are scattereq from Iovy-density gasses,_while the posi: ion extraction potential : 5
trons are trapped in a Penning trap and the ionic fragments .| e, :
are analyzed using a quadratic potential time-of-flight mass i 5
spectrometef21]. The yields of the fragment ions are mea-
sured as a function of the positron energy.
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Positrons are produced in a bremsstrahlung/pair- : .
production process using a 150-MeV electron LINAC at FIG. 1. A schematic diagram of the apparatus and the potentials
ORNL [22]. The electron beam strikes a water-cooled Taapplied to the spectrometer and the Penning fregt drawn to
target, producing an intense showerfays which are in-  scale.
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FIG. 2. The fragmentation cross sections for,®y positrons Sefeccecetos
(@), electrong53] (dotted ling, and photon$25] (solid line). The 8-2 | cFelt ;
white arrows indicate the AP’s, and the black arrows the thermo- 0.3 ] ,‘} ,}* H §H
dynamic thresholds. 02 | L SRR
0.1 % .-
. . . 0.0 o0 % b (x o
The positrons are accelerated to the desired energies by a|
plying a positive potential\(,,) to the foil. After remodera- 0.15 | coLF.* . { T
tion the positrons are injected into the trap and the entranct 0.10 1 22 l
grid (g,) is raised fromV, to V,,+3 V, while the exit grid 005 | 8., 1 I AR RUaNR S
(g,) is at 55 V, causing the positrons to be trapped. The 0'00 [ fﬁf% T ¥ . l 4
longitudinal component of the energy distribution of the pos- ’ L - ‘T P4

i}rcl)gs entlering the;car]nning tfra|||o is.g:ﬁasturﬁdlfusing.a retard;n 0 5 10 15 20 25 36 35 40 45 50 55
ield analyzer, and has a full wi at half maximum o Enerav E (e

around 1.3 eV. Ignoring contact potential effects, the mean _ ay ( V) _
energy is known to within=0.5 eV. A longitudinal magnetic ~ FIG. 3. The fragmentation cross sections for &&Iby posi-

field of around 500 G is used to radially confine the positrondrons(®), electrong56] (dotted ling, and photon$43] (solid line).

and ions. The sample gas is introduced to the Penning tra e whlte_arrows indicate the AP’s, and the black arrows the ther-
through a 10-mm-long multicapillary array perpendicularly Medynamic thresholds.

to the beam axis. This forms an effusive molecular beam

which passes through the center of the Penning trap, whem@nfined in the trap with the positrons and can react with the
the positron energy is well define@he positrons are decel- neutral molecules there. A pressure study was performed to
erated near the ends of the trap due to the end grifter  ensure that under the conditions of gas density and confine-
65 us, g, is grounded, and the quadratic potential shown inment times used, these effects are negligible in the present
Fig. 1(b) is applied to the Penning trap and spectrometerdata.

accelerating the ions to the microchannel plate detector at the Data are accumulated in the form of ion time-of-flight
end of the spectrometer flight path. Much longer confinemenspectra, which, after background subtraction, are integrated
times are possible, but were found to result in spurious sigto calculate the ion yields. The data are converted into cross-
nals from ion-molecule collisions, since the ions are alscsection values by normalizing the ion yields of the four test
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TABLE I. The thermodynamic threshold€§’s) and the mean appearance potenti@®’s) for the
observed fragments.

Parent fragments En(eV)[52] Eu-6.8eV AF (eV) AP-6.8 eV

CFK, CR*"+F 14.63 7.83 15.3§25-36 8.58
CR'+F, 18.97 12.17 21.6625-29 14.86
C"+4F 31.65 24.85 32.025,27,28 25.2

CClLF, CFRCI*+Cl 11.76 4.96 12.0437-40,43 5.22
CFECl,* 11.75 4.95 11.9437,38,41,42 5.12
CFCL*+F 13.05 6.25 13.8137,38,40,43 7.01
CF,"+2Cl 16.75 9.95 17.2337,38,43 10.43
Cl,*Cl, 14.24 7.44 14.940] 8.1
CFCI'+F+ClI 17.56 10.76 18.2838,40,43 11.48
CI"+CF+FCl 21.28 14.48 20.043] 13.2
CI"+CF,+Cl 18.29 11.49 18.7640] 11.96
Cl*+? 16 [44] 9
CF"+F+2Cl 20.03 13.23 20.0137,40,43 13.21
CF"+F+Cl, 17.52 10.72 17,937,409 10.7
C*+2F+2Cl 27.79 20.99 3143] 24
C"+? 22 [44] 15

CRCl CFCI* 12.39 5.59 12.6328,38,41,42,45-47 5.83
CCIR,"+F 13.65 6.85 15.0828,39,45-47Y 8.28
CFR"+Cl 12.75 5.95 12.7128,32,38,45—-4B 591
CR,"+F+Cl 18.73 11.93 19.4728,38,40,45-47 12.62
Cl*+CF; 16.81 10.01 19.6640] 12.86
CI*+CFR,+F 20.27 13.47 20.9428,45,48 13.7
CF*+2F+Cl 22.01 15.21 23.7128,45,46 16.9
CF +F,+Cl 20.38 13.58 20.2840] 13.48
C"+3F+Cl 29.77 22.97 3228,45 25

CH,F CR"+H 13.59 6.79 14.4532,49,5Q 7.65
CHR,'+F 14.35 7.55 16.3229,49,51 9.52
CF'+HF+F 16.96 10.16 20.5549,51] 13.75
C"+H*+3F 30.61 23.36

gases to that of Ar, for which the total single ionization crossthe expected AP’s for positron impact with Ps formation,
section is knowr(23,24]. First the energy dependencies of these values have to be shifted down by 6.8 eV, the binding
the yields are determined by normalizing the number of iorenergy of Ps. Since there is some scatter between AP’s re-
counts to the beam intensity, run times, and collision pattported by different worker§25—51] the mean values have
lengths for the positrons in the Penning trap. Once the energyeen assumed. Also given are the thermodynamic thresholds
dependencies and branching ratios are determined, the yieldg y for the various process¢s2], and these are the thresh-
are normalized at 40 eV to absolute cross-section values. By|qs that would be observed if the fragments had zero kinetic
collecting calibration spectra for the four test gases and Arenergies. If Ps compounds such as PsF and PsCl were
under the same conditions of retention time and beam i”ter}'ormed, the thresholds would be reduced by their binding
sity, vyhile accurately measuring th(=T drive pressure with %nergies(around 2-3 eV[16-18). However, within the
capacitance manometer, we can assign absolute CrOSS'SECtW&se limitations of our spectrometer, there is no evidence of

Va'“_es to the mea_sured lon yle_lds. This is only exp_ected t(i)his. Where available, the fragmentation cross sections by
provide an approximate calibration, due to the combined un-

certainties in pressure measurement, the cross section for A%hoton and electron impact obtained by others are shown in

and possible variations in the detection efficiencies for dif-\ne figures for comparison.

ferent ion species. The total uncertainties in the absolute 'N€ results for Cirare shown in Fig. 2, with correspond-
cross sections are estimated to be around 25%, and the er§@ data for electror{53] and photoionizatior{25]. Since
bars in the figures only indicate the statistical uncertaintieshere is no vertical transition from the ground state of, &

a bound state of GF, no parent ions are formed and the

most abundant species is £F At 47 eV, the highest energy
RESULTS AND DISCUSSION
studied, the branching ratios for ¢F CF,*, C", CR,?*,
The appearance potential8P’s) for the fragments by and CR?" are 70%, 17%, 11%, 1.6%, and 0.22%, respec-
electron or photoionization are listed in Table I. To obtaintively.
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FIG. 4. The fragmentation cross sections for CQl positrons
(@) and photong45] (solid line). The white arrows indicate the

AP’s, and the black arrows the thermodynamic thresholds.

The cross sections for producing £Fand CR' rise

PHYSICAL REVIEW A62 052708

4

+ R
3 CF3 ‘.l [ 2™ -.-...-..-.
2

e

Yo e

S
cq'\

4 + . o
gf 3 CHF, .....-. .. ]
I 2 R
8 1 e .
; g"‘#} -

:.9: C+ .l..n-.-.-
o 2 F -
g 1 6...
.
: .
[ 3 Ooo..’.. .......
[e] L
=
©0.12 ) é
0.08 C §§§’ ’
ow QQQ’Q
000 je % o.o,ooop’ 4

0 5 10 15 20 25 30 35 40 45 50
Energy E (eV)

FIG. 5. The fragmentation cross sections for Gy positrons
(@) and electron$49] (dotted ling. The white arrows indicate the
AP’s, and the black arrows the thermodynamic thresholds.

what was observed in Cby Bluhmeet al. [2], who sug-
gested that the reason may be the increased “violence” of
the process since, in order to extract the C atom from its
center, the molecule must be atomized. A similar suppres-
sion of Ps formation was also observed in the double ioniza-
tion of the noble gas€$4,55. At higher energies, the rela-
tive yields for C* and the doubly charged species are
significantly larger for positrons compared to the other pro-
jectiles.

The present results for C4, are shown in Fig. 3, along
with data for photoionizatiof43] and for electron scattering
[56]. In the present data the most abundant ion detected is
CF,CI", with only a relatively small yield of the parent mo-
lecular ion, CCJF,™ . At 50 eV the measured branching ra-
tios are 55%, 16%, 14%, 5.4%, 4.0%, 4.2%, 2.1%, and 0.4%
for CCIF,", CR,", CF", CI*, CCLF", C*, CCIF", and
CCLF,", respectively.

Most of the fragments show evidence of their production
accompanied by Ps formation, with their AE’s approxi-
mately 6.8 eV below those for electron or photoionization.
The yield of CRCI™ rises more abruptly from threshold than
the other fragments and, with the possible exception &f Cl
the C' yield rises the most slowly. In this respect @as an
energy dependence more similar to that for electron impact
and, while the C signal below the threshold for direct ion-

from background approximately 6.8 eV below the AP’s forization is not zero, it is relatively small compared with most
electron or photoionization, due to the formation of Ps. Inof the other fragments. This is also true of Chnd indicates
comparison, the Cyield rises from background much more that for this molecule Ps formation may also play a less
gradually and, within the statistical uncertainties, there is nignificant role in liberating these ions.

significant signal in the energy range 6.8 eV below the AP The fragmentation patterns of CGlby positrons and
for electron or photons, indicating a lack of Ps with the for- photong45] are shown in Fig. 4. The most abundant species
mation of the C ion at these energies. This is similar to observed is CE, with only a relatively small contribution
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from the parent molecular ion. The branching ratios for CONCLUSIONS

+ + 2+ + + +
Chs ’2+CF2 ' COC”:Z . Cl o CF+’0 c. OCC”:30’ and 0 The fragmentation of the halomethane molecules,ECI
CCIF,™" are 83%, 4.6%, 3.8%, 3.6%, 2.3%, 1.8%, 0.77%,cc|F, CF, and CHR have been measured following posi-
and 0.16%, respectively. In each case the yields rise froron impact. The fragmentation patterns have certain features
background around the Ps threshold, although for CI",  in common for the four gases. At low energies the cross
and CF the onset is more gradual, and the yield is relativelysections for positron scattering exceed those for electrons, as
small below the threshold for electron and photoionization. expected, due to the Ps formation channel, and the yields for

Results for CHE are presented in Fig. 5. Since the massmost of the fragments rise from the background approxi-
resolution of the spectrometer is not sufficient to resolve thenately 6.8 eV below the AP’s measured by electron or
differences between CHFRnd CR, the peak with its maxi- photoionization. However, the Ton cross sections are con-
mum at 69 mass units is assumed to be entirely'CHhe  sistently among the slowest rising above threshold, and for
yield of the parent ion is probably relatively small since for CF, the signal is indistinguishable from zero below the
electron impact at 70 eV the relative yield of CHFs only ~ threshold for direct ionization. This suggests that the Ps
1.3% that of Ck* [57]. The mass difference between CHF ~ channel is less important for production of the agments,
and CR" is also unresolvable, and these ions are counte§lose to threshold, particularly in the case of CRhis is

together. The yield is probably mostly due to CHFsince similar to the suppression of the Ps channel that was previ-
the relative cross sections by electron impact are, for ex9USIy reported in positron scattering from &2]. It was
ample, in the ratio 5.2:1 at 40 &M9]. At 50 eV the branch- suggested that this may be due to the more destructive nature
. . L : of the processes, which probably results in the complete at-
ing ratios for CR*, CHF,*, CF', and C" are 30%, 39%,

29%, and 0.98%, respectively. For all of the fragments, the(f)orpItzhaetlomnofefcﬁ}gspgtfg[edm?]Er(;u'e’ and may also be the case
yield rises from background around the expected thresholds '

for Ps formation. No € from electron impact was reported ACKNOWLEDGMENTS
[49], but for positrons its onset is more gradual than the other

fragments, as with the other molecules studied, indicating the 1 his work was supported by the National Science Foun-
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