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Ion production by positron-molecule resonances
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Ion production by low-energy positrons in low-density gases was reported by Passner, Surko, Mills,
and Leventhal [Phys. Rev. A 39, 3706 (1989)]. That work studied the ionization of hydrocarbons in a
positron trap in the presence of a buffer gas of molecular nitrogen. We present further analysis of the
data from this experiment, taking into consideration the ionization of the hydrocarbons by nitrogen ions
created as a result of the positron trapping process. We conclude that ionization by positrons was the
dominant ion production mechanism at times longer than the characteristic ion confinement time of ap-
proximately 1 s, while ionization by nitrogen charge exchange was dominant at earlier times. The details
of the ionization spectra are also discussed.

PACS number(s): 36.10.—k, 78.70.Bj, 71.60.+z

The ionization of neutral molecules by low-energy pos-  torr. In the presence of the buffer gas, the positrons cool
itrons is an interesting fundamental physics question. Tt  to room temperature with a characteristic 1/e time con-
is also of potential practical significance in that it offers a  stant of approximately 0.6 s. Further details of the
qualitatively different method of producing ions for usein  operation of the trap and the trapping mechanism are
chemical analysis by mass spectrometry [1,2]. In the ear- presented in Ref. [3]. The number of positrons in the
liest work on this subject, Passner et al. [1] studied the  trap was kept less than about 1X 10*. Also present in the
ionization of neutral hydrocarbons introduced inio a  final stage of the trap was approximately the same order
modified Penning trap. Due to the nature of the trapping  of magnitude of nitrogen ions.
process, molecular nitrogen ions were also present. In The positron lifetime is of the order of 60 s, which is
Ref. [1], the effect of ionization by these nitrogen ions limited by annihilation of the positrons on the N, mole-
was neglected. The present paper is a reanalysis of their  cules and on small amounts of other impurity molecules

data including this effect. present in the vacuum system. Test gases of butane and
The main conclusion of our study is that molecular ni-  heptane were introduced into this region at pressures less
trogen ions dominate the ionization of test gases intro-  than 3X1077 torr. The confinement time of the posi-

duced into the trap at carly times, until the N2+ dlﬁ'use trons was long compared to the annihilation time, since
radially out of the trap, which occurs in about 1s. After  the positrons are highly magnetized, having Larmor radii
this time, ions continue to be produced via ionization by  Of less than 0.01 mm. In contrast, the nitrogen ions and
low-energy positrons. The net result is that the ioniza-  ions of the test gas molecules, which have much larger
tion spectra reported in Ref. [1], at elapsed times of about =~ masses, are not highly magnetized (i.e., Larmor radii of
2 s and longer, arise from positron ionization, while those  the order of a few millimeters). Consequently, they have
at elapsed times of less than about 1 s are dominated by & characteristic confinement time of about 1 s, limited by
ionization by N, ™ ions. - radial diffusion across the magnetic field. Ion spectra
In the experiment described in Ref. [1], positrons from  Were measured by dumping the contents of the trap and
a radioactive source were slowed to a few electron volts  analyzing them with a time-of-flight mass spectrometer.
by a tungsten moderator. They were then guided by an & typical cycle was to fill the positron trap for 0.5 s, and
axial magnetic field into an electrostatic potential well of ~ then measure the jon spectra for a range of different
depth approximately 40 €V, created by voltages on a set  Storage times. Data from the Passner et al. paper for bu-
of cylindrical electrodes. The axial magnetic field in this tane are reproduced in Fig. 1. In Ref. [1], data were also
region was 860 G. Nitrogen gas was introduced into the  Presented for heptane for storage times of 0.2, 2, and 4 s.
trap, and the resulting inelastic collisions of the positrons Under the conditions of the Passner ez al. experiment,
with the N, molecules provided a mechanism to trap the the positrons do 1}01: diffuse radially out of the trap on th.e
positrons in the electrostatic potential well. The trapping ~ time scale of the jon spectral measurements [4]. In addi-
was accomplished in three stages, each with a successive- 1107, When hydrocarbons are introduced into the trap, the
ly lower pressure of nitrogen buffer gas. In the ﬁnal positron annihilation rate is proportional to the gas pres-

stage, the N, gas pressure was approximately 1.5X 10~ sure of the hydrocarbon [5]. This indicates that positrons
. ... _annihilate on the hydrocarbon molecules via a two-body

interaction. There are two reasons for being confident
*Present address: Department of Chemistry, CB#:3290, Usi- ~ that this annihilation occurs as a result of binding of the
versity of North Carolina, Chapel Hill, NC 27599. ' positrons to the butane molecules, in contrast to resulting
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FIG. 1. Time-of-flight spectra of the ions when butane is
present in the positron trap. The filling time was 0.5 s, the N,
pressure was 0.5X 1077 torr, and the butane pressure was
2.5X1077 torr. The traces correspond to storage times of (a) 0
s, (b) 0.5 s, (c) 1 s, and (d) 2 s. The identification of the peaks
and their expected positions are indicated.

from positronium formation. First, the positrons cool to
room temperature (~1/40 eV) in about 1 s [4]. This pre-
cludes positronium formation, which requires much
higher positron energies, and leaves positron attachment
as the only other plausible process for positron annihila-
tion. Second, the annihilation gamma-ray spectra from
positron-molecule interactions have recently been mea-
sured, including measurements of the interaction of posi-
trons with hydrocarbons [6]. These spectra show no evi-
dence of the characteristic feature expected for the an-
nihilation spectrum of positronium, namely, a broad
feature on the low-energy side of the 511-keV annihila-
tion line, due to three-gamma decay [6]. Furthermore,
the measured Doppler broadening of the 511-keV line is
consistent with theoretical predictions for annihilation of
positrons bound to hydrocarbon molecules and, in partic-
ular, to annihilation on the C—H bond [6]. Thus, there
is good evidence that butane ions and/or ion fragments
are produced by the annihilation of positrons following
interaction of the positrons with the neutral molecules.

As shown in F1g 1, there is also evidence of the pres-
ence of N, ions in the trap at early times. In order to
quantify the role of these ions in ionizing the hydrocar-
bons, we have recently studied the ionization of butane

‘quadrupole ion trap mass spectrometer [7].
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and heptane by N, ions in a separate experiment using a
Figure 2

shows the plot of the decrease in N,™ intensity versus

~ time for butane and heptane. From the slopes of these

curves, the charge -exchange rate constant can be deter-
mined. For N2 reactmg with butane, a rate constant of
1.2X107% cm®mol~!s™! is measured, whlle the rate con-
stant for heptane reacting with N,t is 2.3x107°
cm?® mol ™ . These rate constants are, to within exper-
imental error, the collision rates predicted by the
average-dipole-orientation (ADO) theory [8,9].

Figure 3 shows representative mass spectra obtained at
two different reaction times. The water peak arises from
residual water in the system. Initially, the signal appears
at M /Z =18, but the water molecular ion rapidly reacts
with neutral water to form the hydronium ion observed
at M /Z =19. From Fig. 3, it can be seen that the C, re-
gion of the spectrum is dominated by C,Hy* (mass-to-
charge ratio, M /Z =57) and its 13C isotope. The Cj; re-
gion of the spectrum consists of two ionic species, C;Hg"
and C;H,™. It can also be seen that two C, ions are
formed. Due to the limited resolution of the Passner
et al. experiment and the close proximity of the N, sig-
nal, they were not able to discern the presence of the C,
ions, nor would they have been able to determine the

-presence of two spe01es of comparable intensity in the C;
‘region.

Figure 4 shows a plot of the total ion current from
each species as a function of the reaction time. As can be
seen in Fig. 4(a), the rapid decrease in the component
with M /Z =28 corresponds to an initial increase in C;
and C, ions, but the rise in C, ions occurs slightly later.
As the reaction time is increased, the C; and C, ions
reach a maximum and then begin to decrease in relative
intensity, while the C, ion continually increases in inten-
sity. This indicates that two consecutive reactions are
occurring. First, butane is ionized by dissociative charge
exchange with N,*, forming the C; and C, fragment
ions. Subsequently, the C,; and C, ions react with butane
by proton abstraction to form the C, ion. This is the
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FIG. 2. The decay of the N," ion signal versus time in an
ion-trap mass spectrometer in the presence of (M) butane at a
pressure of 3.5X 1077 torr and (@) heptane at a pressure of
9.7X107% torr.
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FIG. 3. Mass spectra for the reaction of N,¥ with butane,

studied in an ion-trap mass spectrometer: (a) 0.5-s reaction time
and (b) 1.0-s reaction time.
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FIG. 4. Ion currents as a function of time, measured in an
ion-trap mass spectrometer, for the reaction of N,* ions with
butane: (a) 0-0.2 s, and (b) 0-2 s; for (O) Nz, @) C,, (A) Gy, (O
C,, and (A) H,O.
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“most stable species that can be formed, and thus it is the

terminal ion in the reaction sequence. The reaction se-
quence is summarized below.

N,*+CH;y—C;H," +CH;+N, (1)
—CyH; T +CH;+H,+N, (2)
—C,Hst+C,Hs+N, 3)

" SCHT+CH+HH, N, , 4)

C,H, " +CH;;—CH,*+C,H,, 11, - (5

It is likely that the ionic products in reactions (2) and (4)
actually result from the unimolecular dissociation of the
ion products of reactions (1) and (3), respectively. How-
ever, this would not be discernible on the time scale of
the experiment. The reactions (5) have been previously
studied [9,10], and typlcaI rate constants are in the range
of 4-8X1071% cm3mol™ From the present data,
we determine a rate constant for the reactions (5) for bu-
tane in 2 quadrupole ion trap to be 2X107%°
cm® mol™

The 10n-molecu1e reaction study described above was
performed in a quadrupole ion trap in which the ion-

- confinement time is much longer than the time scale of

the experiment. In contrast, the experiment of Passner
et al. was performed in a Penning trap, with a magnetic
field of 860 G, and consequently, the ions were confined
for only about 1 s. In order to demonstrate the short ion
‘confinement time of the butane and nitrogen ions in the
Passner et al. experiment, we measured the decay of the
number of ions in the Penning trap under the conditions
relevant to that experiment for each species, and these
data are shown in Fig. 5. The conditions of the experi-
ment for the data shown in Fig. 5 were such that the
respective species under study was the dominant species
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FIG. 5. Number of ions remaining in the Penning trap as a
function of storage time for a magnetic field of 1075 G: (O) ni-
trogen and (@) butane. These data were taken under conditions
where each ion species was dominant. Fits to exponentials give
confinement times of 7=0.82 and 0.91 s for nitrogen and bu-
tane, respectively.
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at the beginning of the experiment. Chemical reactions
can therefore be ignored [11], and the loss of the ions is
then due to diffusion across the magnetic field. We note
that the short ion-confinement times evident in Fig. 1 are
similar to those obtained by Passner et al. from the mod-
el presented in their paper, and they are also consistent
with theoretical estimates of ion confinement under the
conditions of the experiment [1].

Using the rate constants described above and the mea-
sured ion confinement times, we calculated the produc-
tion of butane ions by nitrogen ionization as a function of
time expected for the Passner et al. experiment, and the
results are shown in Fig. 6. The butane data from that
experiment are shown as circles, and the predicted ion in-
tensity based on ion-molecule reactions and ion
confinement times is shown by the solid line. Figure 6
shows that N2+ ions can account for much of the butane
ion signal at early times, but that they have a relatively
small contribution to the observed butane ion signal at
times greater than about 1 s. We note that the model de-
scribed in the paper of Passner et al. included the param-
eter, 7, which represented the relative detection
efficiencies of butane ions versus positrons. The best fit to
the data was obtained with 7=4.5. This value is some-
what higher than the expected value which is in the range
between 2 and 3. If the charge-exchange ionization pro-
cess reported in this paper is included, the effect would be
to bring the fitted value of 7 closer to the expected value.

We conclude that, in the experiment of Passner et al.,
the butane ion signal was dominated in the first second
after the end of the filling phase by charge-transfer reac-
tions involving nitrogen ions. However, the conclusions
of the paper of Passner et al. are valid at later times,
(i.e., delay times greater than about 1 s). For these times,
positron ionization of butane was the dominant ioniza-
tion process. We note that the Passner et al. data at
later times show that low-energy positron ionization of
butane results in ions with four carbon atoms, in contrast
to data from larger alkanes where many fragments are
observed [1,10]. This may be intrinsic to the ionization of
butane by positrons. An alternative explanation is that
the positron ionization produces fragment ions, similar to
ionization by N,*. Then, these fragment ions subse-
quently react with neutral butane to produce ions similar
to the molecular ion, thus giving the appearance of the
molecular ions being formed by slow positron annihila-
tion. Resolution of this issue will require further study.

With regard to the heptane data in Ref. [1], we have
not made a quantitative analysis such as that presented
here for butane. However, if one considers the relatively
short ion confinement time in the Passner et al. experi-
ment and the data shown in Fig. 4 of their paper, the ion
spectra at later times [i.e., Figs. 4(b) and 4(c)] indicate
that the dominant contribution from positron ionization
is the C;H, " ion fragment. This is consistent with subse-
quent measurements using a different technique [2].

In summary, we conclude that there was a large contri-
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FIG. 6. Number of butane ions remaining in the positron
trap as a function of storage time. The solid points are from
Ref. [1]. All data are normalized to the number of nitrogen ions
at time r=0. The expected signal from reactions (1)—(5) is
shown by the solid line. The dashed line is that expected from
reactions (1)-(5) if the ion confinement time were long com-
pared to the time scale of the experiment.

bution to the ion signals in the Passner et al. experiment
at early times from charge-transfer reactions of the al-
kane under study with N2+ ions. However, the fact that
the ion confinement time was of the order of 1 s, while
butane ion production occurred on longer time scales
from 3 to 5 s, together with the fact that the positrons
disappear by annihilation in situ in the trap, give evi-
dence that positron ionization was the dominant ion pro-
duction mechanism at later times.

This study highlights the complicating role of chemical
reactions in interpreting positron ionization mass spectra
in positron traps that use a buffer gas for trapping. In fu-
ture experiments, it would be desirable to eliminate these
complications. This can be accomplished using a
modified gas-handling system, with the capability of shut-
ting off the buffer-gas feed after the positrons have been
loaded and cooled. The N, ions could then be allowed
to diffuse out of the trap, leaving the cold positrons,
which have a much longer confinement time. The test
gas might then be introduced in a separate phase. An al-
ternative is to shuttle the cold positrons to a separate
UHYV stage, free of the contaminating N, ions. Such ex-
periments are currently in preparation [12].
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The work at the University of California, San Diego, was
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