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This paper presents a study of the dissociative recombinationtdf"Gvith electrons in a heavy-ion storage
ring, CRYRING. Cross sections were measured as a function of kinetic energy and found to be extremely
rapid with a dependence & 112091 The recombination cross section was integrated to yield a thermal rate
coefficient of 1.9x 1076 cm?® s™%. Product branching ratios were measured and proved to be quite complex.

Although 16 channels are energetically accessible at 0 eV, it was not possible to assign branching ratios to
all channels; some related channels were combined in the analysis. The results show that the dissociation
channel corresponding to loss of a single hydrogen atom dominates, with a branching ratio of 0.42. Multiple
H-loss channels are also observed. Product channels that involve breakin@ d@hd have a combined

branching ratio ranging from 0.34 to 0.39.

Introduction

Plasma-based technologies have been proposed for applicatior%
in high-speed aerospace vehicles. One such application involves

the use of plasmas to enhance combustion in air breathing
scramjet engines. Kinetic modeling has demonstrated that
introducing plasma species (positive ions and electrons) into a
simple combustor can significantly reduce the ignition delay
time and thus enhance reactor efficieAcy.

The predicted improvements in combustion efficiency are due
to several factors. Consider, for example, the ion kinetic
mechanism for the air plasma ion, NQreacting with an
aliphatic fuel, octane, which involves the following steps:

NO" + CgH,g— CgH,, + HNO (initiation)
CgHy;” — C,Hg ", CH, ™, etc (decomposition)
C,H," + CgHyg— CgH,, ™ + CoHg (secondary reactions)
C3H7+ + e — neutral products (termination)
Many reactions of air plasma ions with fuel components have
been studied, sometimes at temperatures as high as 1400 K.
From this work, it is known that ions, although present in small

abundance, react much more rapidly with the fuel components
than do neutral reagents. The initiation reactions generally occur

via hydride transfer (as shown above), proton transfer, or charge

transfer, proceeding at or near the collision rate. The large
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ionized fuel molecules thermally decompose at combustion
emperatures, yielding smaller fragment ions, principalii&,
sH7", and GHs*. These small hydrocarbon ions undergo
secondary hydride transfer reactions with the fuel in a cycle
that regenerates large ionized fuels. Together, the initiation,
decomposition, and secondary reactions enhance combustion
efficiency by increasing the overall heat release in the system
and by breaking down the large fuel molecules. However, the
most significant contribution to the enhanced efficiency comes
from the production of radical species, which serve as chain
initiators and combustion propagators. Production of radicals
occurs not only through the iermolecule reactions but also
from the plasma termination step, namely, the dissociative
recombination (DR) of free electrons with ionized fuel frag-
ments.

For most triatomic and larger systems, the rate constants for
recombination are found to be large {10~ cn?® s71).34 Rates
for some hydrocarbon ions have been measured by the flowing
afterglow Langmuir probe (FALP) method and are of this
magnitude®. Until recently, however, there has been little known
about the product distributions that result from recombination.
The ability to study DR reactions in more detail has improved
considerably with the advent of storage rifiswvhere both rate
constants as a function of energy and product distributions can
be measured. Initial product distribution measurements for DR
of small molecular ions have shown some surprising re8ults.
In particular, dissociation channels that yield three neutral
products were found to be more prevalent than had been
expected?11If this is a general trend in DR reactions, it will
have a significant impact on the models of plasma enhanced
combustion, which to date have assumed only loss of a single
hydrogen atom upon recombination.

We have recently begun a systematic study of hydrocarbon
ion DR at the CRYRING heavy ion storage ring and have thus
far reported on measurements of molecular ions consisting of
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two carbon atom&213 Here we report DR cross sections as a that GH;* produced via ionization of 1-bromopropane results

function of energy from 1 meV to 1 eV and product distributions exclusively in the formation of iso-{Ei;".2°

at 0 eV relative collision energy forg87". This is one of the In one of the twelve straight sections of the storage ring, the
most significant fragment ions produced by reactions of air circulating ions are merged with a monoenergetic collinear
plasma ions with aliphatic fuels. Allowing for a maximum of electron beam over a length of 0.85 m. The electrons are
three dissociation products, as the earlier experiments suggestmagnetically confined to a diameter of 4 cm, and in the present
there are 16 different dissociation channels that are energeticallyexperiment, the electron current was 0.315 mA. The electron

possible at 0 eV center-of-mass collision energy: velocity distribution can be described by an anisotropic Maxwell
Boltzmann distributior?! with a transversal temperaturieT()
CHs+H+59eV (a) of about 2 meV and a longitudinal temperatukd,j of about
CH;+H,+6.6eV (b) 0.1 meV?2 By using electrons with the same average velocity
CHs+H+H+21eV (o) as the ions, the random thermal motion of the ions is reduced
CH,+H,+*H+4.2eV (d) and phase-space cooling is achieved. For a heavy ion such as
CH;+H, +H,+4.9eV () CsH;*, phase-space cooling is slow, and it is difficult to quantify
8236 i gn 133"128(;(/ Ef)) the degre_e of coo_ling. The storage time of a few seconds allows
. CiHi + CHi +638V (ﬁ) for radiative cooling to 300 K internal temperature.
CH; +e CH,+CH,+H+1.6eV (i _ The electr_on beam al_so serves as a high-density electron_target
CH,+CH+H,+17¢eV () in electron-ion recombination experiments. After the cooling
C,H,+ CH,+6.1eV (k) phase, which lasted 2.8 s after injection and acceleration in the
CH;+CH;+H+15eV () present experiment, the electron velocity was detuned to the
C,H;+CH, +H,+1.3eV (m) required collision energy. This energy, in the center-of-mass
CH,+CH,+H+4.6eV (n) frame, is given by
CH,+CH;+H,+5.1eV (o
CH+CH,+H,+33eV (p) «/E_cm _ \/Ee — VEoog 1)

Note that the kinetic energy release indicated for each channelwhere E. is the average energy of the electrons during the
assumes that products are formed in their ground state, whichmeasurement period arfl, is the electron energy at which
may not be a good assumption considering the amount of maximum cooling occurs, both given in the laboratory frame

available energy. of reference.
When recombination between electrons and ions occurs
Experimental Section within the interaction region, the neutral products formed will

not follow the circular path of the ions determined by the dipole,
guadrupole, and sextupole magnets but will continue along their
original trajectory on the axis of the electron cooler. The neutral
particles are detected on an energy-sensitive surface barrier

The experiments were performed at the heavy-ion storage
ring CRYRING at the Manne Siegbahn Laboratory in Stock-
holm, Sweden. The facility and the experimental procedure have
been described elsewhét@nd will only be described briefly  getector placed 3.5 m from the end of the electron cooler. Al
here. The GH7" ions were produced in a hot-cathode discharge o ra fragments originating from one DR event reach the
ion source by pulsing a small amount of 1-bromopropane into yetector at approximately the same time (i.e., all have essentially
a helium plasma. The ions were extracted from the source at aihe same velocity), and each fragment impinges on the detector
translational energy of 40 keV. After mass selection, the ions it an energy proportional to its kinetic energy and hence mass.
were injected into the storage ring and accelerated to 2.23 MeV, 1 means that the fragments from DR events contribute to a
the maximum beam energy, a value that is limited by the gjgng| at the ion beam energy independent of the dissociation
magnetic rigidity of the storage ring.The ions were stored in  cpannel, whereas neutrals that result from collisions between
the ring with a half-life of 1.5 s for 7.5 s. Typical ion current  imary jons and the background gas contribute to lower energy
in this experiment was 0.12A. features.

Although there are three potential isomers of theéi€ ion The H and H products of some dissociation channels may
(n-propyl, iso-propyl, and protonated cyclopropyl), it is safe to  pe formed with a large amount of kinetic energy. In such a case,
assume that the iso-propyl isomer is the only one formed in the 5 fraction of the high kinetic energy products may not be
present experiments. Theoretical stutflesonclude that only  detected because they may traverse a distance larger than the
two global minima exist on the i7" surface, corresponding  radius of the detector, which is 30.9 mm. This has been
to the iso-propyl and protonated cyclopropyl isomers. The considered in the data evaluation of the branching fractions.

protonated cyclopropyl isomer is 30 kJ mbhigher in energy Cross Section and Thermal Rate CoefficientThe DR cross
than the iso-propyl structure. There is no minimum associated section was measured as a function of collision energy by
with the n-propy! structure; it lies 110.5 kJ mdl higher in detuning the electron cooler voltage, i.e., the electron energy,

energy than the most stable iso-propyl form and appears to betg energies corresponding up to 1 eV in the center-of-mass
a transition structure involved in the interconversion of the two collision energy. The collision energg, is related to the

more stable isomers. Mass spectrometric studies indicate thalyifference between the mean ion and electron beam energy as
the n-propyl cation converts to either the iso-propy! or proto-

nated cyclopropyl ions within 1G° s17 Rearrangement to the 1 2

iso-propyl ion is favored and is found to increase with increasing E= Eme(” i Vo) (2)
internal energy content of the ion. Further studies demonstrate

that isomerization of the protonated cyclopropyl structure to the  The electron energy was ramped during one second across
lowest energy iso-propyl structure requires 10105 sec- the cooling energy. This is shown in Figure 1a, where the time
onds!®1°Previous measurements made in the selected ion flow scale refers to time after ion injection into the ring. The electron
tube at the Air Force Research Laboratory have demonstratedenergy is changedtas s from 30 eV to almost 39 eV,
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42+ of the interaction region (i.e., the length of the electron cooler),
Ne is the electron densit\pr is the number of counts coming
from the DR process, andt) is the ion current. SA1 and SA2

. are two readings from the spectrum analyzer during measure-

was inserted in front of the surface barrier detectors. The grid
is made of stainless steel, 30n thick, with holes of 7Qum
diameter. The transmission of the grid has been measured in
24 an independent experiment to Be= 0.297+ 0.015 (uncertainty

at 3o level) 2 Particles impinging on the grid can either pass
through a hole in the grid or be stopped, with probabiliffes
and 1— T, respectively. Particles stopped by the grid do not
contribute to the signal. Products from a DR channel resulting
4000 4 in two fragments can thus be detected at three different energies
corresponding to the energy of each fragment and the total
energy. The probability of detecting one or both of the fragments
is thenT(1 — T) and T2, respectively. A similar treatment can

be applied to channels that produce three fragments. Note that
2000 all fragments resulting from a single recombination event travel
at nearly the same velocity. Thus, an energy spectrum can be
treated as a mass spectrum throlgk /,mv2.

The branching fractions were measured at 0 eV center-of-
mass collision energy. It was not feasible to make measurements
04 at higher energies because of the significantly reduced cross
section. The ions were cooled at 0 eV collision energy for 2.6
s and were then held at the same energy (i.e., the elecimon

Storage time (s) center-of-mass energy is 0 eV) during a measurement time of
Figure 1. (a) Electron energy vs time after injection oftG". (b) 4.8 s. The cooling time allowed for radiative cooling of the
Dissociative recombination total count rate on the same time scale. internal degrees of freedom.

To account for the signal contribution resulting from collisions
corresponding to 1 eV energy difference between the ions andyith the residual background gas, an energy spectrum was
the electrons. The voltage is held constant for about 1 s, andrecorded when no electron beam was present. This background
then ramped to below 24 eV over 1 s. At the end of the scan spectrum was first normalized to the ion current intensity using
cycle, the ions are ejected before a new cycle is begun. the simultaneously recorded MCS spectrum and then subtracted

The detector signal was monitored using a single channel from the spectrum recorded when the electron beam was present.
analyzer in order to accept only those events corresponding toafter subtraction of the background, the energy spectrum, i.e.,
full beam energy, that is, fragments originating from a single mass spectrum, was fit to a set of Gaussian peaks. Because the
recombination event. A multichannel scaler (MCS) recorded the energy of the ion beam was 2.23 Mev' an absolute energy scale
number of pulses as a function of time, and this signal is shown could be determined once the center of the peak corresponding
in Figure 1b. The measurement s¢fits after the beginning of o mass 43 was found. From the study of lighter systems where
the cycle. During the times from 5 to 5.5 s and again from 6.5 the pulse-height spectra were more resolved into separate
to 7 s, the signal is small corresponding to recombination at peaksi213it is known that that Gaussian functions well describe
high energies. When the center-of-mass collision energy is the distributions of each fragment. The widths of the Gaussian
ramped (5.56.5 s), a distinct symmetric peak is found. A fynctions were obtained by a least-squares fitting routine. The
symmetric peak is expected if the rate has a maximum at zeroegnergy resolution given by this width is in agreement with the
relative energy. This provides a convenient way to accurately yesolution in ref 13, for which the data were obtained during
determine the zero of energy including any possible contact the same beam time week as the present data. Figure 2 shows
potentials. data with the Gaussian peak fits for each mass. The areas in

At collision energies significantly higher than 0 eV, the signal  gach of the Gaussian fits is the number of counts in each peak,
is considered to be only background, and thus, an exponentialj e | for each masf\aci74, Nacis, ... Nern. As seen in the
curve was fit to these portions and subtracted from the whole figyre, the sum of the fitted peaks is essentially indistinguishable
spectrum. Simultaneously, a signal from the stored ion beam from the raw data. By considering the grid with limited
was recorded on a spectrum analyzer. That signal can be relategransmission, these peak areas can be associated with contribu-
to the absolute ion current in the ring, which is measured by a tions from the different dissociation channals ..., N, through
current transformer at one single time. a set of linear equations. For example, the peak corresponding
with a probability of T(1 — T) and from channel andm with

s ment with the surface barrier detector and current transformer,
< respectively.

? Branching Ratios. To determine branching ratios for the

E 30 ) — numerous @H;" dissociative recombination channels, a grid
o

[

o
~ -

Number of counts

T
6

o
~ -

gy o= Y4 PR (3 @ probability of (L — T)2, which yields
nd ,,,SAl
ve Neaon = T(L = TN, + T@ = TN+ T - TN, (4)

wherev is the revolution frequency of the ionisis the length As mentioned earlier, some H and, ffagments with high
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Figure 2. Number of counts vs energy of the neutral fragments detected Figure 3. Total cross sections for the dissociative recombination of
with the grid in front of the detector. The thin lines are Gaussian fits  C,H;* as a function of center of mass kinetic energy.

of the data corresponding to the different neutral fragments. For details
see text.

kinetic energy (greater than 3.2 eV in the present experiment)

may not be detected. This means that fragments from these
channels may contribute to the peak at a nmassmny instead 1E5
of m, where m is the total mass of the products from a
dissociative event anahy is the mass of the H or JHfragment.
This has to be taken into account in the equation system.
Because the amount of lost particles is unknown, a factor for
the loss in each channel was introduced.gg Lu2p, etc. For
example, the contribution from chanreeko Nsci7n will be

Rate coefficient

1E-6

TH1— Ly N, (5)

The elements subtracted from this peak are addedstosh, 10 100 1000

for which the contribution becomes Temperature (K)

Figure 4. Rate coefficient for the recombination ofi;" as a function
T(L— TN, + T2L. N (6) of kinetic temperature.
a H,a' Ya
. . ) ) being only slightly larger than the background value. The cross
The branching fraction for each channel is then given by gection data shown in Figure 3 illustrate the relatively large

normalization to the total number of dissociations, i.e. dynamic range of the experiment. On the4dgg plot, the data
are linear over much of the range. Fitting data with the least

n = l amount of scatter (energies from 0.001 to 0.1 eV) yields an
' energy dependence Bf 1-18:0-01 which is only slightly higher
zNi than the E-1 dependence predicted by the direct capture
! mechanisn#* However, the difference in exponent is statistically
i=a,..m ) significant.

Integrating the energy dependent cross sectidB), gives
The loss of hydrogen from chanrelvas varied between 10%  the thermal rate coefficient (in cm®s™1) as a function of the
and 60% in the analysis of the peaks. The discrepancy in electron temperaturg:
branching fractions resulting from this variation is included in
the error of the fractions. 8m,

o(Ty) ) Eo(E)e ¥ % dE (8)

" @amkTy)

The measured cross sections are shown in Figure 3 as aEvaluating the integral in eq 8 yieldgTe) = (1.9 x 1075+£0.35
function of the center-of-mass collision energy. The statistical x 1075) (T¢/300) 268001 The uncertainty is atd.level and is
uncertainties in the cross section are shown as error bars. Thebased on determinations of the rate while varying the cross
systematical uncertainty is about 15%, based on the error insections within its error bars. The rate constant is shown as a
ion beam current, the length of the electron cooler, the function of kinetic temperature in Figure 4. Previously, a value
circumference of the storage ring, and the electron density. Theof 8.3 x 107 cm® s~ was reported for the 300 K rate coefficient
cross sections are very large, being greater thait'1¢h? at based on a flowing afterglow experiméftThroughout the
energies below 4 meV. This corresponds to a capture radius ofhydrocarbon ion studies in ref 25, the rate coefficient for
over 200 A. The cross sections decrease substantially at higherecombination of @ was measured as a reference point and
energies with no apparent resonance. There is little scatter inwas found to be between 1.9510°7 and 2.2x 107 cm®s™ L,
the data in the lowest energy regime; however, at higher Because that agrees well with the results obtained at CRYRING
energies, where the cross section has dropped by orders of few years ago (2.2 107 cm?® s71 29, the factor of 2
magnitude, the scatter increases significantly due to the signaldisagreement between the experiments fii is unexpected.

Results and Discussion
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TABLE 1: Product Branching Ratios for the Reaction
C3H7+ +ea

products label branching ratio
CsHo + H a 0.42 (0.10)
CoHs + He b } 0.12 (0.08)
CsHs + H + H c ' '
CsHs+ Ho + H d 0.09 (0.05)
CaHa + CH, n } 0.04 (0.02)
CoHs+ CHz +H i ' '
CoHs + CH, K } 0.19 (0.05)
CoHs+ CH; + H I
CoHz+ CH, + H n
CoH, + CHs + H» [0} } 0.11 (002)
CaHz + Hz + Ho
C,He + CH
C2H5 + CH2 <005

CoHs+ CH + H,
C:Hz + CH, + H,
C:H + CHs + H,

o 3—aQ —+~o

2The errors are given at aslevel.” To form CH, rearrangement
is necessary, and therefore, chanh&l more likely than channeX;
see text.

However, no error is given for the afterglow result, which makes
it difficult to assess whether the results overlap azdedel.
The large number of neutral channels potentially available
in the dissociative recombination of;&8;%, together with the
difficulty of adequately resolving features in the recorded pulse
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most abundant €C bond fission channel for 4£17" involves

the formation of a @H; radical and either CHor CH; + H.

The former requires a concerted decomposition, whereas the
latter requires that a terminal GHgroup is cleaved, followed
by loss of H from the remaining radical (or vice versa). The
channel corresponding to cleavage of a lorgGbond accounts
for a maximum of 4% of the total reactivity. However, this
channel is sufficiently exothermic that subsequent H loss from
the remaining @ moiety is highly likely. This would lead to
the products in channé] which is relatively abundant if the
related channek is small. Given the rearrangement necessary
to form channek, this seems likely.

Channelsn and o both require substantial rearrangement,
leaving a core @H, molecule and either CH+ H or CH; +
H,. Nevertheless, the combined branching ratio for these
channels is 0.11, presumably owing to the stability of the
acetylene product. (The;8, product must be acetylene because
the isomerization of vinylidene occurs in about one picosec-
ond?®) The remaining channels,(f, g, j, m, p) comprise at
most 5% of the reactivity. These channels require multiple bond
dissociations followed by one or two H atoms being transferred.
Although these channels are exothermic, in some cases by over
3 eV, they do not play a significant role in the recombination
reaction.

In summary, the recombination ot8;" with electrons has
proven to be quite complex. The system can produce 16 separate
reaction channels, all of which are highly exothermic. A large
number have been observed to occur, although several channels
needed to be grouped together because of resolution problems.
Hydrogen only loss channels account for more than 60% of

height vs energy spectra, makes it impossible to obtain a the reactivity with the loss of a single H atom being the most
complete set of branching ratios for all product channels. Given probable channel. Breaking one of the-C bonds accounts

this limitation, we must combine some related two and three

for more than a third of the total reactivity, which is considerably

body dissociation channels in the analysis. As shown in Table higher than what has been found for smallerh@drocarbon

1, this generally means GHproducts are considered together
with the closely related CH1 + H channel.

cations. The cross sections for dissociative recombination are
very large and decrease Bs!. At present, this appears to be

The most abundant product channel in the recombination of the largest hydrocarbon cation for which relatively complete

CsH; 1 with electrons is loss of a single hydrogen atom, having

branching ratios can be derived since species containing more

a branching ratio of 0.42. The measurement does not addresgarbon atoms will have an even larger number of available
which hydrogen is released upon recombination; however, loss product channels, and the energy/mass resolution will decrease

of a terminal hydrogen atom suggests a stable alkegeg|C
can form with no additional rearrangement of the remaining

for a lower energy primary ion beam.
The present results show a much richer chemistry for the

hydrogen atoms. If a substantial percentage of the 5.9 eV recombination of electrons with hydrocarbon cations than has

reaction exothermicity resides as internal energy in tbidsC
product, further fragmentation would be expected. Indeed,

been assumed in the plasma enhanced combustion models. In
addition to producing, on average, a larger number of radical

channels that release multiple hydrogen atoms account for atspecies than assumed, the termination step in the ion cycle also

least another 20% of the overall reactivity. Specifically, channels
b and ¢, which produce two H atoms or an,Hnolecule,

appears to contribute to further cracking of the larger fuel
fragments. When incorporated into the models, both of these

respectively, have a combined branching ratio of 0.11, whereaseffects should show an even larger enhancement of combustion
channed, which produces both a hydrogen atom and a hydrogen efficiency resulting from plasma reactions.

molecule, occurs with a branching ratio of 0.09. The possibility
of a channel forming two K molecules is grouped into a
collection of channels occurring with less than 5% probability.
Although the error given in Table 1 are at @ level, the

dominance of the combined hydrogen loss channels is statisti-

cally significant at a 8 level.

Although the H-loss channels dominate, the carboerbon
bond is broken in 3439% of the recombination reactions,
which is considerably more than the-48% found for GH,*
systemsg?13 Unpublished results from Mitchell et al. indicate
that an even larger amount, roughly half, of the recombination
products from a mixture of g™ isomers result from dissocia-
tion of carbon-carbon bond3? Exothermicity alone is not the
sole driving force because carbecarbon bond dissociation
channels are highly exothermic fop, (3, and G systems. The
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