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Multiple ionization of diatomic molecules in collisions with 50–300-keV hydrogen and helium ions
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Measurements of relative multiple ionization cross sections have been performed for 50–300-keV H1, D1,
and He1 impact on N2 , O2, CO, and NO molecules. Fragment ions with total charges up toQ5q11q255
have been detected in coincidence using a position- and time-sensitive detector. Dependence of the cross
section on the molecular orientation with respect to the ion beam is observed for all targets. The experimental
data are compared with theoretical calculations based on the statistical energy deposition model.
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I. INTRODUCTION

Ionization and fragmentation of diatomic molecules li
N2 , O2, CO, and NO in collisions with light ions~hydrogen
and helium! in the keV energy range have been studied
many years~see e.g.,@1#!. In addition to their fundamenta
importance for understanding the dynamics of dissocia
ionization of multielectron molecules, these studies prov
the cross sections that are necessary for modeling plane
and cometary atmospheres and for understanding the
cesses in natural and man-made plasmas. The proton-im
ionization of these molecules has been investigated main
the energy region around and below 100 keV where elec
capture contributes considerably to the ionization proce
Solov’ev et al. @2# measured the cross sections for 10–18
keV p1N2, Browning and Gilbody@3# measured the cros
sections for 5–45-keVp1N2,O2,CO, the collisions of
5–50-keV p1CO were studied by Afrosimovet al. @4#,
Yousif et al. @5# measured the cross sections and angu
distributions of fragments for 5–25-keVp1N2, and Shah
and Gilbody@6# studied 10–98-keVp1CO collisions. Only
a few experimental investigations exist for proton-impa
ionization at higher energies where direct ionization dom
nates. Ruddet al. @7# measured the total ionization cross se
tion for N2 , O2, and CO in collisions with 5–4000-keV
protons. Electron capture from CO and O2 molecules was
studied by Vargheseet al. @8# in the energy range 0.8–3.
MeV. Knudsenet al. @9# measured the cross section of sing
and double ionization of N2 and CO by impact of 50–6000
keV protons, and Krishnamurthiet al. @10# studied the single
and multiple ionization of CO by 1-MeV protons.

Similarly, experimental investigations of He ion collision
with N2 , O2, and CO molecules were mainly performed
the energy region below 100 keV@11–16#. In the high-
energy region there are only a few experiments that mo
focus on N2 molecules: Pivovaret al. @17# measured the tota
ion yield for 200–1800-keV He1 collisions with N2, Ed-
wards and Wood studied the dissociative ionization of N2 in
collisions with 1-MeV He1 ions @18#, an electron capture
channel with multiple ionization of the molecule was studi
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in coincidence measurements for 200-keV He11N2 by Ali
et al. @19#, Rudd et al. @20# measured the ion productio
cross sections for collisions of N2, CO, and O2 molecules
with 10–2000-keV He1 ions.

In our laboratory the kinetic energy distributions of th
molecular fragments were studied for 50–300-keV H1 and
He1 collisions with N2 @21–23#. In addition, the angular
distributions of molecular fragments were measured
100–300-keV He11N2 collisions and a strong orientatio
effect in multiple ionization has been revealed@24#. There
are no data for the collisions of H and He ions with N
molecules.

In this paper we present the results of our measurem
of the relative cross sections for multiple ionization in col
sions of 50–300-keV protons, deuterons, and helium i
with N2 , O2, CO, and NO molecules. Furthermore, we stu
ied the angular distributions of molecular fragments for ea
ionization channel. In the axial recoil approximation which
valid for the processes considered the fragment angular
tribution gives the dependence of the ionization cross sec
on the orientation of the molecular axis with respect to
projectile beam at the moment of the collision. We found th
for all considered colliding pairs a strong orientation effe
exists: the cross section of multiple ionization (Q.3) is
larger when the molecular axis is aligned along the beam
smaller when it is perpendicular to the beam. This effe
which was theoretically predicted@25,26# and experimentally
established for He1-N2 collisions @24#, is apparently a gen-
eral feature for all diatomic molecules. It is clearly observ
in collision with He1 ions. For hydrogen ions the observ
tion of the orientation effect is more difficult since the cro
sections for multiple ionization are smaller. Nevertheless
we show below, the orientation effect also exists for hyd
gen ions.

We present also theoretical calculations of the multi
ionization cross sections as well as of their orientation
pendence. The calculations were performed within the sta
tical energy deposition~SED! model@27–30#. In the consid-
ered energy range the Sommerfeld parameter character
the strength of interaction,k5Z/v, is about 1 (Z is the pro-
jectile charge,v its velocity in atomic units!. Thus the energy
transfer in the collision cannot be considered in the fir
order perturbation theory. We used a recently developed
sion of the SED model which takes into account higher-or

e
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corrections in the calculations of the energy deposition@31#.
In the following section we will briefly describe the ex

periment. In Sec. III we discuss the relative cross section
multiple ionization as well as the angular distributions a
the orientation effect. The experimental results are compa
with the theoretical calculations within the SED mod
Some conclusions are formulated in the last section IV.

II. EXPERIMENT

Details of the experimental technique have already b
published@32,33#. We therefore give only a brief account o
the experimental setup. The collimated beam of 50–300-
H1, D1, or He1 ions interacts with effusive N2 , O2, CO, or
NO gas targets. The slow ions and electrons generated in
collision process are separated by a weak homogenous
tric field of 333 V/cm perpendicular to the detector plan
Electrons are detected by a channeltron at one side of
interaction region; positive ions are accelerated toward
time- and position-sensitive multiparticle detector at t
other side. After passing a field-free time-of-flight region t
ions are postaccelerated to a few keV to increase the dete
efficiency. The detector is based on microchannel pla
~MCPs! in combination with an etched crossed-wire ano
structure consisting of independentx and y wires @32#: an
electron cloud from the microchannel plates hitting a w
crossing will result in coincident pulses on the correspond
x andy wires. For each positive fragment ion the position
the detector (xi ,yi) and the time of flightt i relative to the
electron signal are recorded. If both fragments from a p
ticular fragmentation are detected these data yield a k
matically complete image of the molecular breakup proce
and the dissociation energy and angular correlations ca
derived for each individual event. The present experime
setup allows the simultaneous measurement of all reac
channels resulting in at least one electron and one or m
positive fragments. In the fast collisions (tcoll,10216 s)
considered here ionization and fragmentation may be tre
as independent processes. Therefore, in a diatomic mole
the fragment ions emerge in the direction of the molecu
axis so that the initial orientation of the molecule at the
stance of fragmentation can be derived from the measu
velocity vectors.

Relative cross sections for the production of selected io
such as, e.g., N1 or N2

1 , and of special processes such
N2→Nq111Nq21 can be obtained. A crucial point for th
determination of cross sections is the detector efficiency
depends on the particular process. Consider, for example
processes

He11N2→He(12c)11Nq111Nq211n e2 ~1!

with n5q11q22c>1. In the experimental setup used th
observation of such an event requires the detection of b
ions and at least one electron. Currently we have no po
bility of distinguishing between processes with a differe
number of ‘‘free’’ electronsn, and thus the fragmentatio
channels will subsequently be classified by the fragm
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chargesq1 and q2. Clearly the probabilityPe of detecting
‘‘at least one’’ electron depends on the number of free el
tronsn:

Pe~n!512~12hT!n ~2!

whereh'0.8 is the efficiency of the channeltron~including
electronics! andT50.9 is the transmission of the grid in th
electron path. Consequently the start probability isPe
'0.72 for n51, Pe'0.92 for n52, and essentiallyPe'1
for n.2. Positive ions have to pass three grids before th
are detected by the crossed-wire detector with an efficie
of e'0.4 ~MCP andx-y coincidence electronics!. As a con-
sequence of the crossed-wire structure it is possible to
solve particles which arrive ‘‘at the same time’’ on differe
wires. Due to this ‘‘zero dead time’’ feature the detection
both fragments may be considered as independent and
probability of observing at least one electron~out of n) to-
gether with both fragment ions is

P~n!5Pe~n!eT3eT35e2T6Pe~n! ~3!

which typically amounts to 8–8.5%.
Another important point is the finite size of the detect

The mutual Coulomb repulsion of the Nq111Nq21 or Cq11

1Oq21 system leads to considerable kinetic energies of
fragments ranging from 5 to 150 eV@34#. Depending on the
locus of fragmentation and the initial direction of the m
lecular axis a part of the fragments will, especially at high
fragment energies, miss the active detector area. A Mo
Carlo technique was used to estimate the losses introdu
by the geometric and electronic detector characteristics
each fragmentation channel. The simulations show tha
case of a separation field of 333 V/cm the spectromete
close to the ideal of a 4p detector: the largest loss of'3%
was found for the N311N21 channel.

The measured cross sections were corrected for both
fects, the geometric and electronic characteristics and
detector efficiency of the particle detectors. Since the e
ciencies are not exactly known, we estimate an uncertaint
10% for each of the particle detectors. A determination
absolute cross sections additionally requires the pre
knowledge of the projectile current and the target dens
which is in general not easy to maintain. We therefo
present only relative cross sections. The experiment requ
the detection of at least one electron, so that pure cap
processes, such as, e.g., He11CO→He01CO1, are not ob-
served. Thus especially the single ionization cross sectio
clearly underestimated in this experiment. In the case
triple ionization, however, no pure capture processes oc
and the probability of detecting at least one electron is cl
to 1. Therefore, the relative cross sections are normalize
the triple ionization yield. Since all reaction channels is me
sured simultaneously, the influence of the mentioned un
tainties are significantly reduced or even completely ru
out, such as, e.g., the influence of target density and the M
efficiency. The main contributions arise from the statistic
errors of the observed intensities and~especially in the case
of s2 /s3) the uncertainty inh. With a few exceptions~8%
for s4 /s3 in 250-keV H11N2, 7% for s4 /s3 in 150-keV
1-2
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D11 NO, and 5% fors5 /s3 in 100-keV He11N2 colli-
sions! the estimated errors are in general well below 4%.

The experiment can clearly distinguish between differ
combinations of fragment charges, such as, e.g., C11O21

and C211O1. The theoretical model discussed below, ho
ever, is only sensitive to the total chargeQ of both fragment
ions. Therefore, the cross sections forQ-fold ionization were
derived by summing up the corresponding channels obse
in the experiment. For example, the triple ionization of C
consists of the C11O21 and C211O1 channels, and the
fourfold ionization of N2 of the N11N31 and N211N21

channels; channels with neutral fragments, such as, e.g
1Nq1, are not detected.

For each electron-ion-ion coincidence the angleq be-
tween the molecular axis and the direction of the projec
beam was derived from the measured velocity vectors. T
the ionization cross sections can be studied as a functio
the orientation of the molecular axis relative to the projec
beam. To simplify the study of the variation of the angu
distributions withQ and with the projectile type and velocit
as well as to simplify the comparison between the exp
ment and the model calculations, a dipole-type angular
tribution ~see the discussion in Sec. III! was fitted to the
measured angle spectra. This somewhat crude approxim
reflects at least the main characteristic features of the di
bution by the anisotropy parameterb which can be com-
pared with that computed in the model. Since for an isotro
distribution the number of dissociation eventsN(q) with
angles betweenq and q1dq is proportional to sinq, the

TABLE I. Relative multiple ionization cross sections of d
atomic molecules by H1 and D1 impact. The estimated experimen
tal uncertainties are in general well below 4%~see text!.

Energy s2 /s3 s4 /s3

Collision ~keV! Expt. Model Expt. Model

H11O2 50 9.1 12.88 0.064 0.035
100 9.6 9.48 0.082 0.050
150 11.1 8.92 0.085 0.054
200 12.8 8.77 0.068 0.057
250 14.0 8.78 0.066 0.059
300 14.9 8.94 0.075 0.059

H11N2 50 5.5 9.50 0.051 0.049
100 6.0 7.04 0.047 0.070
150 6.7 6.59 0.055 0.079
200 7.6 6.57 0.066 0.084
250 8.1 6.74 0.075 0.084
300 8.2 6.91 0.079 0.084

D11CO 100 6.8 7.23 0.060 0.064
150 5.5 6.06 0.067 0.079
200 4.9 5.69 0.089 0.086
250 4.9 5.57 0.090 0.089
300 4.7 5.52 0.087 0.092

D11NO 150 4.4 3.96 0.072 0.074
200 4.1 3.71 0.092 0.082
250 3.7 3.62 0.093 0.087
300 3.8 3.59 0.097 0.090
05270
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angular distribution was fitted by the expression

N~q!5N0@11bP2~cosq!#sinq. ~4!

using a nonlinear least-square algorithm to extract the ani
ropy parameterb for each ionization degree.

III. RESULTS AND DISCUSSION

The experimental results presented in Tables I–IV
compared with our theoretical calculations which were p
formed within the SED model. The principles of the mod
are described in detail in the original papers by Russek
Meli @27# and Cocke@28#. The extension of the model with
realistic calculations of the energy deposition and ene
straggling is described in our previous publications@29,30#.
Recently, we have developed a version of the SED mo
that can be applied when the projectile velocity is close
the Bohr velocity (v;1) where the interaction cannot b
considered as a perturbation@31#. This latest version is used
in the present work. Since the description of the model
cluding all necessary formulas is well documented in
cited papers we shall not repeat it here. Instead we bri
describe the main ideas and basic approximations used in
calculations.

The SED model is based on the assumption that mult
ionization may be considered as proceeding in two stag
First, the charged projectile interacting with the target el
trons deposits some energy into the electronic system. At
second stage, when the projectile has already left the in
action region, a certain number of electrons are emitted
the ‘‘hot’’ target. The probability ofn-electron emission is
mainly determined by the corresponding volume of the av

TABLE II. Relative multiple ionization cross sections of d
atomic molecules by He1 impact. The estimated experimental u
certainties are in general well below 4%~see text!.

Energy s2 /s3 s4 /s3 s5 /s3

Collision ~keV! Expt. Model Expt. Model Expt. Model

He11O2 50 3.7 24.60 0.102 0.012 0.000
100 2.9 6.36 0.176 0.078 0.008 0.00
150 2.6 3.83 0.197 0.154 0.0124 0.00
200 2.3 2.98 0.229 0.219 0.0152 0.02
250 2.3 2.59 0.242 0.273 0.0197 0.03
300 2.2 2.39 0.264 0.316 0.0247 0.05

He11N2 50 2.6 47.38 0.114 0.007 0.000
100 1.8 10.15 0.194 0.048 0.0104 0.00
150 1.6 5.71 0.219 0.098 0.0147 0.00
200 1.5 4.25 0.233 0.142 0.0188 0.01
250 1.6 3.58 0.238 0.181 0.0214 0.01
300 1.6 3.22 0.235 0.213 0.0185 0.02

He11CO 100 3.1 7.69 0.102 0.063 0.001
150 2.7 4.66 0.146 0.121 0.007
200 2.7 3.62 0.185 0.169 0.0103 0.01
250 2.7 3.08 0.166 0.210 0.025
300 2.8 2.81 0.183 0.243 0.0128 0.03

He11NO 100 1.9 5.48 0.168 0.050 0.0128 0.00
1-3



the

ele-

tem
ns
tem

cu-
tem,
he
e

en-
is

ap-

o-
u-

ob-
is
ns

ast
s
to

lates

r all
ch
ter

s

-

SIEGMANN et al. PHYSICAL REVIEW A 66, 052701 ~2002!
TABLE III. The anisotropy parameterb of the angular distribu-
tion of fragment ions in multiple ionization of diatomic molecule
by H1 and D1 impact. The experimental valuesbexpt and calcu-
lated valuesbcalc ~see text! are shown for different degrees of ion
ization Q.

Energy Q52 Q53 Q54
Collision ~keV! bexpt bcalc bexpt bcalc bexpt bcalc

H11N2 50 20.26 20.02 0.18 0.47 1.25

100 20.30 20.08 0.16 0.30 0.98

150 20.26 20.10 0.12 0.24 0.87

200 20.26 20.10 0.09 0.20 0.12 0.81

250 20.29 20.11 0.03 0.19 0.78

300 20.25 20.11 20.02 0.18 0.09 0.76

H11O2 50 20.12 0.00 0.17 0.57 1.37

100 20.10 20.05 0.22 0.41 0.33 1.14

150 20.07 20.07 0.19 0.34 0.22 1.04

200 20.06 20.09 0.15 0.30 0.96

250 20.06 20.09 0.15 0.27 0.89

300 20.08 20.10 0.11 0.26 0.85

D11CO 100 0.13 20.05 0.35 0.34 0.86 0.95

150 0.13 20.08 0.33 0.26 0.68 0.83

200 0.10 20.09 0.33 0.21 0.80 0.78

250 0.10 20.10 0.27 0.19 0.71 0.74

300 0.22 20.10 0.26 0.17 0.67 0.71

D11NO 150 0.45 20.14 0.39 0.15 0.91

200 0.38 20.15 0.35 0.11 0.85 0.82

250 0.37 20.16 0.35 0.08 0.99 0.77

300 0.38 20.16 0.31 0.06 0.88 0.72
05270
able phase space. The SED model is semiempirical in
sense that it contains an adjustable parameter, theg factor,
which characterizes the average square of the matrix
ment, describing the electron emission. In principle, theg
factor can be adjusted separately for each colliding sys
and for each collision energy. However, our calculatio
show that it does not change much from system to sys
and depends only weakly on energy.

In accordance with the above description, first one cal
lates the energy deposited into the target electronic sys
which is equal to the energy lost by the projectile in t
collision with the molecule. For this calculation we hav
used the unitary convolution approximation~UCA! devel-
oped by Schiwietz and Grande@35#, which permits one to
calculate the impact parameter dependence of the mean
ergy loss provided the electronic density of the target
known. The latter was calculated in the Hartree-Fock
proximation using theMOLPRO computer program@36–38#,
which was also used in the calculation of the ionization p
tentials for removing an electron from a molecule or molec
lar ion that are necessary for obtaining the ionization pr
abilities. The advantage of using the UCA is that th
approximation takes into account higher-order correctio
and therefore is applicable to the collisions of not very f
particles (k;1). Similarly, the straggling of the energy los
was calculated. The details of the application of the UCA
ion-molecule collisions are given in@31#. Knowing the de-
posited energy for each impact parameter one then calcu
the probability of multiple ionization@29–31#. The corre-
sponding cross sections are obtained by integration ove
impact parameters. Since the time of the collision is mu
less than any rovibrational motion of the molecule, the lat
n
TABLE IV. The anisotropy parameterb of the angular distribution of fragment ions in multiple ionizatio
of diatomic molecules by helium ion impact. The experimental valuesbexpt, and calculated valuesbcalc ,
~see text! are shown for different degrees of ionization,Q.

Energy Q52 Q53 Q54 Q55
Collision ~keV! bexpt bcalc bexpt bcalc bexpt bcalc bexpt bcalc

He11N2 50 20.45 0.19 20.19 1.08 1.85 1.99
100 20.50 20.02 20.23 0.45 0.29 1.22 1.81
150 20.52 20.09 20.24 0.22 0.30 0.81 1.49
200 20.51 20.12 20.25 0.11 0.30 0.58 1.11 1.23
250 20.50 20.13 20.25 0.04 0.30 0.45 1.20 1.05
300 20.50 20.13 20.23 0.00 0.33 0.36 1.33 0.91

He11O2 50 20.38 0.06 20.29 0.80 0.08 1.70 1.98
100 20.36 20.10 20.16 0.25 0.22 1.03 0.87 1.78
150 20.33 20.16 20.18 0.06 0.25 0.61 0.88 1.45
200 20.34 20.18 20.19 20.03 0.21 0.39 0.94 1.17
250 20.33 20.18 20.17 20.09 0.27 0.26 0.93 0.97
300 20.41 20.18 20.21 20.12 0.32 0.18 1.02 0.83

He11CO 100 0.22 20.04 0.19 0.33 0.76 0.95 1.58
150 0.30 20.11 0.22 0.15 0.75 0.62 1.22
200 0.32 20.13 0.21 0.06 0.66 0.45 1.09 1.00
250 0.35 20.12 0.20 0.01 0.77 0.35 0.85
300 0.34 20.12 0.21 20.02 0.63 0.27 0.80 0.75

He11NO 100 0.18 20.10 0.19 0.25 0.92 1.10 1.36 1.72
1-4
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is considered as fixed in space during the collision. In t
way the dependence of the multiple ionization cross sec
on the molecular orientation can be studied. The total cr
section is obtained by averaging over all molecular orien
tions. Here we note that the SED model does not inclu
ionization by electron capture. Within the model it is a
sumed that the degree of ionization is equal to the numbe
emitted electrons,Q[q11q25n. In the experiment it is not
always so@compare with Eq.~1!#. However, we shall ignore
the capture process and assume thatQ5n in the comparison
of the experimental data with the model calculations.

A. Cross section of multiple ionization

First we discuss the relative cross sections of multi
ionization. A comparison of the experimental and the cal
lated relative cross sections gives a good opportunity
choosing theg factor. As an example, in Fig. 1 we compa
the experimental and theoretical relative cross sections
malized to the triple ionization cross section, i.e., the rat
sn /s3, for H11O2 collisions. The theoretical data ar
shown for two values of theg factor: 0.01 and 0.05. A com
parison of these two calculations shows a general tende
the smaller theg factor, the steeper is the curve represent
the relative cross section as a function of the number

FIG. 1. Relative cross sections ofn-fold ionization of O2 mol-
ecules by proton impact at different collision energies. Open circ
are the experimental results; black diamonds, calculations witg
50.01; black squares, calculations withg50.05. The curves are
drawn through the points to guide the eyes.
05270
s
n

ss
-
e

-
of

e
-
r

r-
s

y:
g
f

emitted electrons. The calculations withg50.01 agree fairly
well with the experimental ratios at practically all energi
studied. A similar comparison for He11O2 collisions is
shown in Fig. 2. For higher collision energiesE
5150–300 keV good agreement is achieved forg50.05,
with only a weak dependence on the exact value. Howe
for the energy of 100 keV and especially for 50 keV t
theoretical curve is much steeper than the experimental
Increasing theg factor makes the theoretical results closer
the experiment, but still the difference is too large, especia
for E550 keV. A possible explanation of the failure of ou
model at small velocities is that the electron capture mec
nism, which is not included in our model, contributes co
siderably at these energies. Indeed, the experimental inv
gations by Ruddet al. @20# have shown that ionization o
molecules by electron transfer to He1 ions gives about 15%
of the total ionization cross section atE5250 keV, but its
contribution increases to 47% atE560 keV. Unfortunately,
there are no data on the capture rates for separate ioniz
channels. Hence, we are unable to correct our results for
capture contribution.

s

FIG. 2. Relative cross sections ofn-fold ionization of O2 mol-
ecules by He1 impact at different collision energies. Open circle
are the experimental results; filled symbols show the results of
culations with differentg factors:g50.05 ~squares!, g50.10 ~tri-
angles pointing up!, g50.15 ~triangles pointing down!. The curves
are drawn through the points to guide the eyes.
1-5
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The results of our calculations for other collision syste
behave rather similarly. In the discussion below we refer
the theoretical calculations made with the following cho
of the g factors: 0.01 forp1O2, 0.05 for p1N2, and D1

1CO,NO. For collisions of He ions withE.150 keV the
fitting givesg50.05 for all molecules except N2, where bet-
ter results are obtained withg50.15. For lower energies,E
<150 keV, theg factor should be larger for better agreeme
with experiment. In principle, one can fit theg factor also for
these energies; however, it is probably not meaningful si
electron capture, which becomes the dominant process a
energies, is not considered in the SED model. Thus the
oretical data presented below are calculated with the ene
independentg factors indicated above, but the results for t
lowest energies should be considered with caution.

In Tables I and II we compare our experimental resu
with the calculations. For collisions with hydrogen ions t
calculated ratios of the cross sections are in reason
agreement with experiment for all considered energies~the
average deviation is less than 20%!. For He ions the agree
ment is reasonable for the energiesE.150 keV. The excep-
tion is the case of He11N2 collisions. Here the experimenta
cross sections of double and triple ionization differ on
slightly, while in the calculations the ratios2 /s3 is notice-
ably larger. The reason for this discrepancy is unclear. Pa
this may be attributed to the fact that N2

21 and N211N0 are

FIG. 3. Cross sections ofn-fold ionization of O2 , N2, CO, and
NO molecules by proton and deuteron impact as functions of p
jectile energy. Filled symbols connected by curves represent
calculated cross sections~see text!. Open symbols show the exper
mental data normalized to theoretical values ofs3 at each energy.
Molecules: O2, circles; N2, triangles pointing up; CO, squares; NO
triangles pointing down.
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not contained in the experimental cross sections. They o
contain ion-ion events.~For O2 this effect is small since les
O2

21 is produced.!
In Figs 3 and 4 we present the energy dependence of

cross sections of multiple ionization on an absolute scale
H1 and He1 collisions, respectively. The curves represe
the results of our calculations. The experimental data
normalized at each energy to the theoretical triple ionizat
cross section. The energy dependence is reproduced r
well by the model calculation.

B. Orientation dependence of the cross sections

Anisotropy of the angular distribution of molecular frag
ments in dissociative ionization by a well directed beam
particles was predicted from very general symmetry ar
ments by Dunn@39#. If the dissociation takes place in a tim
small compared to a period of the molecular rotation, th
the dissociation products will move along the direction o
molecular axis~axial recoil!. Hence, for diatomic molecule
measurements of the angular distribution of fragment io
provide the dependence of the ionization cross section on
orientation of the molecular axis with respect to the bea
When several electrons are removed from a molecule i
collision the multiply ionized molecular ion dissociates ve
quickly so that the axial recoil approximation holds. Th

-
e FIG. 4. Cross sections ofn-fold ionization of O2 , N2, CO, and
NO molecules by He1 impact as a function of He ion energy. Fille
symbols connected by curves represent the calculated cross se
~see text!. Open symbols show the experimental data normalized
theoretical values ofs3 at each energy. Molecules: O2, circles; N2,
triangles pointing up; CO, squares; NO, triangles pointing down
1-6
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orientation dependence of the multiple ionization cross s
tion was recently investigated both experimentally and th
retically ~see@24–26,31,40# and references therein!. It was
found that the cross section of multiple ionization in the ca
when the molecular axis is aligned with the beam is cons
erably larger than when it is perpendicular to the beam. T
effect increases with increase of the number of remo
electronsn. According to the qualitative arguments presen
in @31# we could expect a notable orientation effect for h
drogen and helium projectiles in the considered energy ra
for n>3. Indeed, we have observed the orientation effect
all colliding partners.

From simple symmetry arguments it is clear that the
gular distribution of molecular fragments in a multiple io
ization - fragmentation process may be presented as

I ~q!5I 0S 11(
L

bLPL~cosq! D ~5!

whereq is the angle between the direction of the fragme
ion velocity and the projectile beam direction,PL(x) are
Legendre polynomials, andI 0 is a normalization constant
This form is a consequence of the axial symmetry of

FIG. 5. Orientation dependence for the multiple ionization
CO molecules in collisions with 100-keV D1 ions for n-fold ion-
ization. The histograms show the experimental results. The da
curves show the result of a fit by the dipole-type distribution~6!.
The solid curves are the results of the theoretical calculations wi
the SED model forg50.05. The dot-dashed curve shows the s
distribution. All curves are normalized to the same area as the
perimental histograms.q is the angle between the ion beam dire
tion and the molecular axis.
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initial conditions: if we suppose that the directions of t
molecular axes of the target molecules are randomly
uniformly distributed in space, then the only specified dire
tion is the direction of the ion beam, thus the angular dis
bution of fragments should be axially symmetric with resp
to this direction. For homonuclear diatomic molecules th
is additional symmetry with respect to permutation of t
atoms. This leads to the conclusion that only even value
L can contribute to the sum~5!. For heteronuclear molecule
odd-L terms can in principle contribute, describing a possi
forward-backward asymmetry.

If the collision energy is high enough so that the Bo
approximation can be applied (k!1) then the multipole ex-
pansion of the Born amplitudes can be used and the co
bution of different multipoles can be estimated@44,45#. The
leading dipole term in the expansion gives rise to a differ
tial cross section of the form

I ~q!'I 0@11bP2~cosq!#. ~6!

This distribution coincides with the angular distribution
photoions in photoionization-dissociation of molecules@41#.
For particle-impact ionization the dipole approximatio
should be valid only for high collision energies. Analysis
the double ionization of H2 by proton impact@43# in the
Born approximation leads to an expression containing te
proportional to cos2q and cos4q corresponding to termsL
52 and 4 in expression~5!. However, the experimental re
sults @43# in the energy region of about 1 MeV have n
given a noticeable contribution of the cos4q term.

As first discussed by Zare@44# and later confirmed by
measurements for dissociative ionization of hydrogen m
ecules@45# and by calculations@42#, the higher multipoles
contribute considerably if the collision involves large m
mentum transfer. One can expect that for multiple ionizat
the typical momentum transfer increases with increase of
number of emitted electrons; therefore the higher-order m
tipole corrections to the simple dipole-Born approximati
can be noticeable for higher degrees of ionization. In fa
model calculations of the orientation effect for multiple io
ization of diatomic molecules by ion-impact@24,26# have

f

ed

in

x-

FIG. 6. The same as in Fig. 5 but for the collisions of 200-ke
He1 ions with O2 molecules.
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SIEGMANN et al. PHYSICAL REVIEW A 66, 052701 ~2002!
shown that for the highest observed degrees of ionization
angular distribution is quite sharply peaked at 0° and 18
clearly indicating that nondipole corrections are necessary
this case, the description of the angular distribution by
pression~6! would be inappropriate.

In this work all measured angular distributions are fitt
by the dipole-type expression@multiplied by sinq, Eq. ~4!#
which reproduces surprisingly well the main features of
distribution. Since our main purpose was to study the dep
dence of the general characteristics of the orientation ef
on the projectile type and velocity as well as on the tar
molecule properties, we made no attempt to extract m
refined characteristics of the angular distribution such asb4
and other higher multipole contributions. In Figs 5 and 6
show examples of the angular distributions measured
100-keV D11CO and 200-keV He11O2, respectively. In
both figures a clear deviation from the sine distribution
seen forn53 and especially forn54 and 5. We note that fo
heteronuclear molecules the experimental data do not s
any forward-backward asymmetry within the experimen
uncertainty. In the same figures we show the fitted dipo
type distributions as well as the results of our calculatio
with the SED model. The model calculations agree well w
the experimental data.

The fitting of expression~4! to the experimental angula
distributions yields theb parameter which describes the a
isotropy of the dissociation. The values ofb derived from
the fit are shown in Tables III and IV. In a recently publish

FIG. 7. Experimental and theoreticalb values as function of the
number of removed electronsn for collisions of 200-keV H1 ~a!
and He1 ~b! ions with molecules. Filled symbols connected by lin
represent the results of our calculations, the corresponding o
symbols show our experimental results.
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paper@31# we characterized the anisotropy of the theoreti
distributions by the parameter A5@s(0°)
2s(90°)#/@s(0°)1s(90°)#. If the distribution is close to
the dipole-type one, then theb parameter can be expresse
in terms ofA:

b54A/~32A!. ~7!

Using the values ofA calculated in the SED model we ob
tained the anisotropy parameterb by Eq.~7!. The results are
compared with the experimental data in Tables III and I
We note here that the theoretical curves in many cases
be better fitted by the expression~5! with L52 and 4. How-
ever, for comparison with the experimentalb ’s we ignored
the higher-multipole corrections. Theb values from fitting
the theoretical curves are very close to those obtained f
Eq. ~7!.

For higher values ofn54,5 the agreement between theo
and experiment is satisfactory. Only for proton impact w
N2 and O2 are the experimental values forn54 much
smaller than the calculated ones. However, in these case
cross section is very small and the observed number
events was not sufficient for a reliable determination of theb
value. For lowern the calculated values underestimate t
experimental data. In addition, the calculated anisotropy
n52 is in all cases small and negative, while in the expe
ment it has different signs for different molecules and it
not so small. To make it clearer we plotted the results
200-keV H1 and He1 collisions for all molecules as a func
tion of the number of removed electrons~see Fig. 7!. It is
interesting that for the homonuclear molecules (N2 and O2)
the anisotropy for double ionization is negative, while for t
heteronuclear molecules~CO, and NO! it is positive. One
can speculate that this difference is due to the contribution
electron capture. It is known that for capture as well as c
ture with ionization from homonuclear molecules the inte
ference effect can play a significant role@46,47#. The effect
arises because the two atoms in the molecule are iden
and the corresponding amplitudes from the two centers in
fere. This enhances the cross section when the molecu
perpendicular to the beam and thus makes theb value nega-
tive. This effect, absent in heteronuclear molecules, may
plain the observed difference. In our model calculation
capture process is disregarded and the results for ho
nuclear and heteronuclear molecules are similar.

IV. CONCLUSIONS

We have presented the results of a systematic stud
H1, D1, and He1 ions colliding with various diatomic mol-
ecules in the energy range of 50–300-keV. Relative multi
ionization cross sections and their dependence on the o
tation of the molecular axis are obtained. We have also p
sented the results of extensive calculations of the cross
tions within the SED model. For all considered collisio
partners the anisotropy of the angular distribution of mole
lar fragments is clearly established, especially for the high
observed degrees of ionization. This confirms our theoret
predictions@31#. The similarity of the results obtained for a

en
1-8
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molecules studied confirms the interpretation of the orien
tion effect as depending primarily on the spatial distributi
of the electron density in the molecule. The individual pro
erties of the particular molecular states or molecular struc
have a minor influence on the fragment angular distributio
This explains the favorable comparison of the experime
data with calculations within a statistical model which dis
gards the details of molecular structure. However, the an
lar distributions for double ionization disagree with the p
dictions of the SED model. Here more refined calculatio
are necessary.
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