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Alignment effects in electron capture from D,* molecular ions by Ar?*, N**, and He*
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We have studied collisions between Dmolecular ions and doubly charged projectiles at collision veloci-
ties ranging from 0.19 a.u. to 0.51 a.u. Using a molecular ion gives us the unique opportunity to investigate
electron capture from a true one-electron, two-center target. The experimental results indicate that electron
capture is preferred if the molecular axis is perpendicular to the collision velocity, independent of projectile and
magnitude of collision velocity. We also present results from a theoretical model calculation. The calculation
qualitatively supports the experimental findings, although some features in the calculation are not reproduced
by the experiment. We discuss whether those features are natural.
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[. INTRODUCTION proach is only applicable to dissociative final states.
When applied to electron capture from neutrgl fol-

Electron capture from single-center targets in ion-atomecules, this approach requires that a two-electron process
collisions is rather well understood. For example, absolutdéake place. If one electron is captured, the other electron
capture cross sections fpr+H collisions are in agreement Must also be excited/ionized in order to populate the requi-
with theoretical calculations with less than 25% error over sSite dissociative final state. The dependence of electron cap-
wide range of collision energigseV to MeV) [1]. Replac-  ture on the alignment of the target molecular axis was mea-
ing the hydrogen atom with a hydrogen molecule as targe$ured by Chengt al.[3] for electron capture from Hoy fast
changes the situation. The internuclear axis introduces a@®" projectiles, using the recoil method discussed above.
additional degree of freedom to the collision. To the extentOnly the transfer ionization channel, which leads to removal
that the electronic wave function can be represented as @f both electrons, was studied. Such a process is much more
linear combination of atomic orbitals, the amplitude for cap-complex to analyze theoretically than a clean single capture
ture from such a two-center target can be thought of as lineg@rocess, and requires that broad generalizations about the
combination of single-center amplitudes with a relativerole of the excitation/ionization of the second electron be
phase that depends on the vector internuclear distance. THeade in order to compare the results of the experiment with
situation is very similar to that of Young's two-slit interfer- theory[9-13).
ence experiment: the total amplitude for electron transfer is In this study, the target is a> molecular ion. Since this
modulated according to the interference between the two anis a true one-electron molecular target, the two-center aspect
plitudes. This interference effect will manifest itself in the can be investigated unambiguously without the complication
dependence of the transfer cross section on the alignment 6f the second electron. After capturing the electron from the
the target molecule with respect to the beam direction.  target, the two remaining D fragments recoil from each

The most convenient way to measure the molecular alignother, allowing one to determine the molecular axis align-
ment dependence of a cross section for a collisionally inment through measuring the relative recoil velocity of the
duced electronic transition is to measure the vector momerfragments. We have studied the dependence of single capture
tum(a) of the dissociation fragments. Many experimentsOn the alignment between beam and the molecular axis for
investigating the influence of the molecular axis alignmenthe following collision systems:
on the reaction have been carried out recently in photo- and

collision-induced ionization of diatomic moleculga-7]. To Ar?T+D," —Ar" +2D% v =0.19 a.u., (1)
experimentally determine the alignment of the nuclear axis,

most of these experiments take advantage of the recoil ap- N**+D,*—N*+2D"v¢=0.23 a.u, (2
proximation[8]. If the fragmentation process is fast com-

pared to the rotational and vibrational motion of the parent He?* +D," —He"+2D v ,=0.4 a.u., ©)
molecule, the fragments produced in the collision recoil

along the internuclear axis. Measuring the relative velocity He?"+D," —He"+2D%v.,;=0.51 a.u. (4)

vector of the two fragments reveals the alignment of the
internuclear axis when the molecule breaks up. This apThe AP* and N°* capture populate dominantly thep3nd
2p orbitals on the final ion, respectively. For He the
dominant capture is tm=2 [14]. The first two collision
*Present Address: Department of Radiology, The University ofsystems are very similar i@ value, which is very small,
Chicago, Chicago, IL 60637, USA. Q=-0.3 eV for the N projectile andQ=—2.3 for the
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projectile. The last two collision systems have the same [agnment | e bt oryober s o |
projectile, at two velocities. For the KFé projectiles, Q 0l |
=—16.3 eV, resulting in a smaller capture cross section but /7@0 A
larger expected alignment effect, as discussed below. T — — )

collision
velocity

Il. THEORETICAL MODEL

absolute cross section [10" cm?

Several groups have established models for ion-molecule
collisions [12,13,15,1& We have previously described the
application of a collision model developed by Shingal and
Lin [16] to calculate the total charge transfer cross sections
for HE#™ and AP* on H,"™ [14]. In this paper, we use this
model to calculate the dependence of the capture cross sec-
tion on #, which is the alignment of the molecular axis with
respect to the projectile velocity vector. Since a detailed de-
scription of the approach is given in R¢14], we summarize
here only the major features. In this model, the scattering z

N

& AP +H > A +2H"
® N*+H'>N+2H

absolute cross section [107® om?]

——He™ > He'(n=2)

amplitudes for the ion-molecule collision system are con- L\ | peligutin
--------- N* -> N'(2p)

structed from the scattering amplitudes of the respective ion-
atom collision system through coherent superposition:

@, (in multiples of n)

(5) v, [au]

FIG. 1. (Color online Theoretical results for the electron cap-
wherea(b,) anda(bg) are the scattering amplitudes of the ture cross section from H molecular ions by H&" (top) and
atomic collision system consisting of the projectile and onear2*, N2* (middle) as a function of collision velocity. The top and
molecular constituentA) or (B), R is the internuclear sepa- middle insets show polar plots of tleecapture CS as a function of
ration in the molecular iong is the angle between projectile alignment angle. The bottom graph shows the phase faeior
velocity and internuclear axis, is the collision velocity, and the three projectiles as a function of collision velocity.

w is the energy difference of initial and final state. The scat-

tering amplitudesa(ﬁ) of the atomicX?*-D collision system shown are the total cross section for all the projectiles used
(X=Ar, N, He) are obtained through a close-coupling calcu-in this experiment, as a function of collision velocity. For
lation, as described in ReffL7]. The internuclear separation H&™ projectiles at small collision velocities, where the
R of the D2 molecular ion is 2 a.u. The ground -state energyallgnment dependence varies rapldly with VelOClty, the total
Es at this R is calculated to be 1.13 a.u., using a linearCross section is very small.

combination of atomic orbitals approach W|th variable effec-

tive charge[18]. From the molecular scattering amplitudes, Il. EXPERIMENTAL APPROACH

cross sections are derived through

1 ~ - ) v @
aﬁzﬁ(a(bA)nLa(bB)exp{ —iR cog 0)(5— ;)

A. Apparatus

The experiment was carried out on the 90° crossed beams
ion-ion collision apparatus at the JR MacDonald laboratory
(Fig. 2 and[17]). The doubly charged projectiles were pro-
Because of the molecular target, the collision system exhibitsluced in a 4.5 GHz ECR ion source and g molecular
no cylindrical symmetry and the impact parameter integrajons were created in a Penning ion source. The beams col-
tion needs to be carried out in two dimensions. The totalided in a collision region where the background pressure
cross section varies as a function @f Since cosf) varies  was kept in the low 10 Torr range. The collision region,
between—1 and 1, the magnitude of the variation is deter-which has a length of 38 cm, was held at high voltage. After
mined by the factord,=(v/2— w/v), which, in turn, de- collision, the charge-changed products were separated from
pends on the reaction @ value (w), and on the collision the parent ion beam by magnets and energy analyzed by
velocity v. Varying those parameters changes the alignmenglectrostatic deflectors. The electrostatic deflectors allowed
effect. only charge-exchange products, emerging from the collision

The factor®, is plotted on the bottom graph of Fig. 1, for region to follow a trajectory toward the position-sensitive
the three projectile’® values, as a function of collision ve- MCP detector. For the initially doubly charged projectiles
locity. Only for the HE™ projectile at low velocity is much (ECR beanh, which became singly charged in the capture, a
variation in the alignment effect expected. The alignmentMCP detector in conjunction with a wedge-and-strip anode
dependent cross sections for the?Heprojectile are plotted was used. For detection of the molecular fragments, a MCP
as a polar plot in the inset of the top part of the figure. Alsodetector with a delay-line anode was used, which allowed us

Utot(a):f |afi(6)|2d6- (6)
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FIG. 2. The KSU ion-ion collision facility.
to record the times and positions of both particles simulta- B. Background reduction

neously[19]. The dead time of this detector was about 15 ns, In order to further reduce background events, the projec-

which is much shorter than the maximum flight time _diﬁe_r- tile beam(i.e., the doubly charged beamwas cleaned prior
ence of two molecular fragments of 150 ns. The true ion-iony, jiersecting the molecular ion beam, and partially sepa-
collision pro_d_ucts were identified through a triple COINCI- rated within the collision region by means of two electro-
dence, requiring two hits on the delay-line detector withingatic deflectors. Those deflectors were placed within 1 cm of
400 ns, and a third hit on the wedge-and-strip detector. Withhe peam intersection. The voltages applied were sftyal-

two coincidence windows of 400 ns and, the random  cally less than 100 ) different charge states were merely
rate for the triple coincidence was of the same order as thgagged with slightly different scattering angles in order to be
true rate, 0.1 Hz. Typical beam currents were 50 nA for theable to fully collect the parent ion beam further downstream.
projectile ECR beam and 20 nA for the molecular beam.On the position-sensitive detector, the different charge states
Detection of all molecular fragments was ensured by an arproduced beam spots at different locations. Particles result-
rangement of two ion-optical lenses. The lens voltages werag from collisions with background gas were either blocked
set such that momentum focusing of the molecular fragmentsut using a beam block or through software in the data analy-
was achieved, which means that particles emerging from theis. This measure resulted in a background reduction of about
beam intersection with equal velocity vectors are projected factor of 10. The molecular ion beam could not be cleaned
onto the same detector position, regardless of where they this way, since the angle used to tag the beam was of the
originated from within the collision volume. Detector posi- order of the expected scattering angles of the molecular frag-
tions were calibrated to scattering angle by deflecting’a D ments. The rate of true events was 0.1 (fx the A" and

test beam at the collision region. The calibration procedurdN®” projectile3 and 0.02 Hz(for the HE™ projectile at

as well as the corrections for the electrostatic and magnetic.,;=0.4 a.u.). With those measures in place, the real-to-
analyzers are described in detail in R¢f0,21]. random ratio was between 2(for the AP* projectile and
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"Coulomb-Sphere” V. RESULTS AND DISCUSSION

Figure 4 shows the slices of the resulting Coulomb
sphere, presented as density plots of the measured values of
the laboratory momenta of the fragmeftsandk,, where
ki=mv,e; andk,=—mv,g . In this figure thez axis is de-

. fined to be in the direction perpendicular to the face of the
o - detector and the& axis is defined to be the detector position

VDfOi

= : SRR coordinate that lies in the plane defined by the relative ve-
T~ Viag B K locities of the two ion-beams; that is, tlzedirection is the
T~ - time direction of the fragments and tlethe horizontal po-
\Z - \,., sition direction on the detectdsee Fig. 3. The slices shown

in Fig. 4 are formed by requiring that the absolute value of
FIG. 3. Collision geometry for a crossed-beam experiment withthey component of the momentum differenke—k, be less

an expanding Coulomb sphere in one of the beams. than 10 a.u. The radius of this sphere is an indication of the

internuclear distance from which the singly charged deuter-

0.4(for the HE™ projectilg). The running time to accumulate ons began their explosion following the capture. In this case,

20000-50000 true events was 5-9 days. we expect that this value will approximately reflect the mo-
tion of the wave packet formed initially in the ion source
IV. DATA ANALYSIS from D, at an internuclear distance of 1.4 a.u., but after it has

oscillated for a long enough time in the gerade potential
curve of the D' molecule that the coherence of the vibra-
In a crossed-beam experiment, the collision velocity is aional states in this potential has been lost. If the resulting
vector lying in the plane spanned by the two ion-beam direcwave packet is reflected onto the"ED* potential curve, it
tions. Its orientation with respect to the two beams dependgesults in a broad distribution of release energies between 10
on the relative magnitude of the beam velocities. This isand 20 eV. On this basis, one would expect a rather broad
shown in Fig. 3, where,; is the projectile beam velocity, Coulomb explosion sphere with a radius kg (or k) of
Viarg IS the molecular ion-beam velocity, is the the col-  approximately 45 a.u. This expectation is consistent with the
lision velocity, andy is the angle between the collision ve- data of Fig. 4.
locity and the molecular ion-beam direction. The value of The direction of the vectov,,,, which lies in thex-z
these parameters for each collision system is tabulated iplane, is indicated in Fig. 4 for each collision system. If there
Table 1. were no dependence of the cross sectionéprthe slices
In the collision, the molecular ion breaks into its two con- would be expected to be uniformly populated rings. But they
stituents. The fragment center of mass travels along the paare not. There is a clear propensity for the events to lie pref-
ent ion-beam direction. The fragment velocities with respecterentially at right angles te.,, indicating that the capture
to their center of mass lie on the three-dimensional Coulomlgross section is larger for the molecules that are perpendicu-
sphere. The fragment velocities with respect to the collisiongr to Vo than for those along.,; . The gap along thg'zab
are denoted by, andv,. Once the electron is captured from axis is caused by the limited pulse-pair resolution of the
the molecular ion, the fragments recoil along the internucleamyltihit detector.
axis. Thus, the molecular alignment during the collision can The angular distributions extracted from the two-
be revealed by determining the relative velocity of the twodimensional plots of Fig. 4 are shown in Fig. 5. The angle on
fragments,v,e| = (V1 —V,)/2. The vectorv,, was deduced the bottom axis of the plot is the angle in the laboratory
from the measured positions and times of impact of the iongystem and the angle on the top of each plot is the angle with
on the delay-line detectd®0,21]. The alignment anglé is  respect to each collision velocity. The data are unreliable in
then .deduced as the angle betwegp and the collision  several angular ranges. The gaps arodpg=0 and 180°
velocity Ve - are caused by the pulse-pair resolution of the detector; data
are missing here. Data points plotted without error bars occur
in regions where a high density of background events hit the
detector. These events result from collision-induced dissocia-

Collision kinematics

TABLE I. Kinematic quantities of the four projectile ions col-
liding at right angles with a 3.1-keV O ion beam [v

=3.86(5) m/3. . . - . -

tions of molecular ions colliding with rest gas constituents;

Projectile  Projectile Collision therefore, the scattering angles of those fragments are much

Projectile energy velocity velocity y smaller than that of the molecular fragments resulting from
: the Coulomb explosion. Such high background regions are
ion (keV) (10° m/s) (10 m/s) (a.u)  (deg -

plagued by large detector efficiency and background subtrac-
Ar?* 5.2 1.58 4.17 0.19 22 tion uncertainties and are excluded from further analysis.
N2+ 7.2 3.14 4.98 0.23 39 Figure 6 shows the angular distribution in the collision
He?t 14.2 8.25 9.11 0.42 65 system’s center of mass, purged of the unreliable data re-
He?t 23.2 10.5 11.19 0.51 70  gions. Those distributions were obtained from Fig. 5 by sym-

metrization about each collision velocity, a procedure that
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FIG. 4. (Color onling Slices of the Coulomb sphere in the-k, plane. In each framey,,; is pointing along the negative, axis, and
Viarg IS pointing along the positivk, axis. The data shown were calibrated and the analyzer distortions were corrected for.

produces a complete dataset in spite of the exclusion of artributions show spikes at 0 and 180°, which are clearly not
gular regions in Fig. 5. The right-hand column in Fig. 6 seen in the experimental data. These spikes originate in the
shows the results from the theoretical calculation, as demodel from the spatial overlap, in the integral of E6), of
scribed in Sec. Il for the same collision systems. Both thea(b,) anda(bg) of Eq. (5). This overlap maximizes when
data and the theory agree that the cross section is enhancti@ molecule is aligned along the beam. The effect is stron-
when the molecule is perpendicular to the beam directiongest for a small longitudinal momentum transfer, for which
We interpret this enhancement as due to the constructive irthe phase factor in E@5) is nearly unity. This is the case for
terference between capture from the two centers of the mothe two nearly resonant capture cases, but not for the He
ecule, which occurs when the molecule is in this alignmentprojectile. It appears that this is an artifact of the model, not
This interpretation is supported by the calculation for whichto be seen in nature. In addition, the size of the enhancement
the maximum comes from this effect. Other aspects of thet §=90° is not particularly well reproduced by the model.
model are not seen in the data, however. For the" Ab,* Because the longitudinal momentum transfer is largest for
and N"-D," collision systems, the calculated angular dis-the endoergic capture by Heg, the phase factor in E@5) is
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FIG. 6. Alignment dependence of electron capture frogT D
molecular ions by A¥", N°*, and H&" projectiles. Experimental
data(left) in comparison to the theoretical calculatiGight). The
line through the experimental data points is a smooth of the data.
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FIG. 5. Alignment dependence of electron capture frogt D
molecular ions by A", N°*, and H&" projectiles. In each frame,
the alignment angleslative to the molecular ion-bears plotted on
the bottom axis, and the alignment angéative to the collision  projectile, the collision system is a true one-electron system,
velocityis plotted on the top axis. The relative positions of top andthe cleanest for which this kind of investigation has ever
bottom axes differ for each collision system. BG: angular distribu-peen made. The most important feature of the results is the
tion of the background collisions. enhancement of capture, for all collision systems, when the

molecular ion is aligned perpendicular to the collision veloc-

ity. We believe the major physical reason for this is that the
most strongly angle dependent for this case. Thus one wouldmplitudes for capture from the two centers of the molecule
expect to see a more marké@dlependence for this case than add exactly in phase for this alignment of the molecule. This
for the AP* and N* cases. The experimental data supportinterpretation is supported by a comparison of the data with
this qualitatively to some extent, but there is no real quantithe results of a model calculation that treats capture from
tative agreement between model and experiment on this ignolecular target as the coherent superposition of a, electron
sue. capture from two atomic targets.
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