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Breakup dynamics and the isotope effect in B and D;* dissociative recombination
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The breakup dynamics of 1 and D" following dissociative recombination is studied using the combi-
nation of two-dimensional imaging and storage ring techniques. The vibrational distributions of the molecular
H, and D, fragments produced in the two body fragmentation channel were measured, as well as the kine-
matical correlation between the hydrogen or deuterium atoms produced in the three body channel. For the
latter, we find predominantly linear dissociation geometries. The data also show that the initial molecular ions
H;" and D, , which were stored and electron cooled for up to 40's prior to recombination, are still rotation-
ally hot.
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I. INTRODUCTION The next electronically excited final channel,
Ho(X 12; ,0J)+H(n=2), opens when the initial energy
The triatomic hydrogen positive ion i is the dominant  exceeds~1 eV. The situation for B’ is largely equivalent,
molecular cation in a cold hydrogen plasma. As such, it playsyith small shifts of the relevant rovibrational level energies.
an important role in diverse fields from chemistry to as- pespite intensive experiment#s] and theoretical[1]

tronomy. Also, being the simplest polyatorr_lic system, it findsgt dies of the DR of K, the mechanism which drives the
much attenthlﬁl] as a benchmark system in qugntum Chem'process is still far from being understood in its details and
istry calculations for the treatment of polyatomic molecules

the DR rate coefficient is an issue of long-standing contro-

in general. Regarding processes in ionized environments, in S
9 9 gp . . versy. Laboratory measurements of the recombination cross
laboratory plasma tubes as well as in the cold interstellar

medium, H* plays a central role by driving protonization section differ by four orders of magnitud8]. The energy

reactions which in several steps lead to the formation of in_dependence of the cross section has been measured using the

) . heavy ion storage ring technique at CRYRINE&, resulting
creasingly complex molecul¢g]. In planetary science, {1 in a rate coefficient ofr=1.15<10" " cm®s™ ! for electrons

is known to act as the dominant coolant of the Jovian iono- t a temperature of 300 K. Two additional experiments at the
sphere and is used for spectroscopic probing of the upp P! ' P .
. storage rings ASTRIO7] and TARNII [8] have confirmed
atmosphere of this plangs]. )
this value. The most recent reported values for the rate coef-

Dissociative recombinatiofDR) is a neutralization pro- ' - .
cess between a positive ion and a free electron, connectdi§i€nt are from an experiment using the flowing afterglow

with a dissociation into neutral fragments. The DR of poly-technique, quoting a bound af<1x 10 ® cm®s™* [9], in
atomic ions plays an important role in many plasma environstrong discrepancy with the storage ring results. Regarding
ments, both as an ion destruction mechanism and as a patfore detailed properties of the DR reaction of 'H the
way for the creation of smaller neutral molecules. Inbranching ratios for the two- and three-body channel} (
particular the DR of H", being the dominant destruction and (3) have been measured at CRYRING to be 25% and
mechanism for this species in situations with significant elec75%, respectively10].
tron densities, plays a critical role in models of the interstel- Recently, we have studigd 1] further dynamical aspects
lar medium[4]. Thus a small uncertainty in the;H DR rate  of the breakup process following the DR of, Husing vi-
translates to a large uncertainty for the size of diffuse interprationally relaxed ions in a storage ring. These measure-
stellar clouds, where §i infrared spectra have been mea- ments allow us to determine the vibrational excitation of the
sured[3]. hydrogen molecular fragments produced in chan)l, (@s
The products of the DR of {1 are either three neutral well as the kinematical correlations between the three hydro-
hydrogen atoms or a hydrogen molecule together with a hygen atoms in channek{). Moreover, the observed total ki-
drogen atom. For the most important case of near-zero initighetic energy release indicates a very high, temporally stable
energy, i.e., Ii)v_v—energy electrons and small internal excitarotational excitation of the stored,f ions, much stronger
tion of the K~ ion, the two reaction channels take the form {hap in all other species for which similar storage-ring stud-

H(1s)+ H(1s)+H(1s) () ies have been made earlier. This unexpected finding has al-
Hy"+e (Eg)— s (1) ready stimulated further storage ring measurements of the
Ho(X"2g ,vd)+H(1s) (B). rate coefficient, performed with an ion source of a different

type than previously and under various operating conditions,
which reveal[12] an effect of the ion production mode on
* Author to whom correspondence should be addressed. Electronitie measured DR rate and may thus signal an influence of the
address: fndaniel@wicc.weizmann.ac.il rotational excitation of | on its DR rate coefficient.
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In this work, we present a detailed account of our experidecular ions are in their vibrational ground state afles of
ments on the breakup dynamics following the DR of tri- storage for H* and afte 6 s for D;" . However, since for
atomic hydrogen molecules, including an experimental compoth H,* and D,* rotational transitions between levels with-
parison of the dissociation dynamics for the isotopomersyut vibrational excitation are forbidden, we do not expect the
H;" and D," . Data have been obtained on the energy sharrotational degrees of freedom of the ions to thermalize with
ing between the three dissociating fragments in chanapl ( the blackbody radiation of the accelerator walls.
and on the vibrational population distributions of the mo- In the interaction region, where the ion and electron
lecular fragment in channej3). Some emphasis is given to beams are merged, neutral fragments are produced in DR
a detailed description of the data inversion procedure whicheactions. These fragments exit the ring and are detected us-
allows us to extract the complete kinematical properties ofng a two-dimensional(2D) imaging detector which is
the dissociation using a two-dimensional fragment imagingmounted straight ahead of the interaction region, at a dis-
technique. Our data clearly display isotopic effects in thetance of 6.47 m from the middle of the electron cooler. The
three-body dissociation dynamics and indicate that bgth H 2D imaging detection scheme has been used extensively in
and Dj ions are rotationally hot before the DR. the past years in various DR experimefgse, for example,

Refs.[15,17)). The basic idea of the imaging method is to
transform the momenta of the fragments released in the DR
Il. EXPERIMENTAL SETUP reaction into macroscopiémillimeter or even centimetgr

The experiments were carried out at the Test Storage Ring:]stances on the detector plane and to measure the fragment
pact positions event by event.

(TSR located at the Max-Planck-Institut fkernphysik, The 2D imaging setup consists of a microchannel plate

Heidelberg, Germany. The ring, which has already been use&/lcp) followed by a phosphor screen and a standard charge

in several DR experimentsee, e.g.[13—-17), allows mo- : ; .
lecular ion beams to be stored with kinetic energies of a feV\?O“pled devicgCCD) camera. The impact of each particle
ey the MCP produces a light flash on the phosphor screen

hundred keV per atomic mass unit. In the present case, t " . X L
H,* (D, ions are produced in a “hot” gas discharge ion _and the position of each impact is extracted by digitizing thg
3 3 image observed by the CCD camera. The detector is

source, accelerated by a radio-frequency quadrupole accel- - :
) tch ff t ft hit h tect th
erator tov =0.032c (v=0.016c for D,"), corresponding to witched off about 1us after a hit has been detected on the

L o ; detector. As this time is much shorter than the mean time
a kinetic energy of 1.44 MeV1.41 MeV), and injected into between individual events ~ms), the camera mostly
the storage ring. After each injection the rif§5.4 m cir- i

f eallv holds ab 10i . records only one single-molecule dissociation evéoit
cumferency typlca)il olds about 10ions, in an average background eventper frame. The detector is reactivated
vacuum of~3X 10" - mbar. At each pass, the ion beam is

. . : when the camera is ready to record another frétygically
merged over a distance of 1.5 m with a cold collinear elec,¢qr — 40 ms). The imaging detector can resolve multiple

I lef18]. The el b ; ded b | %hits which are separated by more than 1 mm; its rms position
electron coolef18]. The electron beam is guided by a sole- o541 tion amounts to-100 um and the accuracy of the

noidal magnetic.fielc(field s'trength~0.0.4 T) and stgered in pixel-to-mm conversion factor is£0.9%. A more detailed
and out of the ring by toroidal magnetic field sections. TWOdescription of the detector can be found in Ra#]
settings of the electron beam parameters were used in the The use of the fragment imaging techniqué described

D5 " experiment, resulting in electron beam radii of 14.8 andyp e allows the correlations between all the fragments from
10.4 mm and electron densities of >_<306 and 6 the preakup of a single molecule to be recorded. These cor-
X 10° cm™®, respectively. In the k" experiment the elec- yelations can be exploited to obtain a superb signal-to-noise
tron beam radius was 21 mm and the electron density 3atio as one can effectively discriminate against events which
X10° cm~3. The electron beam typically has a 0.1-meV do not satisfy known kinematical properties, such as momen-
longitudinal and a<25-meV transverse energy spread in thetum conservation; on the other hand, one can probe unknown
comoving reference frame. properties such as the underlying dynamics which govern the

During the first seconds of storage, the momentum spreaghomentum correlations between the dissociating fragments.
of the ion beam is reduced by collisions with the cold elec-

tron beam(electron cooling yielding a narrow beam with
well defined transverse and longitudinal momentum, having . THREE-FRAGMENT BREAKUP DYNAMICS
a diameter of 0.8 mm for }f and 0.6 mm for Q" . This
beam cooling is mandatory for our experiment as it ensures
not only well defined relative energies between the electrons When three ground-state hydrogen atoms are produced in
and iong[19] but also a well defined motion of the center of the DR of |—g* or D3+ , Starting from an ion in its rovibra-
mass of the dissociation products in a plane perpendicular tgonal ground state and with zero kinetic energy electrons
the beam directiorisee below. [channel @) in Eq. (1)], the total kinetic energy release
Following the injection, the initially “hot” H;* or D;”  (KER) E, amounts to 4.76 or 4.63 eV, respectively. This
molecular ions are given time to cool down by radiativeenergy can be shared between the dissociating atoms in
relaxation. The vibrational relaxation of botn,Hand D, * many ways within the additional restrictions from momen-
has been demonstrated previously using the Coulomb expldum conservation, which, for example, limit the kinetic en-
sion imaging technique, and it was fouf22] that the mo- ergy of any single fragment atom to (2EB). The energy

A. Energetics and data representation

032719-2



BREAKUP DYNAMICS AND THE ISOTOPE EFFECT IN ' . .. PHYSICAL REVIEW A 66, 032719 (2002

T T
w1000 (@)
£
7 3
8 so00f
I % % = 3 4 5
»1000r (©)
| £
3
8 500t
. S il RN [l
-0.2 0.0 0.2 >3 4 83 2 4 0 1 2 3 4 5

Y [mm]

FIG. 1. Geometrical interpretation of the Dalitz plot using the FIG. 2. Distributions of the center of mass pOSition for three-hit
coordinates from Eq2). The triangular shape corresponding to the €vents from the DR of D', as derived under the assumption of
respective coordinates is plotted for a sample of points in thetqual fragment masse) horizontal and(b) vertical coordinate.
(91,7,) plane. The dashed lines and the circular boundary are disThe solid lines show Gaussian fits including a constant background;
cussed in the text. the windows of£1 standard deviation, used as c.m. cuts in the

analysis, are indicated. The origins of the position scales were
sharing between the fragments uniquely determines the relghifted to correspond to the centers of the fitted Gaussians.
tive directions of the three momenta and hence the dissocia-
tion geometry, which is specified by the shape of the trianglenarked by the three reflection ax@sshed lines The circle
spanned by the momentum vectors of the three fragments iirawn at )2+ 72)Y/2=1/3 gives the limitation imposed by

the comoving frame of reference. energy and momentum conservation; this implies that the

. Using c.oordm.ate.s which are Ilnear combinations of the, o.imum energy carried by a single fragment has to be
single-particle kinetic energie§; in the center-of-mass

o <(2/3)Ey. It identify the meaning of radi n
frame, the momentum correlation in three body systems ca (2/3)Ey. Itis easy to identify the meaning of radius and

be represented in the two-dimensional Dalitz 28], Pre- Qngle, the polar coordinates in this representation, for the

ferred dissociation geometries, which are a manifestation Offragmentatlon geometry. Increasing radius in the (7,)

momentum correlations, appear as regions of enhanced dep]l_ane d.escrilbes deformatiqns from an.equilateral shape to-
sity in distributions representing the geometries of a Iargé"’ards linearity(found fpr po_lnts on the circumference of the
number of dissociation events. The representation of sucf!OMentum conservation cirgleOn the other hand, the an-
geometry distributions in a Dalitz plot offers the advantagegular coordinate in the Dalitz plot represents the symmetry—
that a uniform density indicates the absence of correlationdSosceles vs asymmetric—of the triangles.
i.e., that the phase space is filled randomly under no further As the 2D imaging technique records distances in the de-
constraints than total momentum conservation. Keeping if€ctor plane, transverse to the beam velocity, only transverse
mind that the systems considered here are invariant undéfomenta and energies are measured. Through momentum
exchange of fragments, the Dalitz coordinatgsand 5, can ~ conservation, the fragments’ center of mé&ssn) in the de-
be defined as tector plane is determined by the initial motion of a dissoci-
ating molecular ion and the spatial distribution of the c.m.
7= (E—E1)/V3Ey, for many DR events reflects the transverse ion beam profile
and its distribution of transverse velocities. As a consequence
72=(2E3—E;— E1)/3E (2 ofthe efficient electron cooling of the stored ion beam, yield-
ing a small beam diameter and a small angular divergence,
with the c.m. positions of the DR events are localized within a
narrow region of the detector plane. Figurgs)2and Zb)
Ex=E1+E>+E;s. (3 show typical c.m. distributions as measured for thendy
coordinates, respectively, for time-correlated three-hit events

For illustration, Fig. 1 shows representative cases of dissdrom Dy DR. Our coordinate system is such that we define
ciation geometries distributed over the,(,7,) plane, each the z axis as being parallel to the beam velocity at the DR
point in this plane representing a unique dissociation geompoint and thex andy axes are parallel to the detector surface,
etry. Note that the momentum geometries of events at #e x axis lying in the plane defined by the structure of the
given point of the histogram can have any overall orientatiorstorage ring, while thg axis is perpendicular to it. The c.m.

in space, and any overall siZas expressed b¥,). The coordinates are calculated from the three pairs of coordinates
sixfold symmetry under exchange of the fragment indices i€X; ,y;) measured for each event as
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X=(X1+ X+ X3)/3, B. Monte Carlo simulation and response functions

Monte Carlo simulations were used to study the projec-
Y=(y;+y,+y3)/3. (4)  tion of dissociation geometries onto the detector plane. The
simulation samples events with specific dissociation geom-
The data shown in Fig. 2 were taken affes ofstorage and etries (5,,%,), a given total energy releagg , and with a
cooling. Gaussian fits to the resulting c.m. distributions yieldrandomorientation of the dissociation plane. The events are
rms beam widths in the andy direction ofo,=0.6 mm and  generated taking into account the finite length of the interac-
ay,=0.4 mm, respectively. The difference betwegnando, tion region in the electron cooler and translated to the imag-
is statistically significant and probably results from the dif-ing detector, finding the transverse coordinﬂésﬁnd finally
ferent focusing structure for the horizontal and the transversghe corresponding coordinates in th®,(Q,) plot and the
motion in the storage ring. To discriminate against randomotal transverse sizR2.
coincidences, only events for which the valuesxoéndY The assumption of a random, isotropic orientation of the
were less than one standard deviation away from the centgfissociation plane is natural, since for zero kinetic energy
of the distribution were acceptedee Fig. 2 Additionally,  electrons there is no preferable direction in space for this
cuts with other acceptance windows ¥andY were used to  plane. Experimentally, this assumption has been verified in
check for possible effects of random coincidences and backyrevious DR experiments on diatomicss] and was always
ground events on the data. found to be valid for merged electron and ion beams with
Following a drift over the distancefrom the dissociation  vanishing detuning between the average beam velocities. For
point to the imaging detector, the transverse enéigy of triatomics, the isotropy can only be verified by true 3D im-
each fragment in the c.m. frame can be directly obtained aging; for 2D imaging, effects of the dissociation geometry
from its squared distanc@iz with respect to the center-of- and, if existing, any anisotropy of the dissociation plane
mass positionX,Y), as measured on the surface of the im-would be entangled in the total projected squared distance
aging detector, using the relation distribution for the three-body channébec. Il B. Taking
into account the measured dissociation geometries, the three-
R?=(x;—X)?+(y;—Y)?=(sv,/v)?=3s?E,;/E,. (5)  body channel has a projected distribution very close to the
isotropic distribution. For the two-body chanri€ec. IV B),
Hereuv ; denotes the transverse velocity of fragmeimt the  the good fit over the main ascending part of the distribution
c.m. frame, whilew andE,, denote the velocity and the total excludes a strong anisotropy in the angular distribution.
kinetic energy of the dissociating molecule, as estimated Further experimental details were taken into account in
from the ion beam velocity and the ion beam energy, respecrarious steps of the simulation. Thus, events were suppressed
tively. In the same way according to the fact that overlapping hits on the detector
cannot be resolved if their distance is less than 1 mm. More-
over, the finite position resolution of the imaging detector
was taken into account as an additional scatter on the impact
positionsx; ,Y; .
determines the total transverse kinetic enefgy. Figure 3 shows e>.<amples of Qi§triputioqs pbtained in t.he
We chose to represent the measured transverse fragmeif1,Q2) representation for specific dissociation geometries
momentum geometry by “transversal” Dalitz coordina@s &S given in the §,, 77,) representation. All samples are sym-

R?=>, R?=3s%E, /E, (6)
I

andQ, defined as metrized with respect to the exchange of fragments in a final
step of the simulation. We will refer to such projected distri-
Q1=(R§—Rf)/\/§R2 butions, calculated for single points in the,(, 7,) plane, as

response functions, denoted IQ1,Q,;71,7,). In fact,
the projection of any geometry distributidf( 4, 7,) onto
the (Q1,Q,) plane can be described as the convolution with

. ) o the response functiof, according to
Similar to the (1,7,) representation, each point in the

(Q1,Q2) plane represents a single geometry of the three im-

pact positions on the detector plane, which is in fact the F (Ql’QZ)ZJ S(Q1,Q2; 71, 72)F (71, 772) Ay d 7.
projection of the ¢, 7,) geometry in the dissociation plane (8)

onto the detector plane. However, there is no unique corre-

spondence between the geometry in the dissociation plarfeor each specific dissociation geometry the projected distri-
and the projected geometry. Each specific dissociation geonipution is broadened but, as can be seen in Fig. 3, the peak
etry is transformed into a variety of different projected ge-location Q;,Q,) nearly represents the original position
ometries, depending on the orientation of the dissociatiorf#,,7,). On the other hand, different points;{,7,) have
plane. Nevertheless, as will be demonstrated in the next segery different response functions, in particular with respect
tions, it is possible to perform meaningful back- to the broadening effect. Thus, linear 3D geometries yield
transformations of measured distributions in th@;(Q>) high and narrow peaks and geometries closer to an equilat-
coordinates to momentum geometry distributions in theeral triangle yield lower and wider peaks. This is because the
proper (1, 7,) Dalitz representation. linear geometries have a higher symmetry: projection of a

Q2=(2R5—R;—R}/3R%. (7)
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FIG. 4. Monte Carlo simulated and symmetrized projected ge-

e 0 a S ometry distribution for a uniform random distribution of dissocia-
-0.2 K'/ K'/ tion geometries 4, 7,).
-0200.2 -0.200.2 o o )
ny 01 weighting scheme recovers the features of the original Dalitz

plot for various initial momentum geometries. Three model
FIG. 3. Monte Carlo simulated and symmetrized projected gedistributions F(#4,7,), in which different geometries are

ometry distributions Q; ,Q, coordinates, right columrfor selected  enhanced, are compared with their projecti¢iiéQ,,Q,)
fixed dissociation geometries;(, 7, coordinates, left columnThe  and with the weighted distributiors"(Q;,Q,). Global fea-
(Q1,Q>) plots represent the response functi®Q,,Qz;71,72)  tures of the original distributions are in fact recovered by the
for the corresponding #,,7,) geometry. All histograms shown \yeighting process, but they are considerably smeared out
here and below with a grayscale labeled by 0 to 10 are rescaled by the relative probabilities of different geometries cannot
an arbitrary factor to fit into this interval. be reproduced by this method. This is to be expected as
. ) different dissociation geometries have very different re-
linear geometry onto a plane conserves the linear shapgponse functions. Nevertheless, we use this straightforward
while a projected triangular geometry is deformed and cany,q simple approach for a first interpretation of the measured

even contribute linear geometries in the projected distribupgjected momentum geometry distributions in the following
tion. In fact, all initial geometries in thex(;, 77,) space con-  geaction.

tribute at least to some degree to linear geometries after the
projection; this creates a spurious maximum on the circum-
ference of the limiting circle in the@;,Q,) plane for almost
any initial distribution. The latter effect can be best observed «
in Fig. 4, which shows the projection of a random, uniform =
distribution in the @,,7,) space to the®;,Q,) space; the
enhancement at linear momentum geometries on the limiting
circle is clearly the dominant feature in the projected distri-
bution. o
In spite of this strong distortion near the limiting circle of
a projected distribution, the knowledge of the response func- -0-2)°
tion S(Q1,Q2; 71, 72) helps in retrieving the characteristics
of an original distributionF(7,,7,) from measured data
F'(Q;,Q,). A simple and straightforward method is to di-

-02|\_

0.2 , :
0

0.2

vide FYQ;,Q,) by the projection F!Y(Q;,Q,) e o
=JS(Q1,Qz2;71,72) dn1dn; of a uniform (77, 7,) distri- -0.2| G /
bution (Fig. 4). This yields the weighted distribution 02 0 02 02002 ©° 02002 05
n 1 Q1 Q1
" Fi(Q1,Q2) . .
FY(Q1,Q5)= , 9 FIG. 5. Weighting scheme for projected momentum geometry
J S(Q1,Q5; 71, 12)dn,d 7, distributions as applied to modeled dissociation geometry distribu-
tions. Left column: model distributiofr (74, 7,); center column:

Monte Carlo simulated projected geometry distributié(Q; ,Q,);
in which deviations from a uniform distribution of dissocia- right column: weighted projected geometry distribut#(Q; ,Q,)
tion geometries are emphasized. Figure 5 shows how thisccording to Eq(9).
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3D momentum geometry distributioR(7,,7,). We have

calculated, using the Monte Carlo simulation described

12 above, the response functions for 716 different dissociation

geometries spanning the complete space of possible configu-

rations (1, 7,). The deconvolution was then performed by

0.8 implementing a Monte-Carlo image restoration technique
(MCR). In this method 21], a representative distribution in
the (1, 7,) space is built up from a large number of random
trial events, which are selected by a set of well defined cri-

1.4 teria in order to yield the best agreement with the measured

2D data after the transformation to th@4{,Q,) space.

In detail, we divide the g4, 7,) and Q4,Q,) spaces into

1 bins x, andy,,, respectively. The representative distribution

of 3D dissociation geometries is constructed using the fol-

lowing procedure. To produce a single new entry in the rep-

resentative histogram' in the (n,,7,) space, a large num-

berN of candidate bingx,} is chosen randomlyN= 200 in

FIG. 6. Projected momentum geometry distributions measuredur calculations An initially empty cumulative distribution

for the DR of triatomic hydrogen ions(@ Original and (b)  f' is defined in the Q;,Q,) space. If any binx, in the

weighted data for K ; (c) original and(d) weighted data for B" . representative distributioR" is incremented by one entry,

The weighting applies Ed9) with the Monte Carlo simulated pro- the effect onf' can be described by the replacement

jection FY(Q1,Q,) of a uniform distribution(Fig. 4), scaled up to

the same total number of events as in the corresponding measure- 'Y m) — T (Ym) + S(YmiXn)s (10

ment.

0.2

-02 0 02

Q,

according to the response functiBnFor each element out of

C. Experimental projected geometry distributions the random sampléx,}, the effect of this replacement is
%ested, finding the maximum valug of the ratio

Yym)/F'(ym) over allm, whereF'(y,) denotes the mea-
sured distribution. The particular bix, out of {xn} which

Measured projected momentum geometry histogram
F'(Q1,Q,) for Hy" and D, three-body fragmentation

events and the corresponding weighted distribution produces the smallest value ofn this test is chosen as the
w H H H H H _
F*(Q1,Qy) are displayed in Fig. 6. The experimental histo new entry inF'. The test can be efficiently programmed

grams presented in Figs(a and &c) contain 3.5 10° and - . !
6.5X 10° events, respectively. Both isotopomers show devia-deflnlngxp as the choice that fulfills
F(Ym) <IF'(Ym) (11

tions from random dissociation in the weighted distributions,
shown in Figs. &) and Gd). As was already stated forf

[11], colinear dissociation geometries are preferfeld Fig.  at all binsm with minimum r. After adding the entry by

1). The weighted distribution for ' seems to display a performing the replacement

smaller contrast between linear and triangular dissociation

geometries than that of 1. However, the strong smearing F(xp)«—F"(xp)+1, (12

of the weighted projected distribution in comparison to the o . .

original 3D distribution, as demonstrated by the model calthe procedure is reiterated, filling more entries iktcone by
culations of Fig. 5, and the inability of the weighting scheme©n€- AS customary for image reconstruction, in order to
to give probability ratios for different momentum geometriesMaintain the total intensity of an imade1], the MCR is
make it difficult to draw more quantitative conclusions on stopped when the total number of events in the representative

possible isotope effects in the dissociation geometry of H dristribution F;( g,l*”_f)) is ;tqual to th?: numfpe_r of events in
and D, . We shall therefore turn to a more sophisticatedt re measureF Istributio (Qf%’QZ)' or ||2t|n|te statistics,
data reconstruction technique which will allow the measured (71:72)—~F (71, 72) sincef (Q1,Q2) =F(Q1,Qo).

projected momentum distributions to be analyzed in more Before using the MCR technique to deconvolute our ex-
detail perimental results, we have tested the method by reconstruct-

ing different initially known distributions from their convo-
lutions. Figure 7 compares some of the model distributions
F(%.,n,) to their reconstruction&'(7,,7,) obtained by
Three-dimensiondl3D) momentum geometries cannot be the MCR technique, where model distributions were con-
recovered from 2D imaging data on an event-by-event basistructed with a number of events similar to those obtained
However, based on the assumption of an isotropic orientatioexperimentally(see Sec. Ill ¢ Also, the correct symmetry
of the dissociation plane, it is possible to obtain unique re{under exchange of particle indigewas obtained by sym-
sponse function§(Q,Q,; 71, 7,) for the experimental pro- metrizing the accumulated representative distribution
jection transformation as described in Sec. Ill B and to re+'(#,,7,) at the end of the restoration process, using a suit-
verse the projection described by H®), deconvoluting a able stochastic method to redistribute the bin contents. The
measured histograra'(Q,,Q,) in order to reconstruct the MCR succeeds in recovering the different initial Dalitz plot

D. Monte Carlo reconstruction method
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FIG. 8. Monte Carlo reconstructed momentum geometry distri-
butions as obtained from the measured projected distributions
shown in the left panels of Fig. 6 fga) Hy™ and(b) D, .

ment is maximal around the symmetric configuration, where
the central particle moves with the center of mass and the
two other particles escape with equal but opposite momenta;
on the other hand, dissociation geometries where two of the
particles move with momenta close to each other are sup-
pressed. This overall structure agrees with the weighted dis-
tributions shown in Figs.®) and d). However, two differ-
ences between H and D, become more visible in the
ny ny reconstructed distributions. First, while th%*Hdata[Fig.
) ~ 8(a)] show a dip in the center of the distribution, i.e., for the
_FIG. 7. Monte Carlo reconstruction of momentum geometry dis-yry equilateral momentum geometries, this is not the case
tributions from projected data, as applied to model distributions Otfor D3+ [Fig. 8b)]. Second, further out from the center the

dissociation geometries. Left column: model distribution o, ity rise towards the colinear symmetric momentum ge-
F(71,7m,); right column: representative distributidtl (7, ,7,) as tries is st . f‘ than i +  Alth h
obtained by the Monte Carlo reconstruction of the simulated pro-ome res 1S steeper in anin by ougn & more

jected distributionF(Q,,Q,) corresponding toF (7;,7,). The quaimtita_tive e)fplanation of this isotppe effect Wi_II ha\_/e_to
lowest row is for a uniform distributiof (75, 7,). wait until detailed quantum calculations of the dissociation

dynamics become available, one might possibly understand
distributions in a way which, although not perfect, is morethis effect as a consequence of the different momentum dis-
satisfactory than the outcome of the weighting methodtibutions for the nuclei in the initial states of the two isoto-
shown in Fig. 5, as the reconstructed histogram yields a corfomers. In the momentum space, the ground state wave
siderably higher contrast which clearly reflects the relativefunction of the heavier B isotope is broader than for .
probabilities in the original distribution. The most conspicu- Hence, because of the higher initial momentum, features in
ous difference between the original and the reconstructethe D;” momentum distributions observed after the dissocia-
distributions is the occurrence of additional smaller-scalgion may be expected to be less pronounced and more dis-
fluctuations which we interpret as the “noise patches” thatpersed than for k' .
frequently arise in deconvolution processes; this can be seen
most clearly for the case of a homogeneous model distribu- F. Total projected squared distance distributions
tion F(74,7,) (last row of Fig. 7. Different arrangements of

these patches occur for different statistical samples. The fluc- Apart from the momentum geometry discussed in the pre-

tuations of this type were found to be smoothed by the symyious ;ectio_ns, the _observed three-fr_agment breakup events
Iso yield information about the kinetic energy release

metrizing step at the end of the restoration, as the arrang . AT
ment of the bins does not respect the underlying symmet .KER) of the DR reactlon_, as repr_esente(g by t_he distributions
the (squared total projected distanc®“ which was de-

However, the same operation also makes the noise patch din Eas.(5) and (6). In the full f . h |
occur in a regular pattern, a particularity that has to be take ned in gs.(5) and (6). n_t elu ragmentatmp channe
(@) in Eg. (1)] the KER is equal to the relative kinetic

into account when interpreting the deconvoluted distribu .
tions. energyE, of the electron plus the energy difference between

the initial state of the molecular ion and the final state con-

sisting of three dissociated atoms. At threshold, i.e.,Hpr

=0 and assuming that the molecular ions are in their rovi-
Figure 8 shows the results of the MCR procedure for theprational ground state, the KER is 4.76 eV foy Hand 4.63

momentum geometry distributions observed after DR 9fH eV for D, . As the 2D imaging technique records distances

and D, into the three body fragmentation channel. Thesen the detector plane, transverse to the beam velocity, only

diagrams represent the MCR deconvolutions of the data ithe transverse part of the KER can be measured which, as

Figs. @a) and Gc). As already stated in Reff11] for the case  pointed out above, is directly related R? for a fixed dis-

of Hy", a strong enhancement of colinear dissociation getances from the dissociation event to the detector. Figure 9

ometries(cf. Fig. 1) is found for both species. The enhance-shows the measurd@? distributions for the three-fragment

E. Experimental 3D reconstructed geometry distributions
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FIG. 9. Distributions of the total squared projected distaRée 1t M e
measured for the c.m.-cut three-hit events following the DRapf . : ‘v\wf\
H;* and(b) D;* . Also shown are Monte Carlo simulated distribu- 0.5k / ! =
tions with the total kinetic energy of the fragments in the c.m. frame / i “‘-\\
. . ' Y
set to the threshold KERdashed lingand to values given by the 0 : o . N .
threshold KER plus a random excess energy from a Boltzmann 0 200 400 . 600
distribution for an average energy of 0.3 éull smooth ling. The R® [mm]

expected end points of tHe? distribution for the threshold KER
(instrumental uncertainty of the end point posititrl0 mn?) are
indicated by the arrows.

FIG. 10. Monte Carlo simulateR? distributions for the three-
fragment breakup of ki for the threshold KER and three fixed
dissociation geometries: almost lineg¢»4,7,)=(0,0.33); full

+ line), flat triangle[ (7, ,72) =(0,0.16); dashed lineand equilateral
breakup channel of § and B, . The spectra were found to wriangle[ (71, 7,) = (0,0.02): dash-dotted life

be independent of storage time from the end of the initial
cooling-down period up to a maximum time of 40 s. The smear out the measurd®f distributions near the end point
shape of the spectra reflects the distribution of the total trangsy only +17 mn?, much less than the extension of the ob-
verse energ¥, , as indicated by Ed6), and in addition the  served tails. In addition, we checked the possibility that these
scatter of the drift distance due to the 1.5-m extension of tajls might be caused by random-coincidence background
the interaction region. Hence, events at the upper end poirdyents by widening the limits for the c.m. cut explained in
of the R? distribution correspond to those with the highestsec. |1 A. We then obtained a much larger relative contribu-
E, and the largess. tion of background events in the final data, but they formed
In Fig. 9 the measured data are compared to the results g essentially flat baseline to the toRf distribution and did
a Monte Carlo simulation, proceeding as described in SeGot change the relative intensity of the tail nor the shape of
I'D but now extracting for the simulated events the total the histogram in the end-point region. We conclude that the
squared distancR? in the detector plane. Both for the ex- discrepancies between the simulated and the meadtfed
perimental and the simulated data the histogram contents aggstributions as well as the additional tail in the data are not
normalized to the total number of events. The simulated disa result of instrumental inaccuracies or random-coincidence
tributions drawn by dashed lines were obtained assuming thgackground events, but rather reflect the presence of substan-
threshold KER(i.e., cold molecular ions and zero electron tjg] excess energy in the dissociating system9(3 eV for
energy and a distribution of fragmentation geometries asthe average shift and up te1 eV for the tai).
given by the MCR of the experimental data fop'Hand Such an excess of energy can originate either from the
D; ", respectively(Fig. 8). Figure 10 illustrates the effect of relative kinetic energyE, of the electrons or from an initial
the dissociation geometry on the¢ distribution. (It is inter-  excitation of the H* and D," ions. The energy spread of the
esting to note that all geometries with the same radius in thelectron beam in the straight region of the electron cooler is
Dalitz plot have the same transverse energy distribytion.only 25 meV, much smaller than the observed excess ener-
The measured data in Fig. 9 are close to the simulation igjes. Larger c.m. electron energies may be present for DR
their overall shape; however, they appear to be shifted altoevents taking place in the merging regions of the ion and the
gether by about 30 mfrtowards highelR?. Moreover, near  electron beam at both ends of the straight interaction zone. In
the upper end point the experimental histograms not only arghese regions, where the electron beam is steered by toroidal
up-shifted with respect to the simulation, but also form a tailmagnetic fields, the c.m. electron energy rapidly increases
extending up to-100 mnf beyond the simulated sharp end from the meV values corresponding to parallel beams up to
point. several 10 eV, corresponding to the maximum angles reached
Several experimental influences can be considered as posefore the ion beam is completely steered out of the electron
sible origins of the up-shift and the tail of the measuredbeam. Thus, sufficient excess energy would indeed be avail-
distributions. First, including instrumental inaccuracies, theable within the merging regions, but this would affect only a
end-point positions of th&? distribution for the threshold minor fraction of all observed events becausethe merg-
KER can be predicted to be (5t720) mn? and (513 ing regions represent only a small part of the total overlap
+10) mnt for H;" and D, , respectively, the uncertainty length and(2) for increasing electron enerdy, the recom-
appearing too small to explain the observed shift. Secondjination rate coefficient rapidly decreagé$ being reduced
the experimental position resolution would be expected salready by a factor of 10 foE.~0.2 eV. In contrast, the

032719-8



BREAKUP DYNAMICS AND THE ISOTOPE EFFECT IN K" . .. PHYSICAL REVIEW A 66, 032719 (2002

comparison between the observed and the simulated distréaused by the roughness of our model for the rotational ex-
butions indicates that essentially all events are shifted up igitation and by remaining uncertainties regarding the frag-
R?, the shift amounting on the average te30 mnf mentation geometry distributions; this would in particular
(roughly 0.3 eV and in extreme casess reflected by the affect the peak region of th@? histogram, as demonstrated
tails) up to ~100 mnt (roughly 1.0 eV.. From the above by Fig. 10. On the other hand, the shape for loWérand
arguments, the merging regions cannot upshift the KER for aotably the tails near the upper end points are well accounted
large fraction of all observed events, and hence they canndor by the modified simulation. We conclude from the en-
be at the origin of the observed effect. An additional experi-semble of these arguments that both'Hand D, are rota-
mental check of this conclusion is provided by the comparitionally hot prior to DR, with an average rotational energy of
son of the two measurements performed fgi Qvith differ-  ~0.3 eV.
ent electron beam diamete($4.8 and 10.4 mmand thus The inferred rotational excitation, characterized by a
with somewhat different geometries in the merging and deBoltzmann distribution with the surprisingly high average
merging regions; they did not show any change in the shapenergy of~0.3 eV, can in fact be understood at least quali-
of the distribution, including the tail. Altogether, we find no tatively. In a gas discharge ion source such as used hgre, H
explanation for the observeRf distributions in terms of ex- jons are produced by the exothermic reaction §fahd H,
cess energies provided by the interacting electrons. which has an excess energy of 1.7 eV and therefore can lead
On the other hand, excess energy for the reaction can alsg H," products with large angular momenta and large rovi-
be provided by an initial excitation of the storedHor D;"  prational excitation. In addition, already the electron bom-
ions, in the form of either vibrational or rotational energy. In y5rdment of H generates internally hot;Hions with typical
this context, it is important to recall that the ions were stored,jp, ational excitations of several tenths of an eV, which also

+ + [
for ltjprtmo 10s (|f_éth g:f\éefg Ath s () ang that gof Sl'lgn'f" can contribute to a large rovibrational excitation of thg'H
cant changes ot the diStrbutions were ObServed 101oWINg ,ng formed in the H+H, reaction. At the present ion

. ey . . + +
the initial cooling down period3 s for ", 6 s for Dy 7). source geometry it must be assumed that the ions are ex-

B B - . + . .
LA \fnbnrattilo:alf exmlti?]not?mof\lf-vr an(rj \% |<?ns rlnbthg v-\l;i?thh tracted before being able to thermalize with the surrounding
as a function ot cooiing ime was previously probe eplasma; hence, the molecular ions are certainly injected into

Coulomb explosion imagingCEl) technique[22], which is . . s A
sensitive to the vibrational but not the rotational excitation ofthe storagg ring with a brqad dlstr|but|qn .Of rovibrational
states. During storage the ions can radiatively relax; how-

the molecule. No changes of the nuclear position distribu= L .
tions measured by CEIl were found in these experiments aft VT, the decay of.rowbra}tlonal states s controlled t.)y the
ipole moment, which vanishes for rotational states with vi-

the given initial cooling down times. In view of these results

we are left with the conclusion that the observed excess erp_rational ground state character. As some of the vibrational
ergies are caused by an initisdtational excitation of the Modes do have a dipole moment that allows them to decay

molecular ions. Such a conclusion is consistent with the facgadiatively, the coupling t?e“’v‘?ef? rot:_ational and vibrati(_)nal
that neither the K" nor the B, vibrational ground states degrees of freedom can In principle induce some rotational
have a permanent dipole moment, so that pure radiative r relaxation even within the vibrational ground state. More de-

. o : ; Q[I':\iled results of our CEl measurements regarding the vibra-
tational transitions are not allowed; hence, rotational coolin 9 9

. . . + . .
if possible at all, is expected to be slow. Thus the rotationafIonal relaxation times of k" and D;" ions, which also

states excited in the production process of these moleculdpdicate an influence of quasi-stable high-lying rotational

ions largely remain in the beam, with only small changes>tates, will be given in a forthcoming publication.

occurring through, e.g., rovibrational coupling.

We have performed a rough modeling of the effects due to IV. TWO-FRAGMENT BREAKUP DYNAMICS
an initial rotational excitation of the molecular ions by add- A. Energetics and data representation
ing a Boltzmann-distributed excess energy of 0.3 eV on top o o
of the expected threshold KER in the Monte Carlo simula- TWO body fragmentation in the DR of i, considering
tion. The assumption of a Boltzmann distribution for the ex-the rovibrational ground state of the ion and zero-energy
cess energy is highly simplifying because of two reasonsélectrons, leads to an H atom in the %tate and an i
first, the energy distribution resulting from the production of molecule in state'S ;' ,vJ [case 8) in Eq. (1)] and a total
the ions may be strongly nonthermal; and second, the size @hergy ofE;=9.23 eV is available to be shared between the
the DR rate coefficient and also the dissociation geometryovibrational excitation of the Hproduct and the relative
may strongly vary for different rotational levels. However, motion of the two fragments. The maximum rovibrational
we restrict ourselves to this rough model since informatiorenergy that can be stored in the molecular fragment is of the
which would enable us to include these expected dependewrder of the H dissociation energy of 4.48 eV. FoiD, the
cies in more detail is presently not available. The inclusiontotal available energy i&;=9.19 eV and the corresponding
of rotational excitatior{full lines in Fig. 9 considerably im-  dissociation energy of the molecular product i® 4.55 eV.
proves the agreement between the simulated and the mea- When the molecular ion dissociates into two fragments,
suredR? distributions, although the measured shape, in partwo light spots are produced on the imaging detector. The
ticular between 400 and 500 mpstill cannot be completely center of mass is calculated from the two pairs of transverse
reproduced. We consider the remaining deviations to beoordinates measured for each event,
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300 - - - - ; jected distance distribution between two fragments with rela-
(a) tive kinetic energyE, , is [16]
9200' 1
[
3 (1 D D
100t 1 5. arccos(sv—S2 arccos(sv—Sl
. s . . for 0=<D=<$,s1,
95 -1 -0.5 0 0.5 1 15 PY(D)=
X [mm] 1 D
=
300 5 . . . . . 5ULarccos(5U—SZ for 6,5,<D=<34,s,,
0 otherwise
i 1 \ '
_3200 (15)
3
© 100}

wheres; ands, are the distances between detector and the
, , ) : downstream and upstream limits, respectively, of the straight
95 -1 -0.5 0 0.5 1 1.5 interaction region in the electron cooldr=s,—s; is the

Y [mm] interaction length, and, is defined as

FIG. 11. Distributions of the center of mass position for two-hit

events from the DR of ", as derived by assigning the molecular- 5= (my+my)  [Ey, (16)
fragment mass to the light flash closest to the c.m. positian; v ’—mlmz E,’

horizontal andb) vertical coordinate. Gaussian fits and the limits of
the c.m. cut are also shown; the origins of the position scales were )
shifted to correspond to the centers of the fitted Gaussians. m; and m, being the fragments masses aBg the beam
energy. Since one out of several vibrational levels is popu-
X= (2%, +%,)/3, !ated in _eagh ipdivi.dua! dissociation process, the_ fina_l pro-
jected distribution is given by a sum over all vibrational

states as

The distributions of the c.m. position as observed for the p(D)=2 P,PY(D), (17)

two-hit events with Q" are shown in Fig. 11. The signal due v

to two-body fragmentation is identified as a peak with the

same position and width as that occurring for completelywhere the(normalized coefficientsP, represent the relative

detected events in the corresponding three-hit distributiomates at which molecular fragments are produced in a given

(Fig. 2); however, the two-hit events contain a larger back-vibrational state.

ground than the latter distribution, caused by three-body The vibrational state populatiof, can be deduced from

fragmentation events detected incompletely as a consex fit of the superposition according to Eq$5—(17) to the

quence of the finite detector efficiency-60%). The c.m. data, using the constan®, as free parameters and fixing the

cuts used to reduce the background are chosen to be the samsues of E,, according to Eq.(14) for the respectives

as for the three-hit events. The coordinates,y;) of the  states. With the values @& , varying between-9.2 eV for

molecular fragment are identified as those of the light flash)=0 and~4.7 eV for the highest FHproduct excitation, the

which is closer to the c.m. position of the respective event.end points of the different contributior®,(D) cover a con-

In order to obtain the vibrational distribution of the mo- siderable range~10 mm) on the experiment# scale.

lecular fragments produced in the DR of Hor D;*, the In comparison to the vibrational energi€s, causing

projected distance distributioR(D) between the two frag- variations of the KER by several eV, the expected contribu-

ments was analyzed. Analysis of this type has already beetions to the KER expressed hyE,.; in Eq. (14) are rather

described in detail for the DR of diatomic molecular ions small, even considering the relatively large degree of initial

[16]. In short, the projected distance distributiBiD) with  rotational excitation inferred for the stored,Hand D,* ion

D=[(x;—X2)?+(y1—¥2)?]"? has a characteristic shape beams in Sec. Ill F. Moreover, the positive contribution to

which depends on the geometry of the experiment and thag  due to the initial rotational excitation of thesH or

KER. If a molecular fragment is produced in a vibrational D," ions may be compensated to some degree by rotational

statev with excitation energye, , the KEREy, carried by eycitation energy carried away by the, lr D, products.

the fragments is given by energy conservation as Because of the limited capability of resolving contributions
with different KER in our projected distance spectra, it is

Ex,=Ei—E,+AEqt (14 clearly out of reach for us to determine separately the size of

the contributions with well defined initial and finallevels.

Here, AE,, denotes the overall influence of rotational exci- Hence, our knowledge of the correctidE,,; remains lim-

tation in the initial H* ion and in the H product molecule, ited; however, we can reasonably assume M@y, is small

as to be considered below. The functional form of the pro-enough to allow the KER to be correlated to finalevels
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0.08 @ 008 ) — for the conclusions of Sec. Il F and completely neglects any
2 S 1 rotational excitation in the final H molecules. For both
0.04 0.04 ¥y o\ choices_ ofA_Erot very similarv distributions are obtained, as
,\ e shown in Figs. 1&)—12f).
_____ 2N For both H and D,, the deduced vibrational populations
== 20 gy 20 0 P(v) are rather wide and basically all the vibrational states
02 Dimmi_— 5 D [mm)] are populated. The populations peak aroureb for H, and
5’01 (© £ 01 (d) atv =7 to 8 for D,. The shift of the most populated quantum
0.08 states between the two isotopomers seems to reflect only the
o > S 12 0% 0y 20 differ_ent_ vib_rationa_l Iev_el spacings of _these species, while
02 = the distribution of vibrational energies given to the molecular
(e z o1i(f) : :
T, a fragment seems to be largely independent of the isotope for
0.05 the two-body DR of H* and D" .
0 0

0 7 v 14 0 10 20 The analysis so far was based on the data at transverse
distancesD>10 mm. Below this distance, a shoulder ap-
FIG. 12. Distributions of the projected distanbemeasured for  pears in the data which cannot be reproduced by any reason-
the c.m.-cut two-hit events and derived vibrational population dis-gple choice of fit parameters. The shoulder is found indepen-
tributions of the molecular fragmenta) Measured distribution  gant of the limits used in the c.m. cut and of the electron
P(D) for Hy" (storage time interval 3-10 sith a fitted sum of e configuration, as seen from comparing measurements
contributionsP*(v) according to Eqs(14)~(17) (full line) and a ity gifferent electron densities and electron beam résdie
sample shape of a single-contribution, shown fow =5 (dashed Sec. I). However, a significant dependence on the storage
line); (b) measured distributionB(D) for D" in the storage time 1 ¢ 1o ions is found for the size of the shoulder in the
intervals of 6—20 gfull histogram ling and 25—40 gdashed his- measurements Withgj which could be extended up to 40

togram ling with a fit to the data for the early storage time interval L . .
(full line), and a sample shape for=9. The correctiom\E,, due S after injection. Data for early and late storage time intervals

to rotational energies in the initial and final state is set to 0. Relativd®—20 and 25-40 s, respectivelare compared in Fig.
populations of differenty states as obtained from these fits are 12(0); the relative contribution of events within the shoulder

shown for H* () and D,* (d). In addition, vibrational populations ~ (€stimated from the ratio of the total number of counts in the
obtained from fits withAE,,=0.3 eV are shown for ki (e) and  histogram to the integral of the fitted functjors seen to
D," (f). For histogram bins spanning more than one unitthe ~ decrease from (580.3)% to (2.4-0.3)% between the two
relative populations were forced to be equal in the fit. storage time intervals.

Most likely, the shoulder is due to the presence of highly
within about one unit of the quantum numkie., =1 inv),  €excited rotational states in the;Hand D," ions before DR,
sufficient to obtain meaningful vibrational population distri- as observed already in the three fragments chafseel Sec.
butions. Il F). Very high lying rotational states with an energy of

~1 eV above the ground state can dissociate to the next
B. Results available final-state channel RK2)+ H2(129+), which
i o opens at an initial-state energy of 0.97 g 1.01 eV for
Figure 12a) shows the observed distributioR(D) of D(n=2)+D,(*3;)]. Regarding the relative size of such ad-
projected distanceB for Hs™ in a measurement time win-  giiona) contributions in the projected distance distribution, it
dow of 3<t<10 s after injection. The result for{D ina  isimportant to point out that it should depend not only on the
time window of 6<t<<40 s after injection is shown in Fig. relative population of rotationally excited states above the
12(b). In the data of Fig. 12 a background, mainly due tochannel threshold, but also on the relative DR rate coefficient
incompletely detected three-body fragmentation events, wWagy the corresponding process. Involving highly excited ini-
subtracted. The shape of this background was obtained hyg| levels as well as excited states of the atomic fragments,
finding the P(D) distribution for measured events with a the invoked additional process can have a rate coefficient
c.m. position outside the limits of the c.m. cut and its sizeyery different from that of the standard DR from low rota-
was fitted to the high> region of the c.m.-cut data. The tjonal states leading into the ground-state asymptotic chan-
procedure was tested USing various limits for the c.m. Cutne|; possib|y, |arge values of the rate coefficient overempha_
finding consistent spectra after the background subtractionsjze the contribution from these highly excited states. This
The data of Fig. 12 were fitted fdd>10 mm by super- may also explain that a decrease due to extended storage
positions of P?(D) distributions as described above, usingtimes(and hence probably a radiative relaxajican be ob-
AE;=0 in Eq. (14). A contribution P*(D) for one of the  served for the shoulder in the two-body fragmentation data
dominantv values is also shown. As can be seen the fits argrig. 12b)], while the energy release spectra for the three-
perfect in the considered ran@e>10 mm. An equally good body breakup channelFig. 9 show no significant time
fit is obtained ifAE, is set to 0.3 eV. The first setting of variation. Thus the shoulder in the two-body projected dis-
AE,;=0 assumes a situation where most of the initial rotatance distribution can probably be attributed to a small popu-
tional excitation of the K" ions is carried away by the H lation of very highly excited initial rotational levels, while
products, while the second valuaE,,,=0.3 eV) accounts the same highly excited levels yield only a negligible contri-
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bution to the three-body breakup channel. In any case, evetata rather agree with the result of the first calculafi2f,
for the very highly excited levels considered to cause two-but as these calculations are limited to two dimensions, care
body breakup events with hydrogemie=2 final states, any should be taken in judging the validity of the underlying
relaxation appears to proceed on a very long time scale onlyheoretical approaches on this basis. Obviously more detailed
calculations are needed.
V. DISCUSSION AND CONCLUSIONS For the two-fragment channel, the vibrational state distri-
butions obtained here provide quantitative evidence about
The data presented here for the two- and three-body fraghe excitation of the molecular fragment. In comparison to
mentation channels in the DR of;H and D, can be com-  related results for the predissociationrof 3 Rydberg states
pared to experimental results and theoretical predictions ren H, [24], the present fragment state distribution is found to
garding the predissociation of single rovibrational Rydberghe even wider. It may be useful to note that also the total
states of H. Geometry distributions for the predissociation energy available for the dissociation is larger in the DR case
of several well defined rovibratic.).nal Rydberg states @f H than in the predissociation case.
have recently been measured by IMuet al. [23]. A com- As we already reported for 4, a statistical model for
parison with these results appears to be of interest sincgg|culating DR branching ratid®7] can reproduce the vi-
largely the same electronic potential surfaces can be assumgghtional state distributions of the molecular fragment in
to be responsible for the predissociation afRydberg states oty H,* and D," DR in good agreement with the measured
as for the DR of H™ . results. Also, a recerb initio calculation[1] for the DR of
For the predissociation case, the experimental momenturn3+ is in accord with the peak location of the measured
correlation spectra were found to be highly structured andjiprational distribution.
very sensitive to the initial state symmetry, a feature which  an aqditional important conclusion from the results given
was attributed to differences in the coupling mechanismggye is that it should be carefully considered whether the
with the dissociative states. In contrast, the geometry d'St”éxperiments so far performed in storage rings on the DR of
butions obtained herésee Fig. 8 are not as structured, al- *+ and Q+, in particular the rate coefficient measure-

foti : : 3
though existing details might partly be washed out by thements of Refs[6—8], might possibly have used rotationally

reconstruction process. The lack of structure may be EXaycited species in a similar way as in the present arrange-

plained on the one hand by intrinsic properties of the DRn%ent. In fact, as pointed out in Sec. I, preliminary recent

process, where a large number of symmetries can be real|z% orage-ring resultgl2] indicate that the absolute rate coef-

in the initial state and no quasi-stable initial states exist. O'?i'cient measured after substantial storage times is still influ-

fch_e. other h_and, our DR data indicate that a large num+ber ®%nced by the ion source conditions, which might be related to
!nmal rot_atlonal states are populated in th%*Hand B the initial rotational distribution of K" . We also propose to
lons, which may average out any more (_jetall_ed structu.res 'Bheck if the large disagreements existing between the differ-
the geometry distributions for the DR of ions n weII-defmed ent experimental values for the DR of the triatomic hydrogen
rotational states. Future DR measurements with rotatmnallyon are not due to the different initial rotational populations

COlg molzt_:ularﬂ:ons azje ne_eded to ;:I?glfylphls pc:;_nt. i produced in the various environments. While we did not
egarding e predgominance ot the linear dissoclaliony,q g re the absolute DR rate coefficient fQf tor D;* in
reasons based on a simple physical picture have already been . . -

: our experiments, it cannot be excluded that also the specific
suggested in Refl1]. These arguments referred to the two

possible spin configurations between the different H_denamlcal properties of the DR process studied here are

pairs, which puts one pair into a tripléand hence repulsiye strongly aff_ected by the inferred large rotational energies of
i X : . X the stored ions.

configuration, while the two other pairs form singlédstrac-

tive, or less repulsive Under a theoretical point of view, a

comparison between the data obtained here and wave-packet

calculations performed for the predissociation of ¢hn be

made. In a two-dimensional calculatignestricted to the This work has been funded in part by the German Federal

isoscelesC,, geometry using diabatic potential surfaces, a Minister for Education, Science, Research and Technology

predominance of linear fragmentation was found for the(BMBF) within the framework of the German-Israeli Project

three-body channgR5], while a later calculatiof26] with- Cooperation in Future-Oriented TopitBIP) and by the Eu-

out the geometrical restriction, but using adiabatic potentiatopean Community’s Research Training Networks Program

surfaces, found a predominance of triangular structures. Ownder Contract No. HPRN-CT-2000-0142, ETR.
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