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We have measured the energy distributions of the H* and the H™ ions resulting from the collisional
dissociation H;*—2H'+H™ in argon at a projectile energy of 2700 keV. The fragment ions were
separated by an analyzing magnet and detected by silicon surface barrier detectors, with the H" and the
H~ ions being detected in coincidence. The energy distributions of the fragments in the projectile
center-of-mass frame were extracted from their transverse spatial distributions observed at a position 150
cm downstream from the collision chamber. These distributions were used subsequently to determine
the total kinetic energy of the fragments and the correlation angle 0,, between the H* momenta. A
comparison is carried out with recently published data obtained in the low-velocity regime in helium.

PACS number(s): 34.50.—s, 34.50.Gb, 82.30.Fi

I. INTRODUCTION

The collisional dissociation of the H;* molecular ion
leading to the production of H™ ions has been investigat-
ed in detail by several authors [1-5] in the low-velocity
regime (~0.2v,). This process is usually interpreted as
the three-particle breakup H;"—H*+H'+H™. The
possibility of electron-capture channels, for example,
H,"+e” —>H;*—-H ™ +H,", which proceeds via an ex-
cited neutral H; and which may yield a H™ not accom-
panied by two H™, is discarded on the assumption that
these channels have very small cross sections [4]. Experi-
mental work has concentrated on determining the total
amount Q of energy transferred to the molecular ion H;*
and the amount of kinetic energy W released during the
collision, and on determining the asymptotic angle 6, be-
tween the two H' momenta in the projectile center-of-
mass frame.

Theoretical studies of the threshold behavior of sys-
tems consisting of three charged particles, two of them
having equal masses and charges and the third possessing
an opposite charge, indicate that, near the threshold of
breakup, the two escaping equal charges are likely to
move in opposite directions along a common line (“Wan-
nier ridge”), and that the odd charge is also located on
this line somewhere in between [6]. Therefore, the angle
0., between the momenta of the escaping particles with
identical charges is theoretically expected to be =180°
near threshold.

The experimental evidence available seems incon-
clusive insofar as there exist discrepancies between the re-
sults of the several groups of investigators with regard to
the excitation energy Q and the amount of kinetic energy
W released. Recently Jaecks et al. [3] and Yenen et al.
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[4] measured the laboratory energy distribution of the
H™ ions at extreme forward angles (around 0°) and ex-
tracted a value of 60 eV for the excitation energy Q. Ac-
cording to these authors, this leaves an energy surplus W
of 39 eV in the asymptotic region, far above the breakup
threshold, which must be distributed among the three
fragments. In addition, a center-of-mass energy distribu-
tion was derived for the H™ ions, which has its maximum
at 0.75 eV. The conclusion was that most of the surplus
energy of 39 eV should be shared by the two outgoing
H™". Since the total center-of-mass momentum of the
three protons in H; ™ was zero before the collision took
place, and since it is assumed (spectator model) that there
is no momentum transfer between the protons and the
target atom, the total center-of-mass momentum of the
three fragments will remain zero after the collision. Con-
sequently, the two H' have much larger momenta than
the H™ ion and the angle of correlation 8,, is nearly 180°.
Possible values of 6,, for the most probable H™ energy
were found by Yenen et al. to be =170°, the precise
value depending on how the surplus energy is shared be-
tween the two H™ .

Different results were reported in an earlier paper by
Montgomery and Jaecks [2] and in a recent one by Al-
varez et al. [5]. Montgomery and Jaecks observed the
angular distribution of the outgoing H™ and, relating the
maximum angular deflection to the maximum center-of-
mass velocity of H™, found a c.m. kinetic energy of the
fragments, W, of 6.2 eV for a projectile energy of 4.83
keV. Alvarez et al. additionally measured the H™ ener-
gy spectra, arriving at a threshold energy (Q-W) of 22+6
eV and at W equal to 4.5+0.4 eV. No attempt was re-
ported in these two works to extract 6, from the data.

In the case that the energy of the incident H;* parent
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ion is much higher, say a few MeV, a different method for
determining the momenta of the outgoing fragments be-
comes available. At high incident velocities of the parent
ion, the trajectories of each outgoing fragment are
confined to the interior of a narrow forward-directed
cone. The cone’s angle of aperture is a direct measure of
the fragment’s transverse velocity provided the original
H," parent beam is well collimated and has a negligible
divergence; that is, no appreciable transversal velocity
component. Under the assumption of the spectator mod-
el, the three protons of the Hy;™ do not change their mo-
menta during the collision and, consequently, the trans-
verse velocity of each fragment is equal to its center-of-
mass velocity projected on the plane perpendicular to its
trajectory. By employing a magnetic analyzer to separate
the components under study from the original Hy beam,
the transverse velocity of the fragments can be deter-
mined by scanning the fragment beam profile at a
sufficiently large distance downstream from the collision
site.

As the magnetic analyzer used in this work is capable
of simultaneously analyzing positive and negative ions,
the H' and H™ fragments can be detected in coincidence
and their velocity distributions determined. The coin-
cident measurement, when combined with the fact that,
at the present high-projectile velocity, the probability for
H," to capture an electron is exceedingly small [7], pro-
vides a strong assurance that the observed fragments tru-
ly originate from the three-body breakup reaction con-
sidered here. The velocity distributions obtained in this
way allow one to draw information about the angle of
correlation 6;, and the total kinetic energy W in the
asymptotic region.

II. EXPERIMENTAL APPARATUS

The experimental setup is shown in Fig. 1. The 2700-
keV H,* ion beam was obtained from the 4-MV Van de
Graaf accelerator of Pontificia Universidade Catdlica at
Rio de Janeiro employing its standard radio-frequency
ion source. The beam, after collimation to a diameter of
less than 0.1 mm by a set of staggered crossed pairs of mi-
crometric sliding slits, passed through a windowless
differentially pumped argon-gas target 10 cm long. The
pressure within the gas well was maintained at 3X 102
mbar, well within the single-collision regime. The pres-
sure gradient between the gas cell and the surrounding
vacuum was approximately a factor of 10°.

Behind the gas target the incident beam and the reac-
tion products passed through a magnetic analyzer, which
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FIG. 1. Experimental arrangement. P; are diffusion pumps,
I, are vacuum impedances, G is the argon-gas cell, C the col-
lision chamber, and SBD are surface-barrier detectors. The

drawing is not entirely to scale.

de CASTRO FARIA, WOLFF, COELHO, AND WOLF 45

separated the several charge-mass states. Silicon
surface-barrier detectors were mounted at the +45° exits
of the analyzing magnet in order to record simultaneous-
ly the H* and H™ ions originating from the dissociation
of the incident H;" ions and to determine their trans-
verse spatial distributions. The distance between these
detectors and the gas target was 150 cm. It was verified
that the original Hy;" beam had a diameter still smaller
than 0.15 mm at the position of the detectors.

The transverse spatial distribution (“profile”) of the
H™~ fragment beam was determined first. Since, in the
high-velocity regime, these ions are only produced
through the H;" -H" +H*+H™ reaction channel, no
coincidence was necessary but, even so, the incident Hy
beam current must be monitored for normalization pur-
poses. This was done using an aluminum beam chopper,
whose blades were coated with an evaporated gold film,
and a silicon surface barrier detector, to record the pro-
tons originated from the destruction of H, * ions collid-
ing with the chopper blades. This monitor system was in-
stalled between the micrometer slits and the gas target.

The H™ ions were detected at one of the 45° exits of
the analyzing magnet by a small silicon surface-barrier
detector fitted with a circular aperture of 0.35 mm diame-
ter. The H™ beam was scanned in steps of 0.155 mm by
moving the detector along a line perpendicular to the
magnet’s plane of deflection across the exit opening.
Care was taken to assure that the scanning line passed
through the center of the fragment beam. The recorded
number of ions at each detector position was normalized
to equal amounts of incident H;* using the proton count
of the beam chopper.

The experimental setup for measuring the transverse
spatial distribution of the H™ ions was somewhat
different. Since the breakup channel under consideration
has, at 2700 keV, a small cross section as compared to
other channels [8,9] also producing H™, it becomes
necessary to detect the H in coincidence with the H™.
The H™ ions were now detected by a surface-barrier
detector with an active diameter much larger than the di-
ameter of the H™ beam at one of the 45° exits of the mag-
netic analyzer, while the H* were detected in coin-
cidence at the opposite 45° exit by the same movable
detector assembly previously used for obtaining the H™
profile. The H' counts for each detector position were
normalized to equal amounts of H™ ions. A standard
fast-slow coincidence technique was used to determine
the amount of coincident H* at each detector position.
It employed a time—to—pulse-height converter (TPHC)
which received fast timing signals from both the H™ and
the H™ detectors. The TPHC output signals were ana-
lyzed by a multichannel analyzer equipped with a gated
analog-to-digital converter (ADC). Only those TPHC
signals which satisfied the slow coincidence requirements
were accepted for analysis. The timing signals for the
slow coincidence (2-us resolution) module were derived
from preamplifier pulses shaped by spectroscopy
amplifiers with a shaping time of 0.5 us. The spectrosco-
py amplifier’s output signals were furnished to timing
single-channel analyzers operating in the window mode.
Thereby, only a small range of energies was selected for
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FIG. 2. Time-to-pulse-height converter spectrum showing
coincident H™-H™ events. The transverse spatial distribution
(“profile”) of coincident H* fragments was determined from
these spectra. Time resolution is 6.2 ns/channel.

analysis, and electronic noise and spurious events were
rejected. The output signal of the slow coincidence
module was used to open the gate of the multichannel
analyzer’s ADC. A typical timing spectrum is shown in
Fig. 2, with the coincidence H*-H ™ events appearing as
a peak sitting on a constant background of chance events,
the number of coincident events being equal to the peak’s
net area.

III. RESULTS AND DATA ANALYSIS

The experimentally observed transverse spatial distri-
butions of the H™ and the coincident H" ions are shown
in Fig. 3. The curves are the result of a fitting procedure
described below. Since the Hy;™ parent beam has a diam-
eter less than 0.15 mm at the detector site, as verified ex-
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FIG. 3. Transverse spatial distributions (“profiles”) of the
H™ (0) and coincident H* (+ ) fragment beams as observed 150
cm downstream from the collision site. The curves drawn
through the data points are the result of a fitting procedure de-
scribed in the text, whereby c.m. energy distributions for the
fragments were obtained. The profiles are arbitrarily normal-
ized to equal maxima.
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perimentally, and since the gas target was operated at a
pressure within the single-collision regime, the observed
spreads of the fragment beams are entirely due to the
asymptotic velocities of these fragments. The H™ and
H™ profiles differ both in width and in shape. While the
H™ profile has a Gaussian-like shape, with a width
(FWHM) of 1.86 mm, the H" profile is flat topped and
has a width (FWHM) of 3.3 mm.

It is possible to extract the center-of-mass velocity dis-
tributions of the fragments from the shapes of their
respective beam profiles, provided the spectator model is
valid. This model assumes that only the two electrons of
the incident Hy;* molecule participate in the collision
with the target atom. This is reasonable since the H,™
protons would only suffer an appreciable deflection when
coming close to the nucleus of the target atom and the
probability for this to happen is much smaller than the
probability of electron-electron scattering. It is therefore
assumed that the three protons are left undisturbed by
the collision (except for a small loss in kinetic energy due
to the excitations of H,;%), implying that the total
momentum of the molecular ion fragments is still equal
to the projectile’s initial momentum. On the other hand,
the electronic configuration may be altered during col-
lision and this, in the present case, leads to a self-
dissociative excited state and subsequent molecule frag-
mentation.

An important assumption which enters the data
analysis is that the dissociation process occurs within the
gas target; that is, it is assumed that no long-lived meta-
stable intermediate state is formed. If such a state exist-
ed, dissociation could occur at a point closer to the detec-
tors and consequently the fragment beams would be nar-
rower. This possibility is explored in more detail in the
discussion section.

Qualitatively, it is clear that the width of a fragment’s
beam profile will increase with its c.m. velocity, and that
the observed shape of the beam profile will be the result
of the contribution of many different velocities with ap-
propriate weights. A computer program was written that
generates, from a given c.m. velocity distribution of the
fragment, the expected transverse spatial distribution of
this fragment (the program is described in the Appendix).

Center-of-mass energy distributions for H™ and non-
coincident H™ have recently been published by Yenen,
Jaecks, and Wiese [4] and by Yenen, Wiese, Calabrese,
and Jaecks [10]. These were obtained for energies of the
H," parent beam of a few keV incident on He by directly
measuring the kinetic energy of the fragment at an angle
of 0°. In Fig. 4 we compare our measured profile for H™
with the computer-generated profile using the H™ veloci-
ty distribution given by these authors. Clearly the
computer-generated profile is too wide and does not ex-
hibit a central maximum, as does the experimentally ob-
served profile. In order to arrive at a velocity distribu-
tion which does reproduce the experimental profile, we
modified the distribution of Yenen et al. [4] by essential-
ly compressing it towards lower energies. The c.m. ener-
gy distribution which was finally found to fit the H™
profile is shown in Fig. 5. For the purpose of analysis,
the area under the curve is normalized to unity. The
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FIG. 4. Comparison of the H™ beam profile as observed in
the present work and a profile generated from the c.m. energy
distribution of Yenen et al. [4]. The dashed curve drawn
through the data points is the same as that of Fig. 3.

most probable c.m. energy of H™ is 0.21 eV, the mean en-
ergy value is 0.58 eV, and the distribution extends to a
maximum energy of 1.72 eV. By comparison Yenen
et al. found a most probable energy of 0.75 eV and their
distribution extended to a maximum energy of 2.5 eV.

It was observed that the form of the central part of the
computer-generated profile is extremely sensitive to the
presence of fragments of very low energy <0.03 eV.
Even a small amount (=1% of maximum) of H™ with
energies below 0.03 eV would lead to a markedly more
peaked profile, so our proposed distribution should be
quite accurate at low energies. The width of the generat-
ed profile was observed to be sensitive to the position of
the maximum of the distribution so this value is expected
to be determined with good precision (=~5%) from the
known width of the experimental profile.

Since no energy distribution for the coincident H* ions
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FIG. 5. The energy distributions of H™ (solid curve) and
coincident H* (dashed curve) in the projectile center-of-mass
frame, with areas under the curves normalized to unity. As de-
scribed in the text they were obtained from the profiles of Fig. 3.
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FIG. 6. Comparison of the shapes of the coincident (O ) and
the noncoincident («) H™ beam profiles of the present work
with a profile generated from the c.m. energy distribution of
noncoincident protons of Ref. [10] (solid curve).

has been published so far, a trial and error method was
employed to arrive at an energy distribution which would
reproduce the experimentally observed coincident HY
beam profile. To this end, 40 points were placed in the
energy interval from O to 4 eV and the weight of each
point was manually adjusted until the beam profile was
reproduced. The energy distribution, again normalized
to unit area, found in this way is shown in Fig. 5. It is
similar in shape to the distribution of H™, except that the
most probable energy is shifted towards 0.89 eV, the
mean energy to 1.53 eV, and the maximum energy to 4.1
ev.

A noncoincident H* profile was generated employing a
low-projectile energy c.m. velocity distribution, available
from Yenen et al. [10]. In Fig. 6 we compare the shape
of this simulated profile with the observed noncoincident
and coincident H" profiles. The three are not too
different, with the experimental noncoincident distribu-
tion being only 20% narrower than the simulated profile
and 70% wider than the experimental coincident H™ dis-
tribution. They are all reasonably flat topped, while the
computer-generated profile exhibits a slight central
depression. Since noncoincident H™ originate from
several breakup channels, no attempt was made in this
case to generate a velocity distribution which would fit
the experimental profile.

IV. DISCUSSION

The normalized c.m. energy distributions of the frag-
ments in Fig. 5 contain information about the angle 68,,
between the H™ momenta and the total amount of kinetic
energy W distributed among the three fragments in the
asymptotic region. However, since the H™, for a given
position of the movable detector, were detected in coin-
cidence with a H™ of unknown lateral displacement (in
order to arrive at reasonable coincidence counting rates
the H™ detector employed during the scan of the H
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profile covered the entire H™ beam), the energy of the ac-
companying H™ was not determined. Consequently, it is
now known how the two distributions of Fig. 5 are corre-
lated.

A statistical data analysis may, however, be made, with
the probability densities for finding a fragment with a
given energy E being the distributions of Fig. 5 after nor-
malization. In this analysis each fragment is allowed any
amount of c.m. energy, provided that (a) the probability
for a fragment to possess a certain energy is given by the
appropriate distribution of Fig. 5 and (b) the total c.m.
momentum of the three fragments is zero. It should be
noted that the total amount of kinetic energy W to be
shared by the three fragments is not fixed in this analysis,
but is allowed to vary between zero and a maximum
value of 9.94 eV, the latter deriving from the upper limits
of the energy distributions. In addition, it is assumed
that no correlations exist between the probability distri-
butions; that is, the choice of a certain amount of energy
for one fragment does not affect the choice of energies for
the other fragments, except for the zero total c.m.
momentum restriction.

Let pt(E) and p “(E) denote the normalized energy
distribution of H" and H™ and E{, E,* and E ~ the en-
ergies of the two H' and of the H™. The average value
of 8,, is then given by

oo=[ [ [pHEFPTE P (ET)

E —E,"—E,*
2VE,YE,”"

X arccos dE,"E,*dE~

(1a)

and the average value of W by
w= [ [ [pHE, T (E, p(ET)
X(E\*+E,"+E")E,*dE,"dE~ .
(1b)

In both equations the lower and upper limits of in-
tegration for the variables E,* and E, ™ are 0 and 4.1 ¢V,
respectively, while the limits for E~ range between 0 and
1.72 eV subject to the additional condition that the abso-
lute value of the argument of the arccosine function ap-
pearing in Eq. (1a) be <1.

Standard deviations for 8;, and W are calculated in

the wusual way according to 0%,12='9_%2—_0de and

o3 =W?>—W?2. The integrations were carried out nu-

merically and yielded the following values: 6,,=141°,
aeu=23 ,W=3.4eV,op=1.3¢eV.

Our data showed a good reproducibility on a day-to-
day basis, ensuring the presence of a stable vibrational
distribution for the H;* ions. Attention must be paid,
however to the fact that some of the H; " projectiles are
vibrationally excited prior to the collision [1,11]. The
statistical model calculations [11] give an average H;™ vi-
brational energy of 1.3 eV and, consequently, each proton
possesses an average kinetic energy of 0.2 eV in the pro-
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jectile c.m. frame. This value represents an upper limit,
valid only for very low-density ion sources, as the actual
internal energy for a H ion leaving a rf ion source is ex-
pected to be much smaller than the statistical calcula-
tions [12]. However, as the collision is a transition to an
excited state, this proton c.m. kinetic energy prior to the
collision propagates to the kinetic energy of the frag-
ments due to the steepness of the excited-state potential-
energy surface. The amount of the propagation is uncer-
tain, as the surface itself is unknown, so it may lead to a
maximum contribution greatly larger or smaller than 0.2
eV. Within the framework of the spectator model, the ki-
netic energy after the collision as well as its associated
momentum are carried over into the asymptotic three-
fragment state. The observed kinetic energy W of 3.4 eV
is then seen to arise from the dynamics of the breakup
process but also being influenced by the initial internal
energy of the Hy*. In fact, the most probable H™ energy
of 0.21 eV is very close to the average kinetic energy of
0.2 eV of vibrational original for protons in a “hot” H;™"
ion, so the measured energy distribution of H™ may be
critically affected.

If one wishes to compare the results of the present
work, carried out at high velocities (v ~ 6v, ), with the re-
sults of the low-energy data [2-5], all obtained at veloci-
ties a factor of about 20 smaller than the present one, em-
ploying noncoincident measurements and lighter targets,
a certain amount of caution is needed. It seems reason-
able to consider the possibility that the high-velocity
three-body breakup proceeds by a reaction mechanism
different from the one of the low-energy works. Howev-
er, the present average value of 3.411.3 eV found for the
total c.m. kinetic energy W of the three fragments is not
very different from the result of Alvarez et al. [5] who re-
ported a value of 4.5+0.4 eV and the somewhat larger
surplus energy of 6.2 eV observed by Montgomery and
Jaecks [2], both assuming 0,, equal to zero. This fact
could be a coincidence. The works of Jaecks et al. [3]
and Yenen et al. [4], that considered the more general
case gave a larger surplus energy of 39 eV, very asymme-
trically divided with the H™ receiving approximately
0.75 eV and the two protons 38 eV. The 6, value thus
obtained is larger than 170° while in the present work we
obtained 141°+23°. It is finally interesting to notice that,
despite the already mentioned differences in the velocity
range, the experimental method and the target, the shape
and the width of our noncoincident H™ profile are not
very different from a profile generated using the Yenen
et al. [10] data (Fig. 6).

It cannot be ruled out that dissociation might occur
after a rather long-living intermediate molecular state has
been formed, implying that the distance between the
point of fragmentation and the detectors could be
significantly smaller than the value of 150 cm used in the
data analysis. A possible candidate would be an inter-
mediate neutral H; molecule formed by electron capture
into Rydberg states. With this possibility in mind, the
computer program was modified to allow for an exponen-
tial decay of the excited H; " ion after it has left the col-
lision region. The H™ energy distribution of Yenen
et al. was assumed to be correct, and the lifetime of the
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metastable intermediate state was adjusted in order to fit
the experimental spatial distribution of the H™ profile
similar in width to the observed one, the nearly Gaussian
shape of the experimental profile was not reproduced.
Otherwise, as was demonstrated by Gaillard et al. [7],
this molecule possesses long-lived states of 7=0.3 us, a
time long enough to carry it into the analyzing magnet
and to invalidate the experiment. The cross section for
its formation has been measured by these authors for pro-
jectile energies between 250 and 500 keV/amu. At the
upper energy limit, an exceedingly small value was found,
4.4X 1072 cm?, so as to be of no concern in the present
high-energy context.

V. CONCLUSIONS

Center-of-mass energy distributions have been obtained
for H" and H™ originating from the collisional dissocia-
tion process Hy;" —2H" +H™ at high-projectile veloci-
ties (~6v,). The most probable c.m. energies for H™
and H' were found to be 0.21 and 0.89 eV, respectively.
A statistical analysis based on these distributions gave an
average value for the total kinetic energy of the three
fragments of 3.4 eV with a standard deviation of 1.3 eV.
The correlation angle 6,, was determined after an un-
biased statistical data analysis, resulting in an average
value of 141° with a standard deviation of 23°.

ACKNOWLEDGMENTS

This work received financial support from Financia-
dora de Estudos e Projetos and Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico.

APPENDIX: VELOCITY DISTRIBUTIONS
OF MOLECULAR FRAGMENTS
IN THE MOLECULE CENTER-OF-MASS FRAME

A computer program was developed in order to obtain
the velocity distributions of the molecular fragments of
H," in the molecule c.m. frame (the relevant geometrical
quantities are displayed in Fig. 7). Its main assumption is
the randomness of the molecule orientation before the
collision, leading to angular distributions of the frag-
ments that are isotropic in the c.m. frame:

dN _ N
Bc) IR Al
Q'  4an’ (Aab
where N is the number of projectiles and Q' the c.m. solid
angle.

First, we calculate the dN /dy distribution, y being the
lateral deflection in the detector plane, arising from a
given c.m. fragment velocity v, This is done by relating
the isotropic dN /d Q' to the transverse velocity distribu-
tion dN /dv |, as v, remains unchanged when going from
the c.m. to the laboratory frame. Nest we get dN /d6, 0
being the laboratory deflection angle, and the related
dN /dy. This deduction, although somewhat lengthy, is
straightforward, being described in this appendix.

Thus, for a given vy distribution, we may obtain the
corresponding dN /dy distribution. This relationship al-
lows searching for the v distribution that leads to a good
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FIG. 7. Schematic diagram of the experimental geometry: T,
target; C, collimator; 7 detection plane; a, collimator radius; L,
distance from the target to the detector plane; b, distance from
the center of the collimator to the beam axis; u, radius of the
circle defined by particles deflected by an angle 6.

adjustment between the calculated and the measured la-
teral profiles.
First one has,

v =vgcosb , (A2a)
v, =vp+uvgcosd, (A2b)
v =vgsind'=v, , (A2c)
v, =(vf+ff cosf) tand , (A2d)

where 0 and 6’ are the respective deflection angles in the
laboratory and in the projectile c.m. frames, v and v’ are
the respective laboratory and c.m. velocities, and v, and
v, stand for the transversal and the longitudinal velocity
components. The initial and final velocities of the projec-
tile center of mass in the laboratory frame, respectively,
vp and vp, are related by

172
of _[,_o

v | E

As the total transferred energy Q is, in our case, 5 orders
of magnitude smaller than the initial energy E of the pro-
jectile, both velocities may be made equal with an error of
1073, Similarly, the fraction of the transferred energy
that reappears as the kinetic energy of the fragments W
will be much smaller than E leading to vp >>v, and to
the equations (A2b) and (A2d) being, respectively, rewrit-
ten as v, =vp and v, =vp tané.
The transverse velocity distribution is

dN _,dN do' .

<7, A3
dv, “d6 dv,’ 2 (A3)

The two required derivatives are obtained, respectively,
from Egs. (A1) and (A2c):

(A3b)
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and
io—=(vf,cos¢9’)_], g<Z, (A3c)
dv,

and lead to (A3a) being replaced by
AN _ Ntanb g1 (A3d)
dvl 1) 0 2

Similarly, it is easy to obtain
dN N dv,
an _ A B A3
40 tan@ v, 6 (A3e)

The 6 dependence of v, is obtained by eliminating the
6’ dependence in (A2c) and (A2d) and solving the result-
ing equation

v, =vp sinf[ cos®—(tan?d,, —sin%0)!"?] , (Ada)

where 0,, is the maximum deflection angle in the labora-
tory

’

Up

6,, =arctan (A4b)

Assuming 6,, <<1 and employing Eq. (A2c), one has

v, =vpsinfcosb , (Adc)
leading to
sing’'=— Sfr‘l‘;i , (A4d)
and, finally, to the “‘exact” expression
dN _ . sin(49) [, [1 sin46 ]"”2
do 4tan%(6,,) 4 tand,, '
(Ade)

Employing the approximate expression for v, instead
of (A2c), one gets

sing' = t;—‘::f— (A4
and

dN _ . sinfsec’® | tan®6 e (Adg)

de tan%@,, tan’,, ’ g

equivalent to (A4e) as 0,, approaches zero.

An angular range going from 6 to 6+d 6 defines a ring
in the detector plane with inner radius u equal to L tan6,
L being the distance from the point where the molecule
was dissociated to the detector plane. As typically
molecular lifetimes are ~10~° s and, in our case, veloci-
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ties are ~ 107 m/s and the target-detector distance is ~ 1
m, one may assume, with negligible error, L to be equal
to this distance.

When a circular collimator with radius a has its center
placed at a distance b from the beam axis, there is a range
of allowed u values and, for each of them, only a fraction
®(u) of the fragments go through the collimator. This
fraction, a totally geometrical parameter, is the fraction
of the ring perimeter contained inside the collimator.

For b <a one has

1 ifu<a—b,

b2—a’+u?

P(u)= >bu

ifa—b<u<a+b,

iarccos
T
0, uZa-+b,
and, for b > a, ®(u ) is given by

b’—a’+u’

1
- arccos 2bu

ifb—a<u<b+a,

Plu)= 0 otherwise .

Employing these expressions for & one may now solve
numerically

em
Ne)= [ " P oL tano)de (AS)
o do
with two cases being present: (a) b =a,
_ r%dN
N(b)= o do dé
1 ezﬂarccos b—a’+L’ tan’ do
T 70, do 2bL tanf ’
(A6a)
_ . la—b|
6,= min (6,,,arctan - || (A6b)
6,= min |6,,,arctan Lz—b— , (A6c)
.2 172
sin“(26,)
[T go=n|1- [1-—— | |, (A6d)
dée 4tan“(0,,)
and (b) b >a,
_ 1 r%dN b2—a?+L*tan%0
N(b)—ﬂfgl g arccos [T 1d6 . (A6e)
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