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Three-body fragmentation of Naions to Na + Na(3s)+ Na(3s) following excitation by He is
studied experimentally and theoretically. The three reduced kinetic energies of the products in the
center-of-mass are determined for each fragmentation event, and the results are displayed in a Dalitz
plot. The fragmentation involves three adiabatié’ electronic states of Na that become
degenerate at the detector. It is possible to determine the final electronic state for each event, and
here we show that each of the three product states appears in a particular sector of the Dalitz plot.
Theoretical and experimental Dalitz plots for the three-body fragmentation Hfaka presented,

and the results are related to various mechanisms for three-body fragmentation of this
system. ©2002 American Institute of Physic§DOI: 10.1063/1.1455623

I. INTRODUCTION ity vectors, a study of, for example, 10 000 dissociations will

. - _ ) . produce an enormous amount of data. The best way to dis-
The dissociation of an excited polyatomic molecule |ntop|ay such data is by using Dalitz plotsThese plots have

three frf\_%ments is a process of great interest in moleculgfeen ysed in the past to interpret several of the three-body
physics.™> Recently, a few experrment; ha\re _been done\‘ragmentation processes described above.
where all t_hree p_roducts are detected in corncrden_ce. One |, processes1) and (4) it is clear that at the end there
such experiment is the polar fragmentation of Fbllowing 46 three degenerate singlet electronic product stffes.
a collision with He studied by Jaecks and co-workers, example, in(1) the negative charge can be on any of three H
Hi (+He)—H'+H" +H"(+He). (1)  nuclei; each possibility corresponds to a different electronic
state] It is also clear that early in the fragmentation process
A related study of the same system was carried out by Hinothe three adiabatic electronic states are not degenerate and,
josaet al® Continetti and co-workePshave used dissociative presumably, the populations of the three states are not the
photodetachment to induce three-body fragmentation in theame. As the fragmentation process evolves there is no com-
systems, pelling reason why the populations of the three adiabatic
Of +hv—0,+0,+0,+ e, @) states should pecome equal as they reach the region where
they are equal in energy. In a recent papere have shown
0; (D,0) +hy—0+0,+D,0+e". (3 for procesifl) that it is straightforward both_experimentally
and theoretically to determine the populations of the three
A third study involves the collisionless fragmentation of aadiabatic states at the detector and, more importantly, that the
photoexcited H molecule to yield three ground state H populations are not equal.
atoms! In our laboratory we have studied the collision-  |n this paper we determine experimental and theoretical
induced fragmentation of Na Dalitz plots for proces$4). We present a more useful con-
+ n vention for labeling the energy axes in the plots. Finally, we
Nag (+He)—Na* +Na(3s)+ Na(3s)(+He), “ show that a particular area of the Dalitz plot can be associ-
both experimentalf/!® and theoretically:'° ated with each product adiabatic electronic state.
In the coincidence experiments described above the
laboratory velocities of all three product particles are deter-
mined, and from those values the translational energies of thg¢ THEORY
particles relative to their common center-of-mass can be de- ] + )
termined. Since each fragmentation event yields three velod Dalitz plots for Na 5 three-body fragmentation

The construction of the Dalitz plot is straightforward for

. 11 .
dAuthor to whom correspondence should be addressed. Electronic mai!three Na_parfucles of equal mass™ We begin b_y calculat-
babikov@lanl.gov ing the kinetic energy of the three fragments in the cluster
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c.m. frame after the collision with He. Suppose the final lab (a)
velocities of the three fragments avg, V,, andV.. Then
the velocity of the c.m. of the product cluster is o

Vem=3(Va+Vp+Vo), 5 <

°
ol®
o)
vx\o\C*‘G“\

and the kinetic energy of particlein the cluster c.m. is e

E=m2V;—Veyl|*. (6)

The reduced c.m. kinetic energies of the particles are then
given by

£=& &0t (7) i
Eior=Eat Ep+Es. (8) R

Clearly the three values @f, sum to one. The Dalitz plot is N € (Na*)
a plot that shows as a single point the three values; dér §
each fragmentation event. The points lie inside the tangent
circle of radius 1/3 inscribed in an equilateral triangle of unit
height[see Fig. 18)]. Each Dalitz axis is shown as a vector
of unit length drawn from the center of one side of the tri-
angle (where e;=0) to the opposite vertexwheree;=1).
For clarity in Fig. 1a) each axis is shown a second time
outside the triangle. Conservation of energy restricts all
points to lie within the triangle; conservation of energy and
momentum restricts all points to lie within the circle in-
scribed in the trianglé! Thus, the maximum possible value
for g, is 2/3. For any point in the circle the value of is
given by the perpendicular projection of the point along Dal-
itz axisi [see Fig. 1a)]. We choose the reduced energy of the
Na* product[e(Na")] to lie along the vertical Dalitz axis
(axis Na'), and we choose the reduced energy of the faster
Na neutral[e(Na®)] in the c.m. system to lie along the
Dalitz axis that goes from the right side of the triangle to the

H A

—0.25

gl

—0.50

—0.75

>4
<

N aslow

vertex at the upper lefaxis N&). The energy of the slower ® Na+
Na neutral is denoted(Na®") and lies along axis N&". — Nasiow
This new convention restricts all product points to the left
side of the Dalitz plot. In general, due to symmetry, any
three-body fragmentation process that produces two identical
products as in processé€$) and (4) requires only half the
Dalitz circle to display the data. Similarly, if three identical
products are produced, as in the fragmentation ptdthree
H atoms or in procesg), only one sixth of the Dalitz circle
is required’ Restricting the data to one-hdtir one-sixth of
the circle has the advantage of doublifmg multiplying by FIG. 1. (@ Qengral Dalitz_plot for proces(ﬂ). The tangent circle c_)f radius
six) the experimental signal to noise. As discussed by BraurV.3 is inscribed in an equilateral triangle of L_Jnlt ‘helght. I_Each point is deter-
L.7® 4 Dalitz plot conserves momentum phase Spac mined from the values of the reduced c.m. kinetic energig®<e¢;<1) of
eta i X P X p PaC&e three particles as defined in E@). Each Dalitz axis is shown as a
density. Thus, if a three-body fragmentation process provector of unit length drawn from the center of one side of the triangle
duces products uniformly distributed in phase space, the cofwheree;=0) to the opposite vertetwheree;=1). For clarity each axis is
responding Dalitz plot has a uniform density shown a second time outside the triangle. For any point in the circle the
Wi te that k led f the th | ) bined value of; is given by the perpendicular projection of the point along axis
. € note a nowieage or the thregvalues combine i. The sum of the three; equals one. The vertical axis givegNa"); the
with conservation of energy and momentum allows one tQuxis running from lower right to upper left gives(Na®, the reduced
reconstruct the three velocity vectors relative to the c.m. veenergy of the faster Na neutral in the center-of-mass; and the axis running
locity, V; —Veums subject to a scaling factor that is deter- from lower left to upper right gives (Na°"). Because of this convention
. \ . g)r the Na energies all of the data points are found in the left half of the
mined by&,,. These three vectors also determine the shap o S
i . . L Circle. An example point is shown, where the values affla’)=0.33,
Of the Na’ —Na— Na triangle at the detectoﬂhls point IS ¢(N&®)=0.54, ande(Na®")=0.13. (b) A number of examples of the
discussed further in Sec. IIBIt is instructive to show the Na*—Na—Na triangle shape are shown below the Dalitz plot for particular
triangle shape at certain points on the Dalitz plot to indicatePoints on the left hand side of the plot, which is shaded. As discussed in the

: ; ; . text all fragmentation events that give products in the top segment of the
what type of fragmentatlon IS taklng place at those pOIn'[sDaIitz plot correspond to product in the ground adiabatic electronic state

Sever_al possibilities are shown in Figbl If a point lies 0N (state 1. Similarly, points in the middlielowes segment correspond to
an axis, then two values af; are equal. For example, if a products in state 2state 3.

A Nafasf

OMMmMooOw>
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point lies on the vertical Na axis, this means that mentally. The adiabatic states, 2, or 3, on the other hand,
g(Na®) =g (Na®®"). The three axes meet at the center ofare determined by the energy ordering With<E,<Ej. If
the circle, and there(Na")=¢e(Na®)=¢(Na°¥)=1/3. A  the diabatic Hamiltonian matrix is set up and diagonalized,
point at the bottom of the circle along the Naxis with ~ one obtains the adiabatic energlédn general the positive
e(Na'")=2/3 represents the case where a fast Nan is  charge is delocalized over all three Na nuclei for each adia-
produced, and the two Na neutrals separate with a very smapatic state. Once all three atom—atom distances are suffi-
velocity relative to each other. Similarly, a point along the ciently large(greater than 12 A for Ng), however, the posi-
Na®t axis with ¢ (Na®)=2/3 at the edge of the circle cor- tive charge is fixed on one of the three nuclei, and the
responds to a fast Na neutral with the remaining Na and Na diabatic Hamiltonian matrix is diagonal.
separating with a very small velocity relative to each other. A As the N& system evolves to larger separatids the
third interesting limit occurs whea(Na™)=0 at the top of ~system may hop from one adiabatic surface to another at
the circle. In that case the Nds produced at rest in the c.m. avoided crossings. We define the asymptotic region as the
system, and the two Na neutrals fly apart with equal speedegion where all thre®, values are sufficiently large that
but opposite directions. A comparable situation occurs wheitwo conditions are simultaneously satisfied: first, the positive
e(Na®")=0. Any point along the circumference of the charge is fixed on one nucle(is., the diabatic state is fixgd
circle gives three products that dissociate along a line. Th@nd, second, th&, values are ordered in the same way as
Dalitz plot naturally divides into three sectors. The thevy. We have showH that hops between adiabatic states
Na"—Na—Na triangle shapes for typical points near the cenare forbidden in the asymptotic region, because there are no
ter of each sector are also shown in Figh)1 The triangles additional avoided crossings in this region and because there
show the relative placement of the Naon in the triangle. is no electronic coupling between the adiabatic states. It is
(For example, in point #1 the ion is opposite the longest sidgossible to determine the one—one mapping between diabatic
of the triangle) In general the shape of the triangle is notand adiabatic states in this region. The only important con-
intuitively obvious from the threes; values, and, conse- tributions to the interaction energy are the attractive ion-
quently, Fig. 1b) proves to be very useful as a referenceinduced dipole potential terms between Nand each Na,
guide for interpreting Dalitz plots for the Nasystem. which are proportional to R*. The total energy is the sum
It is common to show all experimental data in a singleof these two terms. It can be provérhat if R,<R,<Rq,

Dalitz plot, regardless of thé,, value. For experiments that thenE.<E,<E,. This case is shown in Fig. 2. Since the
look at fragmentation from a known excited stéig,, has a  asymptotic region persists to the detector, this is the mapping
single value. However, for experiments that use collisionaft the detector as well. Thus, we see that the adiabatic state
activation to induce fragmentation, there will be a range ofcan be identified by the shape of the triangle at the detector
&t Values, and it may be instructive to create Dalitz plots forand by which vertex of the triangle corresponds to"Na
different values off,. Alternatively, we shall see that it is One new and very useful feature of the Dalitz plot for
useful to create various Dalitz plots based upon particulaprocess(4) is that the position of a point on the plot also
values of other experimental variables such as the deflectiofdicates the product adiabatic electronic state for the event.
angle of the Na in the collision with He. To see this consider the point labeled “1” in the upper sector

of the Dalitz plot in Fig. 1b) outlined by the points HABC.

An examination of the triangle formed by the three Na nuclei
B. Determination of the product adiabatic electronic for point “1” shows that the side opposite the Naon is the
state largest of the three sides. Consequently, point 1 corresponds

We can determine the product adiabatic electronic statff @ p.roduc.t in the ground adlab_auc electronic s(age I_:|g.
for each event of reactiod) from the experimental coinci- 2). It is straightforward to show in fact that any point in the
dence data. The analysis has been described eXrbety a upper HABC se.ct(_)r corres_ponds_ toa prodgct In the g'round
brief summary is given here. There are thiéé electronic state(state 1. Similar co'ns@eratlons.for point “2” in Fig.
states involved. The three Na nuclei form a triangle. We IabeiL_(b) shows that the Naion is opposite the second largest

the nucleia, b andc and denote the length of the triangle Sid€ ©f the triangle. Consequently, point *2” and all other
side opposite nucleus as R,. Once the particles are far points in the HCDE sector of the Dalitz plot correspond to

apart they fly in straight lines, and the relative distanRgs prodgcts in the .first.excited adiabatic e!ectropic S(mte.
are given by 2). Finally, all points in the sector HEFG including point 3 in

0 Fig. 1(b) indicate products in the second excited adiabatic
Re=vt+Ry. (9)  electronic statéstate 3.

HereRE is on the order of a few angstroms and is negligible
compared tdR, at the detector. At sufficiently largethe R,
values are ordered in the same way as the atom—atom rel

C. Theoretical calculations of Dalitz plots for Na 7

gggmentation

tive speedw . For example, ifv,<v,<v., thenR,<R, We have carried out a series of calculations for reaction
<R, at larget, and this ordering is maintained until the (4). They have been described in detail elsewhare only
particles reach the detector. a brief summary is given here. The potential energies and

The diabatic state of the syste@, b, or ¢ with energy  couplings have been calculated using the DIM procedure of
E., E,, or E.) is identified by which nucleuga, b, orc)  Kuntz!® but extended as described in Refs. 9, 10, and 14.
has the positive charge, and this state is determined experThe theoretical calculation is carried out in three steps. First,
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(a) E = E,_ground electronic state: position of the point on the Dalitz pldsee Fig. 1b)].

IIl. EXPERIMENTAL PROCEDURE

A detailed description of the experiment has been pre-
sented elsewhefeOnly the main features will be noted here
with special attention paid to the modifications required for
the multifragmentation studies. The Neclusters are pro-
duced in an expansion at the exit of an oven heated to
820°C. They are ionized by 60 eV electrons, accelerated to
2.4 keV and mass selected by a Wien filter. The beam is
chopped at 3.3 MHz before the collision zone. The cluster
ion beam crosses at 90° a “cold” He target beam produced
by a supersonic expansion. The fragmented clusters then en-
ter a parallel plate electrostatic analyzer. The ionic fragment
Na* is deflected in the electric field and detected on the first
position sensitive detect@PSD). Since only one ionic frag-
ment per event is expected, we use a “slow” P&us dead
time for position encodingbased on a Quantar resistive an-
ode localization device as in the previous experimétse
two neutral fragments fly on a straight line through the ana-
lyzer and are detected in coincidence with the ionic fragment
on a second PSD. For this experiment the earlier detector
was replaced by a “faster” PSD based on a delay line local-
ization technique. This allows detection and localization of
two neutral fragments coming from the same physical event
FIG. 2. Examples of the three possible triangular configurations of the parprovided that the second fragment reaches the PSD at least
ticles Na, Na, and Naat the detector. The nuclei are labeled a, b, and ¢, and20 ns after the first fragment. The loss of events due to the
the sides opposite the nuclei arg,RR,, and R, respectively. Here R detection dead time has been estimated for th§ Basd©
<Rb_§ Rct-_ T*I‘e 'OCatiOf” Ofﬂt]hel'\‘é it‘?” is if”?ricatehd by a;r-:T,he ”itang'is to be about 5%. The present combination of a heavy projec-
3{50:156521;(:% fﬁ:etzxt%is ecog?igul(r):tign h:scthir%\./vezt ;ﬁgrSy ‘;ndscorret—lle with a |Ight target prowdes a ”ef?‘”y .tOIaI collection of
sponds to the ground electronic staséate 1; (b) Na* ion at b. This con-  fragments on the two PSD@ collection in the center-of-
figuration has the second lowest energy and corresponds to the first excitetiass reference frameThe chopper clock also triggers a
electronic statéstate 2; (c) Na' ion at a. This_ configuration has the highest multistop time-to-digital converteTDC) that records the
energy and corresponds to the second excited &séée 3. time of flight (TOF) of both neutral fragments as well as of
the ionic fragment for each event. The velocity vectors of the
N ) i i three fragments are determined, in an event-by-event analy-
the N%_ cluster ion classical reactant state is pre-p-ared- for s, from their locations on the two PSDs and from their
fixed vibrational energy. Second, the NaHe collision is  1oEg This data allows us to construct the three values of
treated using the classical path approximation for the He ooqeq for the Dalitz plot. The collision volume and the
atom aTd the vibrationally sudden approximation for;Na analyzing device are biased at 2.4 kV in order to get rid of
The Ng —He interaction introduces couplings between theye fragments produced by collision with the background gas
three adiabatic states of fla and, in addition, gives an im- by evaporation of hot clusters along the incident trajec-

pulse to each Na nucleus. Solution of the time-dependent,y "gecause of their different energies, fragments produced
Schralinger equation gives the populations of the three elec-

tronic states after the collision as well as the new momentum

of each Na nucleus. Third, the fragmentation of the;’r Na TABLE |. Experimental and theoretical distributions of product adiabatic
after the collision with He is treated using the trajectory sur-electronic states.

face hopping(TSH) procedure. The trajectory may pass
through one or more avoided crossings, and it may hop from Experimental results,
one adiabatic surface to another. Earlier Worlas shown State  contributions(%) At detectoP  After dead-time adjustmeht

Theoretical results, contributior{%o)

that the vibrational energy of the Blan the experiment is 1 42.4 39.9 44.1
about 1 eV, so this amount was used in the present work. 2 331 34.0 35.8
The TSH calculations are carried out until all three val- 3 24.5 26.1 20.1

ues Oka exceed 23 a.u. Our calculations show that at th'S“A total of 10 512 experimental three-body fragmentation events were ob-
point the positive charge is fixed on one nucleus, which de-served.
fines the diabatic state of the system. The diabatic state thefhe calculated percentage of product adiabatic electronic states at the de-
remains the same until the detector. Each trajectory alsg®®®" . . . .

. . . . or comparison with experiment the theoretical results have been adjusted
gives the threes; values for the Dalitz plot. The adiabatic 4 account for the dead time of 20 ns of the experimental detéster text

electronic state at the detector is then determined from théor further detail3.
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Initial states Theory Corrected theory Experiment
#2 .

4% 2.9%

plot for process(4). The middle circle is a theoretical plot that has been
6.1% corrected for the dead time of the experimental detector.

Final states
*
n
;{ﬁr 57
iy
2

17.3% @ 10.6%

great majority of three-body events originate in state 1. It is
also apparent that there is much hopping between adiabatic
states as the trajectories evolve. Finally we note that all three
product states have appreciable populations, consistent with
column three of Table I.

Figure 4 compares the experimental and theoretical Dal-

10.2%

FIQ. 3._ Theoreuc_al Dalitz plots fqr proce_ga). The initial state is t_he itz plots for process{4). The theoretical results on the left
adiabatic electronic state of the trajectory immediately after the délli-

sion with He, and the final state is the adiabatic electronic state of thé/€'€ Obta'r_]ed by gddmg tOgethe_r the nine Dal!tz plots in Fig.
trajectory at the detector. The plots have not been corrected for the dead tim® The Dalitz plot in the center is the theoretical result but
of the experimental detector. The right-hand side of each plot gives theorrected for the dead time of the experimental detector. This
percentage of all three-body fragmentation events that appear in the particb—mt can be directly compared with the experimental Dalitz
lar Dalitz plot. . . .
P plot on the right. The experimental plot shows considerable
intensity throughout the entire plot, but state 1 is the most

in the collision volume are easily separated from backgroundPOPulated and state 3 the least populated. One reason the
fragments either by the electrostatic selector or by the TOfENtire plot is populated is that the reactangNens have 1.0
analysis. Consequently the lab collision energy with He i€V internal energy. Thus, even before the collision with He
4.8 keV; the relative collision energy is 263 eV. For each sefh€ N& has a wide variety of shapes different from the
of experiments with N clusters, the electrostatic selector is €quilateral ground state, and also each nucleus has consider-
tuned on the mass of the Nafragment. lon detection in able vibrational momentum. The collision with He, in addi-
coincidence with two neutral fragments insures an unamtion to possibly producing an excited electronic state of

biguous selection of the Na—Na" + Na+ Na fragmentation Naj , will give each nucleus an additional impulse, further
pathway. broadening the distribution of Na momenta in the three-body

phase space. There is a very strong feature peaked along the
Na®! axis near the edge of the circle. This corresponds to a
Na atom being ejected rapidly from the Ndollowed by a

A summary of the product electronic state distribution isslower dissociation of the remaining Nepecies to Na and
given in Table I. A total of 10512 three-body fragmentation Na*. Assuming that the Nais randomly oriented in space
events were obtained in the experiments. It is seen that stags it dissociates, we would expect a peak symmetric about
1, which corresponds to the ground adiabatic electronic statéhe N&'axis, with equal amounts of products in states 1 and
is favored, but states 2 and 3 also have appreciable popul2- Such a symmetric peak is seen in both the experimental
tions. Two theoretical results are given. The populations exand theoretical Dalitz plotenear point C in Fig. (b)]. The
pected at the detector are shown in the third column. Asnechanism for producing this peak has been discussed in our
discussed earlier, the neutral detector has a 20 ns dead tinearlier pape?® One of the most efficient ways for process
so some three-body events are not detected. We have a@} to occur is for the He to hit one of the Na nuclei in g\la
justed our theoretical calculations to remove all such eventsn a hard, small impact parameter collision. Sometimes this
and the adjusted values are shown in column four. Clearly,direct binary” collision leaves behind a stable diatomic
the detector dead time has the greatest effect on productsoduct(Na; or Na,), but often the diatomic dissociates giv-
produced in state 3. The values in column four can be diing the three-body fragmentation seen here. The “direct bi-
rectly compared with the experimental results in column twonary” mechanism should also produce the analogous process
The agreement is quite good. Further discussion of the rewhereby a fast N& ion is ejected from Na followed by a
sults in this table can be found in Ref. 10. slower dissociation of the remaining Napecies to Na and

Figure 3 gives nine state-to-state Dalitz plots obtained\a. This process should appear as a peak along theaXis
from the theoretical calculations. The initial state is the elecnhear the edge of the circl@mear point G in Fig. (b)]. This
tronic state of the trajectory immediately after the;Neol-  peak is clearly seen in the theoretical Dalitz plot. Most of the
lides with He, and the final state is the adiabatic electronipeak is lost, however, when the theoretical results are cor-
state of the trajectory at the detector. The plots have not beemcted for the dead time of the detector. Such a large correc-
corrected for the dead time of the detector. We see that thion is to be expected for the case that the two Na atoms have

IV. RESULTS AND DISCUSSION
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body fragmentation process. We have demonstrated that each
of the three sectors of the Dalitz plot corresponds to a differ-
ent product adiabatic electronic state. This analysis can be
applied to certain other three-body fragmentation experi-
ments such as proceéb). The new convention for labeling
the axes of the plot has the advantage of doubling the signal
to noise in the plots. All areas of the Dalitz plots have ap-
preciable population, due in part to the fact that the; Na
reactant ion is quite hot. In addition, two intensity peaks
corresponding to sequential decay are observed. One corre-
sponds to a fast ejection of Na from Ndollowed by a
slower dissociation of the Naspecies. The other is the
analogous process where a fast'Na ejected followed by
the slower dissociation of the Bla Both processes are
caused by the “direct binary” mechanism whereby the fast
He atom hits one Na nucleus hard and ejects it rapidly from
Nag , either as Na or N& Two additional Dalitz plots have
been presented, one for products that arise frorgy Neat-

- tered at small angles and the other for;Ngcattered at large
FIG. 5. Theoretical and experimental Dalitz plots for restricted values of theANgles. The first plot shows primarily fragmentation that
scattering angley. Herey is the deflection angle of the Hlaspecies in the  arises from electronic excitation of the Na whereas the
center of mass after scattering off a He atdifop plot9 Dalitz plots for second is dominated by the “direct binary" processes de-

fragmentation events witl<6°. (Bottom plot Dalitz plots for fragmen-  gerihed above. The theoretical results agree well with the
tation events withy>6°. .
experiments.
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The importance of the “direct binary” mechanism in
producing the peaks seen in Fig. 4 is further supported by the
theoretical and experimental Dalitz plots shown in Fig. 5.
The experiments can easily determine the c.m. deflectio
angle y of the Ng after scattering with the He atom. Both
experiments and theorfsee, for example, Fig. 7 in Ref.
9(d)] show that they values for three-body fragmentation
separate nicely into two peaks, one sharp peak wih6°
and the other more diffuse peak wigtr-6°. The large angle
scattering occurs when the He atom hits one of the Na nuclej
in a hard collision that then leads to complete fragmentation.
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