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We developed a method for analyzing time-of-flight spectra
of Secondary products from sequeniial dissociation reactions fol-
lowing photon absorption by the pafent molecule. This work
complements the original discussion by Kroger and Riley, and
shows thal substantial information can be extracted evén from
highly aveyaged data. This information includes the average
translational energy release and anisoiropy of the secondary pro-
duct recoil, as well as the relative yields of the secondary frag-
ments for competing pathways. Model results are ex_amiried in

order to illustrate the basic features of secondary dissociation.
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Molecules that are activated through photon absorption can often décompose’a’longz
different pathways. After initial dissociation',. the ré(izoiling. fragments may contain
enough energy to fall apart, or they may absorb an additional photon and then disso-
ciate.

In photofragment-translational A spectroscopy (PTS) experiments[!!, the incident
supersonic molecular beam is translationally and rotationally cold and highly collima~

ted. The parent molecules are confined to a narrow range of energies and momenta.
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The conditions differ substantially for secondary dissociation, since the primary ptro<
ducts become the new reactants. In addition,the primary fragment v,elocitiés and di-
rections normally span the full limit imposed only by energy and ﬁomentum ¢onserva—
tion during dissociation. Simultaneous fits to the TOF spectra of the momentum
matched primary and secondary fragments, however, are often severzly constrained
by the reaction dynamics, and energy and angular distributions, 3¢ well as branching
ratios for different‘decay paths, can be extracted frem the data. We have followed
this procedure in analyzing the secondary ‘ecomposition of RDX (2  alkyl acetates!®,
and in determining the existenc: of potential and rotational barriers in concerted reac—
tions [41 |

In the sections below, we describe one approach'towart‘i >ai_1alyzing secondary dis—
sociation processes in PTS experiments. This work is preceded by previous calculations
of Kroger and Riley %) . They also showed how to discriminate between sequential and
simultaneous three-body dissociation (61 , Recently, Vernon and’ coworkers (1] have used
a statistical model to fit the sequential elimination of CO from Fe(CO);. The funda-
mental relations for crossed beam experiments were discussed in depth by warnock and
Bernstein (87 and by Pack (). Our analysis focuses on secondary dissociation in PTS
experiments. A detailed discussion of state-to-state reactions in a general PTS exper-
imental setup has been given by Zhao(19 ., In Sec. ] we will outline a simplified
version of the results obtained in Ref (191, In Sec. [ we introduce further approxi-
mations to carry out the simulation, and then give examples to aisp]ay some features

of secondary dissociation.

I. KINETICS AND KINEMATICS

A. Chemical Kinetics

Spontaneous secondary dissociation follows a three-step, -sequential process,

ky
R + hv—R*,
B '
R¥*—A,+B,, n=1ltop

and
d

knm
Av—>Gpn+Hym m=11to g
R and R* are the initial and energized parent molecules respectively, A, and B, are
the products of the n't primary channel, and G,, and H,, are the products of the

nth primary and mit secondary paths. Approximate rate equations which avoid the

labeling of internal states are,

initial R
d ). |
JLRQIE_;“_’B.’_) = —kyl(t)ng (Vg Wy, t) m
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énergized R*

dn.*
. JL.—(”—(;;’—“’R—’Q =Tyl (g (Vg , g 1)
- Z Ikg(R*_’ETn' Qn) dE Tnd.ann‘ (UR' wR' t) (2)
n

Primary products that dissociate

dn A“(E“‘i':n' Qw 1) =Ikﬂ(R*—>En- .Q.n)ﬂn‘ (Vp» We, t)dundwR

r
= 20 ) “alEra Q0L ram Qom) dErom dQ anan (Bree Qe ) €9

"

secondary produecis,

dn gom (Vgnm: Wanme £)
dt

j kgm(ETn' Qn—')ETnm' Q nm)n An(ETn' Qn' t) dE Tnd-QndE TnmdQ nm (4)

% Gum' ¥ gom !

ny (x,y,z) is the number density of species Y as function of x, y, and 2z, and
vy and wy are the LAB velocity and solid angle for species Y. The bracket { } in-
dicates quantities that are fixed during integration or summation. I(t) is the intensity
of the light. k, is the eleciric dipole ahsorption rate constant, which depends on
[<@A+é>|%, where A and & are the unit vectors of the transition dipole of the par-
ent molecule and the electric field of the radiation.k3(R*—>Er. Qp) is the rate con—
stant for primary dissociation from R* at vy and wy yielding products A, and B,
with center-of-mass (c. m.) translational energy Ep, traveling into ¢. m. solid an-
gle Qu. k8&n(Ern Qn>Enm Qam) is the analogous rate constant for secondary dissoci—
ation.

We introduce the effective reaction time 7 which is determined by the length of
the laser pulse and the lifetime of the energized molecules such that decomposition is
essentially complete at time t. The integration of Eqn. (3) can be rearranged to

give

J- dvgdwgkd(R*—>Ero _Q,.)L ng*(vg wg £)dt

L4
J.nAn(ETn' On t)dt = ( 5)
0

dE Tnmd-o nmkgm(ETn' Qn_)ETnm' Q nm)

¥
where J- ng* (vp. ,w; ,t) dt is in turn determined from the integration of Eqns.(l)
0

and (2). Thus, at low light intensity the velocity distribution in the laboratory

frame for the total number of secondary products after the laser pulse is
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N,anm (v Gon’ wcnm) dv Gmdw am =

VI, J dE 1ad 024 E 1and 0 andvgdwgnd (vg. wg) ~
{2 Gnm: ¥ gnmr4? game 4% pm?

kén(Erar Qo> Eron Qam) . k&(R*—>Eqa Qu)k, ®
ZJ.dE TnmdQ nmkgm(ETn' Qn_)ET nm'Qnm) 2," kg(R*'—»ETnl Qn) dE Tnd-Qn
m n .

where V' is the effective volume of the interaction region, 7.§(rg. wy) iz the initial

density of R, and

fo= !' O ' )
] ,

is the fluence of light. Note that the numerator is integrated according to the brac-
keted constriinis, while the integral in the denmominator is over all possible (Eqpn Q)
and (Eqgm Qum)- These constraints limit the integration within the range vg,, to
Vgom + Vgnm and wyy to wop +dw,. This is shown in the velocity space or “New-
ton” diagram for secondary dissociation in Fig. 1, where the constraints are imposed
on the sun of velocity vectors that comnect the vicinity of the point G, with LAB

velocity vgpyn. A second fundamental constraint is imposed by energy conservation.

Fig. 1 Kinematic relations for secondary dissociation. O is the
origin of the LAB frame, OR is the direction of the mo-
lecular beam, and OGpm is the line of detection. u gn and
% gnm are the recoil velocity vector for the primary A,
and secondary Gnm products.Other symbols are explained
in the text.

The products on the right hand side of Eqn. (§) divide naturally into two terms

describing primary and secondary dissociation. These are
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VIg$(R*>Eq Q)b 1
> J k§(R*~>Ern Qn)dE 1ndQn Cal®
n : .

Pn(ETn' Qn) =

where
Vlojkg(R**ETn' Qk,dE Tnd-Qn
C.(R) =
zn: J.kﬁ(R*—’ETn- Qp)dETnd-Qn
and )
an(ETn' Qne ETnm' Qaw) =
ke, (iopwe Qy 2 Bty Oam) . 1
E 'I ETnmd&:‘nmkgm(ETn' Qn—’ETlllll' Qnm) Cnm(ETn' _Qn)
v
where

d_E Tnmd-Q nmkgin (ETn" Q0> Eqome Qnm)

Cnm(ETn' -Qn) =
> f dE 1amdQ k(B Qo> Etom Qum)
m

Notice that according to the above definitions, we have

J-PXI(ETD' Qn) dE Tnd.Qn = 1
and
J‘P‘nm(ETn' Qn Eame -Qnm)dE'rl;md-Qnm =1
With these definitions, the new expression for N ;um is

N gon (Ygam' ¥ gam) dv Gnmdw am =

J-“’Gnm'wgnm'd”cnm'dw anm’

an(ETn' Qn' ETnm' Qnm)n%(vk' wR)

(®)

@

(100

an

(12)

(13)

dE TndQndE TnmdQ nmdvndu}RCn(R)Cnm(ETn' -Qn)Pn(ETn' -Qn) *

(14)

Po(Era Qq) is the normalized probability for creating primary products which disso-

ciate, with ¢. m. translational energy FE.p, traveling into c. m. solid angle Q,.

Pun(Era Qn Epnm Qnm) is the analogous probability for secondary dissociation nor-

malized with respect to E/qum and Qun. Cam(Erar Qo) determines the fraction of

events through the mt? secondary channel out of all secondary channels from the same

primary product A, at the sample point Er, and’ Q,.

The total number of secondary products G, is

N&}m = de TndQnddewRdETnmdQnan(R)Pn(ETn' .Qn) .
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Clim(ETq' Qn)an(E'rn' .On"ETnm- Qm)"]o;(ﬂw wn)
= Ca(R) Can(RIN, (15>

where n, is the density of parent molecules in the interaction zone. In order to ob—
tain Eqn. (15), we need to assume that C,p(Epy Qn) is independent of E., and
Qp. The branching ratio between two channels is defined to be the ratio of the total
number of products produced under the same experimental condiiious, corrected by
the moles of reaction. By fitting the ‘expeririental data, C,(R) and Con(R) can be
obtained for the branching ratio calculatior 120411 .
B. Kinematic relations

PTS experiments imeasute the number of ion counts NEin(T,wp) at laboratory
angle w,, @s a function of time T after the la:ser pulse.-

The rcaction products in our PTS setup!!] are detected by electron impact ioni-
zation in the limit where the ionization probability is inversely proportional to the

LAB velocity of the product,

n
N&an(T»9p) = **Nan (T, wp) (16)

In the experimentally interested range of vg,p it is found that setting 74,y to 2

constant 7§, is a good approximation. The simulated product TOF spectrum is ob-

tained from

v
ng‘m(T’wD) d7T = [ j N gon(Ygom' W gom) l iga%n;,dwdnm ]dT an
(wp) '
avanm _ U gom

oT T

where, from vgum=L/T;

The expression for N gom (Vgam'® gom) 4V gomdWnm is transformed from e. m. transla-

tional energies to LAB velocities using the relations

MgM an ' M paM ga
ETnz%—ARl—Bn—A—uin and . ETnin:%—__AA%;n.miE—uz

Gom- .

and the integral transformation

2 (Ugam Qum) - Véam
2 (Vgow' W gam) u(zinm

Substituting these relations into Eqns. 7(14), (16) and (17) yields

Ng;m(T, wp) =

V§nm MaMan Mcan‘An

Mo C o (R) Ca (R =1 —) M e du 40d 0 4o dvgdwgdw gop *

(T,wn)

Po(Era Qo poimn B On Evoor Qom o)y (18)

U Gom
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This equation relates the measured number of ion counts Nggm(T,wD) to the primary
and secondary probability distributions, which can be obtained by forward convolution
fitting procedures. When necessary, Eqn. (18) should be averaged over the finite
interaction and ionization zones.In the next section, further approximations are intro-

duced to make the data analysis simpler.

I. FURTHER APPROXIMATIONS AND EXAMPILTS

A. Product probability distributions

Experiments have demonstrated that the factcrization of

Pu(Egn Qn) =P on(Qn) ¢ P gal(F 1a)
is acceptable when the parveot molecules have been cooled by supersonic expansion.
The angular disitilution of primary products for dipole-allowed transition was shown
by Zare!!2] to be

P on(Qn) = (1/47) (1 + BuP2(8 pn * €)) (19
where P,(x) is the second Legendre polynomial of x, and B, is the anisotropy para—
meter for the n*® primary channel, equal to values between 2 and —1. The limits
of 2 and -] are reached for direct, repulsive dissociations parallel and perpendicular
to the transition dipole A2, respectively.[!2! » .

In the case of secondary spontaneous dissociation, the dependence of P pn(Eqg
Qn Erame Qum) o0 Q, is negligible, and we assume that it can also be factored into

Poan{(Eto Qo Etom Qom) = Poan(Qon) * P gam(E o> E Tam)

The ¢. m. velocity distribution of the secondary fragments depends on the internal
energy of the decomposing primary fragment. When B, in the primary process is an
atom, the internal energy of A, can be accurately obtained By subtracting Er, from
the available energy of the primary process, and analytical functions, such as given
by RRKM theory, can be used for Ppyn(E qn>E ram) [*! . However, when the inter-
nal energy of an individual species at Erq, cannot be determined or when a proper
analytic function for P gy n(E to—>E nm) is not avaiiable,, a further assumption is made
that Pgum(Eqn>Eam) is independent of Eq,. This severe approximation is often
justified by the fact that in lots of cases the translational enefgy distribution is not
a sensitive function of the internal energy of- the reactant, and by the substantial
averaging that occurs during secondary dissociation.

The separation of the angular and energy variables allows the integral over the
azimuthal angle ¢, in the double differential dQ, = sin §,dg,d¢, to be performed ana—
lytically for spontaneous secondary dissociation. This is shown pictorially in the velo—
city diagram in Fig. 1. For fixed values of the ¢. m. and LAB velocities, those
recoiling primary products which lie on the cut of the primary sphere and contribute
to detected signal at wj and v g, are centered on the reference line v,,, . When the

u, axis is chosen along v,; for the primary variables, the azimuthal integral of
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Poncg,) in Eqn. (19) can be performed analytically to give

J'Pgu<9n>d¢n=j(1/4n)<1 £ BaPy(@ pn + )dby

= 1/2 o (1 +ﬂnP2(COS en)Pz(oref &) (20)

since all the other variables are fixed during the irtegratiorn®®,
With the approximations described above, Eyu, (18) yields the final relation

used in data analysis,

Ng;m(T’wD) =

V4m MM an M gomM an
T M Bn ;MHnm

N5umCam(R)Ca (R '[ du 4 psin 0,80,V dwgdw gom *
(Twa)

1/2 hd (1 + ,Bnpg(cos on)Pz('Dref . é)) « P En(ETn)uAn M n%(”R’wR) .

PEnm(ETnm)P Dnm(-Q nn)
- (21)

The treatment on secondary photodissociation has been discussed in detail in Ref.
10-

B. Examples

The reliability of Eqn. (21) has been intensively investigated by both model si-
mulations and application to the analysis of real PTS experiments{2—%' 101,

In the following model simulation we take vp=1.40X 10° cmes™, typical for a
supersonic beam with helium as the carrier gas. The flight path [ is assumed to be
35 cm.

Fig. 2 shows the model primary and

secondary translational energy distributions 0.3

for a parent molecule of 200 amu dissocia—
secondary Primary

ting into two fragments of 100 amu each, 02

followed by spontaneous dissociation of one

Provanlitey

of the primary products into fragments of *

35 and 65 amu. These translational energy R

0.0
e ey s o
distributions correspond to the most proba- 2 e ey oy 2

ble velocities of u,,,=8.00x 10* cmes™! in

Fig. 2 Primary and secondary
translational energy di-

U35=8.00 % 10* cmes™ and ug;=4.31x 10* stributions used in the

simulation

the primary ¢. m. reference frame, and

cm s+ s in the secondary c. m. reference
frame. '

Fig. 3 shows diagrams of a cut through the plane of the molecular beam and
line of detection in velocity space for the most probable velocities corresponding to

Fig. 2, The dashed circles represent the velocities of the primary products,‘ and the
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solid circles indicate the recoil velocities of the secondary products. The coalescence
of the circles at the inner and outer rims of the figures are often observed in PTS
experiments [4 141, 7

Fig. 4 shows the TOF spectra of the primary products which do not dissociate.
Notice the narrow, forward peaks at most LAB angles. At 35° the line of detection
just cuts through the edge.of the most probable primary velocity circle,sad the peaks
due to forward and backward scattering merge together, making this TOI distribation
the broadest.

1 [ T T s T 1
100 amu
o
0.5 ’ 1.
O Il 1 1 1
1 T 1 1
> ]
= 16°
g
o 05 h
5 I
g O 4 d d -l
.E‘q) ] i 11 1]
(I b
35°
05F h
O b 1 1 L
0 200 400 600 800 1000
t/us '
Fig. 3 An in-plane cut through the “Newton” Fig. 4 TOF spectra of the primary
diagram of Fig.1 showing the most pro- . 100 amu product at different
bable velocity corresponding to the tra- LAB angles
nslational energy distributions in Fig.2 1

The heavy solid lines are the detection
axes, the dashed circles represent the
recoil velocities of the primary 100 amu
product,and the solid circles are the re-
coil velocities for the secondary 35 and
65 amu species

Figs. 5 and 6 show TOF spectra of the secondary products when both primary
and secondary processes are isotropic. The buildup in signal along the rims of the
secondary circles is clearly shown in the TOF spectra at 0° and 16°. The fast peak
is signal originating from the outer rim of the Newton diagram, and the next peak

or’ bump at .0° or 16° is from the jnner rim,
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Anisotropic primary dissociation can be observed in some systems when the laser
is polarized. This anisotropy is reflected even in the secondary TOF spectra, and is
clearly shown in Fig. 7 for the 35 amu species with the laser polarization vector &
along the line of detection. For B, =2,the sharp,doubly peaked spectrum is obtained
because the primary recoil is focussed in the forward (fast times) and kackward(slow
times) directions of the Newton diagram.The opposite effect is cbszrved for f,=—1
because primary dissociation is intensified perp=adizaiar to ¢ and has little intensity
in the forward and backward directiors.

When the secondary dissociation is anisotrepic the TOF speétra may become- even
more structured. Fig. 3 shows the TOF spectra of 35 amu species at 16° with two
secondary angular distributions, while the primary process is assumed isotropic. Fig.
8 a) is a simulation using

P oumn(Quom) = A/sin fpn 7/36<<0an<<357/36,
= A/sin(/36), otherwise .

1 ¥ T T T B 1 1 1 T T
( 65 amu 35 amu
0° 0
05¢ E 0.5} 1
0

Signal (arb, units)
signal (arb,units)

E————
1F
60°
o5f .
T 0 A | A L .
0 200 400 600 800 1000 0 200 400 600 800 1000
t/us t/us

Fig. 5 TOF spectra of the secondary species Fig. 6 TOF spectra of the secondary
65 amu at different LAB angles species 35 amu at different LAB
angles

where A is a normalization constant and §,, is the angle bctween the primary and

seqqndary veetors @ 5, and @ gop. This secondary angular distribution is representative
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of highly prolate fragments created by large impact parameter bond fissions which

later decompose in the plane of rotation perpendicular to the orbital angular momen-
tum. The TOF spectrum in Fig. 8 b) corresponds to

€080 2

Ppnm(Qnm) =Ale—l/2 ( 0080 )
where A’ is a normalization constant and we have set cos §,=1/2. This 4is'ribution
can qualitatively represent a fast secondary dissociation which prefers a perpendicular
dissociation geometry. In the second case, the TOF

specera vsually become narrower
than in isotropic dissociation.

9 T T —1——"‘-‘-? 1 [ T ) EE—1 T
35 amu
16°
=2
= 05} fn ] % 05f
- =
3 g
g — g 0
AR PN 1 s If
"é ﬁn- -1 - b}
) <
2051 1 = 05} J
n a
——
0 R T L 0 L 1 1 1
0 200 400 800 800 1000 0 200 400 600 800 1000
t/us ‘

t/us
Flg 7 The effect of anisotropic primary dis-
sociation on the TOF spectira of the sec-
ondary products. B,=2 and -1 refer to
transition dipoles aligned parallel and
perpendicular to primary product c. m.
velocity vector. See Fig. 6 for the re-
lated isotropic TOF spectrum at 16°

Fig. 8 The effect of anisotropic secondary
dissociation on the TOF specira of
the secondary products. The spectra
in a) and b) refer to enhanced dis-
sociation with the secondary product
c. m. velocity vector parallel and
perpendicular to the direction of the
primary product c. m. velocily vec-
tor, respectively. See Fig. 6 for

the related isotropic TOF spectrum
at 16°
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