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Abstract

Conventional photochemical experiments give no information about
the partitioning of energy between translational recoil and internal
excitation of the fragment molecules formed in photodissociation of a
polyatomic molecule., In a molecular beam experiment, it becomes
possible to determine the energy partition from the form of the
laboratory angular distribution of one of the photodissociation pro-
ducts. A general kinematic analysis is worked out in detail, and the
uncertainty introduced by the finite angular resolution of the appara~
tus and the velocity spread in the parent beam is examined. The
experimental requirements areievaluated for the photolysis of methyl

iodide by the 2537 A Hg line,
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Whenéyer a molecule is dissociated by absorbing radiation with a
wavelength shorter than that required to rupture the chemical bond,
the question arises as to the distribution of excess energy among the
fragments, Often one or more of the dissociation products are formed
in an excited electronic state, but in general there is additional
excess energy which mu#t appear in some other form. In the photodis-
sociation of diatomic molecules,.all energy above the dissociation.
threshold is transformed into kinetic energy of the recoiling atoms, .
However, for a polyatomic molecule the excess energy need not appear
solely as translational energy, and may produce a high level of
rotational or vibrational excitation of a molecular fragment.

It is evident that this initial partitioning of excess energy
between translational and internal energy could play an important.
role in subsequent chemical reactions following photolysis. Quantita-
tive measurement of the energy partition in the primary step of a
photochemical reaction is not feasible in conventional expzriments,
however, due to the short lifetime of the reactive initial products
and the rapid redistribution and thermalization of the excess energy
through collisions. x

| This paper discusses the possibility of determining the initial
energy partition by a molecular beam method, in which a collimated,
collision-free stream of molecules is crossed with a beam of the
exciting light. A kinematic analysis shows that the energy partition

often can be measured solely from the form of the laboratory angular



distribution of one of the photodissociation products. The dependence
of the distribution on the finite resolution of the detector and the
velocity spread in the parent beam is examined for several different
cases, The photolysis of methyl iodide by the mercury 2537 R line is

briefly studied as a prototype system,

Angular Distribution of Products

Consider a polyatomic molecule AB which on absorbing radiation of
a known frequency dissociates into two parts,

ABE’—)A-»-B (1)
where A and B may be either atomic or molecular fragments. The
absorption leading to dissociation is assumed to be an elementary-
process which occurs in a single vibration of the A-B bond, Let the
energy E above the dissociation threshold of AB be partitioned.into

translational energy and internal energy,

E = Eq + Epo L. (2)

By conservation of linear momentum, the recoil velocities of A and B

are given by

= 2
X, = (2m E /mm,) (3a)
and
_ \1/2
Xg = (2m,E./mm.) . (3b)

where My My and m are respectively the masses of the A, B and AB

molecules. If A refers to the heavier particle, the velocity of A

LAY
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is less than that of B in the ratio of their masses,
‘z&l = (mB/mA)|xB!. (&)

The angular distribution of the photodissociation products will
be determined by the dependence of the transition probaﬁility on the
relative orientation of the molecule and the electric vector of the
light beam, The products separate rapidly emough to make negligible
the blurring effect of the original rotational motion of the A=B
molecule (except at the threshold for photodissociation).l’2 Thus
for an electric dipole excitation with a transition moment u, we may
evaluate the angular distribution of products in the center of mass
system simply by averaging I.E" §|2 over all rotational orientations of .
the molecule. In a previous treatment of the photodissociation of
diatomic moleculesl, we have.carried out this calculation in detail,
Although the results are readily generalized, in order to clarify
certain points we shall repéét some of the main steps here,

The average over rotational orientations is conveniently formu-
lated in terms of the Eulerian angles ¢, €, ¥ which relate a rotating
"molecule~fixed" set of coordinate axes, xyz, to a nonrotating "space-
fixed" system with axes parallel to specified laboratory directions, |
XYZ, For both systems the origin is the center~of-mass of the A-B.
molecule, The angles ¢, 6 are ordinary polar coordinates which locate
.the Zz axis relative to the Z axis and XY plane, and ¥ is an azimuthal
angle about the z axis. Since all orientations of the molecule are

equally likely, B
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sin6ded¢dy (5)

is the (unnormalized) probability of an orientation with Eulerian
angles in the range 0, ¢, ¥ to 6 + do, ¢ + d¢, ¥ + dy, If the
electric vector has direction cosines XP along the space~fixed axes
F = X,Y,Z and the transition dipole moment has direction cosines Ag
along the molecule-fixed axes g = x,y,z, the absorption probability
is proportional to

ueEl? = w220

Fg

2
grgl ¢80V (6)

since £F = E)‘F’ Mg = Mg’ and sl

Fg are the direction cosines

which describe the orthogonal transformation between the XYZ and

where the angle dependent factors ¢

xyz systems (see Table I). The probability that dissociation occurs
for orientations in the range specified by (5) is thus given by

| EZAF;\gq»Fgw,e ,¥) | %sin6dedsdy. )
Fg

We choose the z axis of the molecule-fixed system along the
direction of departure of fragment A (opposite to that of B), so
that the polar coordinates which describe the angular distribution
of A in the center of mass system become identical to the Eulerian
angles 6 and ¢. The intensity which enters the range 6, ¢ to 0 + qe,

¢ + d¢ is given by simply averaging (7) over y. By definition, this




-5-

intensity is
I(0,¢)sin6deds,
where 1(8,¢) is the differential cross section per unit solid angle.

Therefore we have

I(8,9) =-§% [2ﬂl{2AFA o (6,0,9)1%dv. (8)

In most applications, including the various cases considered
in reference 1, the cross products disappear and tne ,eueral formula

(8) reduces to the average of a single squared term,

1 3" 2
Ipg(8:0) = 5= IO o (00,00 ay, (9)

or to a sum of such terms., The FF' cross products disappear if one.
of the axes, say the Z-axis, is chosen to lie along the electric
vector for the case of plane~polarized light, or along the direction
of the light beam, for unpolarized light., In the latter case, the
E,x and EY components of the electric vector are equal in magnitude
but contribute independently as they represent the resultant amplitude
of many plane-polarized waves with random phases. The gg' cross
products also disappear for diatomic molecules and for many transi-
tions in symmetrical polyatomic molecules for which the tfansition
dipole moment ¥ is either parallel or perpendicular to the A-B &xis.
Although the transition which induces photodissociation may have
several components, c¢f both the parallel and perpendicular type,
again these contribute independently. |

Table I gives the direction cosine eJ.emen‘csa"L ¢, which appear

Fg
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in (8) and their azimuthally averaged squares IFg which appear in (9).
From these formulas angular distributions are readily evaluated for
any type of electric dipole transition, It should be noted that
Table I differs from Table III of reference 1 in that ¢ and ¥ in the
latter are replaced by ¢ +<%

does not affect any of the calculations of reference 1, but is

and g-- ¢, respectively., This change

necessary to make the Eulerian angles 6 and ¢ correspond to ordinary
polar coordinates. (Compare the discussion on p.7, reference 4, with
that on p., 108, reference 3,)

Table II gives the angular distributions for the case of indepen-
dent parallel and perpendicular transitions. The more general case will
néf be examined here, as At present we are primarily interested in
simple mélecules, such as CH31, for which this classification is
adequate., As indicated in Table II, the direction of the Z=-axis has been
choéen to bring out the symmetry of the distributions, and this makes
them independent of the angle ¢, The cross sections peak at right

angles to the incident light beam for a parallel transition and peak

" forward and backward for a perpendicular transition.

In the kinematic analysis of the molecular beam experiment which
is carried out in later sections of this paper, it is most convenient
to put the Z-axis along the direction of the molecular beam. The cross
section formulas for this reference system are given in Table III for
various choices of the experimental geometry. The direction labelled

“"preferred recoil" is the direction in which the angular distribution
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peaks in the center of mass system. The kinematic analysis shows that
the optimum arrangement should put the preferred direction of recoil

in the center of mass system tranéverée to the direction of the mole-
cular beam, in order to make the laboratory angular distribution as
sensitive as possible to the way tnhe energy is partitioned. In Table
III the experimental arrsngements which correspond to this are marked
with an asterisk, and Figure 1 shows sections of these distributions in
the XY, YZ, and XZ planes for a set-up in which the light beam is
incident along the X axis and the molecular beam along the Z axis.

In Table III the FF' cross products in (8) are absent because the
electric vector, or the direction of the light beam in the unpolarized-
cése, is chosen to lie along one of the coordinate axes, However, there.
is some advantage in varying the orientation of the electric vector and
thereby shifting the direction in whiéh the differential cross section
peaks, as this offers a check on the kinematic analysis of the angular
distribution. Thus we will briefly consider the formulas applicable
to this case., Without loss of generality we may suppose the electric
vector is aimed ir *he direction. ® = O in the YZ plane., Then in (8) we
have Ax = 0, AY = sin0@, and kz = cosO, and the integration yields

Ill(e,¢) = s2¢szesze + 28¢SHCESOCO + c2ec?o (10a)

and

2

1108,¢) = (c% + 52¢c29)82® - S¢S6C8SECO + § ace (10b)

for parallel (g = z) and perpendicular (g = x) transitions, respectively.,

As before, S denotes sine and C denotes cosine., Formula (10a) should be



Table I. Transformation coefficients in

terms of Eulerian angles.

Direction of Direction of Electric Field "~ ="
Transition S
Dipole F=X Y Z

Direction cosine factors, QFg

g = x -S¢SY ~ CoCBCY  CoSY = S¢Cecy secy
oy S¢CY - CHCOSY ~C4CY = S¢COSY. sesy
z C¢sSe $¢58 co

Azimuthally averaged squares, I

Fg
xory %(sz¢ + c2ec2p) -%(c2¢ + s%4c%0) észe
z c2¢s20 s245%0 c2

Here sine is abbreviated by S, cosine by C.




Table 1I, Differential cross section I(6) in

center~of-nass system.

Electronic I(e)
Transition

For polarized light with electric vector along Z=-axis

I 3cos20 = 142P

2

3 ..2, _
.L §sln 0 = 1-P2

For unpolarized light incident along Z-axis

3.2,
|l §szn 6 = l-P2
3 2, _ ..1
1 E(l+cos 8) = 1+5P,

where

3cos26-l)

2 MJ\H

)
2w ’
J ! I(6)sineded$ = b
00

\
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Table III, Differential cross section in center of mass system

for various choices of crossed beam geometry.

Electronic Special Directions Cross Section
Transition . 1(6,9)
Light Electric  Preferred
Beam Vector Recoil

-

For polarized light

II "XorY Z Z 3c0826
| X or 2 Y ¥ 3sin26sin¢
1 Xory z X or Y* :;‘sin2e
X L Xor 2 Y X¥% or Z g(l-sin2esin2¢)
For unpolarized light
¥ VA X or Y¥ gein29
[ X Y* or Z ;(l~sin29cos2¢)
L z z 2(1+cos?0)
L X - X %(l+sin26cosz¢)

The Z-axis is along the molecular beam direction and the

cross sections are normalized to uw,
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Fig. 1. Sections of the angular dlstrlbutlons in the center
of mass system for parallel (||) or perpendicular (l)
transitions and plane polarized (along Z or Y axis) or
unpolarized (U) exciting light, The light beam is inci-
dent along the X axis and the molecular beam along the
Z axis, '
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multiplied by & factor of 3 and (10b) by a factor of 3/2, to normalize
the results to 47, In the YZ plane, where ¢ = 90°, the normalized
formulas reduce to
i 2
II‘(G,no = 3 cos (6-0) (1la)
and

I.L(Ss%) = 3 sin’(0-0), (11b)

as would be expected from the results of Table II,

Kinematic Relations

In collisions of thermal molecules with light quanta, practically
all the linear momentum is carried by the molecule, For example, the
most probably translational momentum of a beam of CH31 molecules at
300°K is U'xlO"}"8 cgs/molecule, whereas for light of wavelength 2537 3
the momentum is only 4x10“22 cgs/photon, smaller by a factor of 10“.
When photodissociation occurs, the center of mass of the fragments
travels along the original direction of the parent molecular beam with
‘its original momentum. Since the laboratory velocity of a fragment
molecule is the vector resultant of its recoil velocity and the velocity
of the parent molecular beam, the angular distribution of the products
in the laboratory is skewed towards the forward direction of the beam,

The extent of this forward displacement depends on the form of the
angular distribution of recoil vectors which, for electric dipole.

transitions, is calculable from (8) or (9), and on the ratio,




\v|/lxl, (12)
of the veloéity VY of the parent molecular beam to the recoil
velocity v_of the observed fragment molecule., Thus if the shape
of the angular distribution observed in the laboratory proves to be
sufficiently sensitive to the kinematic parameter x, it will provihe
a measure of the recoil velocity and the energy partitioning may be
determined from Eqs., (2) and (3)..

Many discussions of scattering kinematics and the transformation
between the center of mass and laboratory coordinate systems are
available..s’6 However, the sugject is seldom considered in detail
and there appears to be no explicit treatment of several important
features, Accordingly, it seems worthwhile to give a rather detailed
treatment here,

All of the kinematic relationships follow from the velocity vector
diagrams of Fig. 2, where

Go = laboratory angle at which product fragment is observed

8 = corresponding angle of recoil of the fragment in a .
coordinate system traveling with the center of mass
(that is, with the parent molecular beam)

V = velocity of the center of mass in the laboratory

velocity of the molecular beam
X, = velocity of fragment in the laboratory coordinate system

v, % recoil velocity of fragment in the center of mass
coordinate system,

The angles 6, ¢ in the center of mass (CM) system are related to the
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X <1

x >1

Vi

Fig. 2, Velocity vector diagrams relating the center of mass
and laboratory systems (a) for x < 1, (b) for x > 1, and
(c) for the "edge effect” on the "singular sphere',
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laboratory (LAB) angles 6 s % by

vcosd + V = v cosb (13a)
o o

vsin® = v sind (13b)
o o

o= 4 (130)

Making use of the law of cosines,

vo2 = V2 + v2 + 2vVcosb,

we may express eo in terms of 8 in several ways:

- sin® _
randy = SoEE T (142)
sin®_ = sin? (14b)
Y1 + 2xcosb + x*
and
cosb = cos8 * X . (l4c)

Y1l + 2xcosb + x¢
The inverse transformation can be readily obtained from Eq. (l4c) by
squaring and rearranging it to yield a quadratic expression,
2
c0326 + 2xsin26°cose + x“sinzeo - cos26o = 0,

which has the roots

cosf = -xsin26° T coseo /gi- xzsinzec. (15)

Hence the transformaticn between the laboratory angles eo, ¢° aﬂd
the center of mass angles 6, ¢ is conpletely specified in terms of
x by Eqs. (14%) and (15),

For # < 1 the relation between 8 and eo is one to one, as can

be seen from Fig. 2a. As 0 varies from O tc w, the angle eo varies
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between the same limits. The plus sign must be taken in Eq. (15) so
that 6 = 0 when 90 = 0,

For x > 1, however, the relation is double-valuéd. For each
value of 60 there are two values of 8, corresponding to the two dif-
ferent signs in (15), For the value of eo shown’ip Fig. 2b there are
two values of 0, denoted by a and B8, that are determined by the forward
and backward recoil vectors viwhich correspond to the same laboratory
vector Ve As 0 varies from 0 to w, the laboratory angle eo increases
until it reaches a maximum value ez corresponding to 6*, and then‘eo,
decreases to zero again, Thus we distinguish two branches,

8=a: 0<a<6,0¢<8

6=8: 6 <B<m, 0 >0>

The relationship between these branches is readily obtained from Fig,
2b; since the a and B8 recoil vectors define an isosceles triangle,

T - (B = eo) = a - 60

or

B='n’—a+2609 (16)

The transformation for the B branch thus can be expressed in terms

of that for the a branch, with proper allowance for the fact that B

%
decreases as o increases. When ¢ = B8 = 0 , the laboratory angle
s

k1
reaches its maximum 6 and from (16) we find

’

. (17)

b ot

6 =6 +
o}

ofa o

As pictured in Fig. 2c¢c, this relation means that the recoil velocity
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vector v is at right angles to the laboratory velocity Ve Also, we
see that the critical angle is simply related to the kinematic para=

meter (12), as

3-1(- = sineo". (18)

The analysis of angular distributions requires a transformation
of the differential solid angle elements in the CM and LAB systems,
dw = sin6dod¢ and dw = sin8 4o d¢ .
o o o o

By differentiating both sides of (luc), we obtain the Jacobian factor,

3/2

- _ (1 + 2xcos6 + x")
J(x,0) = dw/du, = |1 + %cos8] ’

(l9a)

Similarly, by differentiating (15) we obtain the inverse Jécobian,

-1

1+ xzcos26 }
o ’

I (%,0 ) = dw /dw = |2xcosb  + (19b)

v/l - xzsinze J
o
where the plus sign is vaken for x < 1., For x > 1, the plus sign is
taken for the a branch, the minus sign for the B branch.
The totél number of particles emitted into corresponding solid
angle elements must be the same in the CM and LAB systems, and there=-

fore the differential cross sections are related by

I(6°.¢o)dwo = 1(9.¢)dw. (20)

Accordingly, the transformation of angular distributions is given by
I(6°.¢°) = J(%x,0)I(8,¢) ' (21a)

and
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1(6,9) = Jo(x,eo)1(6°,¢°).

(21b)

Note that since ¢ = ¢o' each cone 6 = constant in the CM system

is transformed into a cone eo = constant in the LAB system. In parti-

cular, for 6 = S0°,
e° = aprctan (1/x) < 90°
and

2 3/2
1(6_,6,) = (L+x)  I(8,0).

(22a)

(22b)

Likewise, if x < 1, observations on the 6o = 90° plane in the LAB

system correspond in the CM systeém to
6 = arccos(=-x) > 90°
and

1
1(6,6) = (L-x”) % I(0_,6 ).

(23a)

(23b)

In principal these relations, together with the freedom of

adjustment of the CM angular distribution provided by (11), offer a

means to determine both the angular dependence of the photodissociation

probability and the energy partitoning.

Sample Calculations of

Laboratory Angular Distributions

From Fig, 1 and Table III it is seen that, for transitions which

give angular distributions in the CM system which peak at right angles

to the beam direction, only the three types of 6-dependence indicated

in Table IV need to be considered., Also, since (23) accounts for the
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Fig. 3. Polar plot of laboratory differential cross sections
in the YZ plane for a type A transition and various values
of x < 1, corresponding to "fast recoil”, All plots shown
have been scaled to unit radius., To preserve normalization
among these cross-sections, the plot for x = 0.25 must be
multiplied by 1.146, the plot for x = 0.50 by 1,531 and the
plot for x = 0,75 by 2.129, ‘
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Y-AXIS

Z-AXIS

Fig. 4. Polar plot for laboratory differential cross section
in the YZ plane for a type A transition and various values
of x 2 1, corresponding to "slow recoil"., If the circle
is taken as unit radius, all plots must be multiplied by
2,5 to be normalized to 4,




Fig. 5. Polar plot of laboratory differential cross section
in the XZ plane for a type B transition and various values
of x < 1, corresponding to "fast recoil”. All plots
shown have been scaled to unit radius. To preserve
normalization among these cross-sections, the plot for

0.25 must be multiplied by 1.265, the plot for
0.50 by 2,346 and the plot for x = 0.75 by 3.730,

X
X
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Fig. 6. Polar plot of laboratory differential cross section
in the XZ plane for a type B transition and various values
of x 2 1, corresponding to "slow recoil', If the circle
is taken as unit radius, all plots must be multiplied by
3.0 to be normalized to Uun,
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Fig. 7. Polar plot of laboratory differential cross section
in the XZ or YZ planes for a type C transition and various
values of x < 1, corresponding to "fast recoil". All
plots shown have been scaled to unit radius. To preserve
normalization among these cross-sections, the plot for
x = 0.25 must be multiplied by 1,384, the plot for
x = 0,50 by 2,472 and the plot for x = 0.75 by 4.396.
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Z-AX1S
\

S~ _

SNy
~ . o

Fig. 8. Polar plov or lavoratory differential cross section
in the XZ or YZ planes for a type C transition and various
values of x z 1, corresponding tc “slow recoil', All
plots are normulized to «m, if the circle is taken as unit
racius,
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for which the o and 8 branches botrh give important contributions,

The "Edge Effect" and the "Singular Sphere"

Another special feature arises for the case of slow recoil

(x > 1), As the edge.of the forward cone is approached (eo > 80“),
the laboratory sdlia ang}qulement becomes vanishingly small

(dw° + 0), as may Se seen from (17)-(19) and in Figs., 2c and 9, and
the Jacobian factor J(x,6) in (2la) becomes infinite, Near the singu-

}

E
lar point, 6 = 6 + 60, the transformation relations may be expanded,

and
x2 - 1
~ J(X,e) = —'F'é‘— + oo (243)
13 ‘ 3t
I(6,0) = I(8 ,9) + I'(6 ,0)86 + +.o (24b)
or
2 I(0 ,0)
I(eo,Qo) = (x" = 1) -———&‘%-—-+ e (2u4¢)

'Thus, unless the CM angular distribuvion becomes vanishingly small as
é - 9*, the pAB distribution will exhibit a singularity as 90 - BO*,
Examples appear in Figs. 4, 6, 8 and 9., We refer to this as the "edge
effect', since it arises because at eo = eo* the laboratory obszarver
is viewing the CM angular distribution "edge on".

As this situation occurs whenever thngAB and CM velocity vectors
are perpendicular, as pictured in Fig, 2c¢, the locus of all such

recoil vectors defines a “singular sphere" with the beam velocity V

as a diameter. How much of this sphere is accessible depends solely on



7 =28~

Fig. 9. Example of the "edge effect". For x = 1.5, the
angular distribution between 84° and 159° in the center
of mass system is compressed into a range of only 10°
in the laboratory system,
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Fig. 10, Transformation between center of mass and laboratory

angles for various values of the kinematic parameter x > 1,
the case of "slow recoil".
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Fig. 11, Variation of the maximum laboratory scattering angle
with the kinematic parameter x for case of "slow recoil",



the possible values of the kinematic parameter X, according t; (17)
and (18), and those portions of the CM recoil spectrum which lie

near the singular sphere are heavily weighted in the LAB distribution.
The edge angles are shown as functions of x in Figs. 10 and 11, which
are from reference 6.

Figs. 4 and 5 illustrate how thé laboratory angular distribution
changes as the transition is made from "fast" to "slow" recoil. 1In
Table V are given the angle of maximum laboratory intensity, 60 (max),
and the angle, eo (90°), which corresponds to the peak of the Cﬁ
distrib;tion at 6 = 90°, The critical angles 60* and 6* are also |
shown as a function of'x. The anéle 6, (max) is found from Eq. (2la)
and 6 (90°0 from Eq. (14). Fo? 0 < x < 1 we see that the angle at
its maximum does not coincide with 60-(90°) but is displaced from
eo (90°) several degrees in the forward direction. This shift in the
intensity maximum towards the beam‘direction,‘which is due to the
Jacobian factor J(x,8) in E£q. (2la) is noticeable even for x < 1 and
is the precursor of the "edge effect"., For x = 1, the CM distribution,
proportional to sin26, has a vanishingly small intensity near the
critical angle B* and there is no singularity in the laboratory cross-
section. The shape of the laboratory angular distribution still
resembles the CM distribuvion although it is strongly skewed forward,
For x = 1.25, the LAB distribution still reveals a large part of the
lobe of the sine function before the edge singularity sets in.

However, as x increases, this is soon swallowed up, and the LAB
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Table V: Special angles in Figures & and §
X 6 (80°) 6 (max) 8 " 6"
0 o o
0,00 80,09 90,0° ¢ 4 e PR
0,25 76,00 85,5° v s e o e
0,50 S 63,40 51,99 P .« .o
0.75 53,1% 44,10 . b e . 6.
1,00 45,0° 39,2° 90,0° 180,0°
1.25 38,7° 53.1° 53.1° 163,19
-1,80 33.,7° 43,89 41,8° 131,8°
1.75 29,8° 3&,9° 35,99 124,99
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distribution becomes practically a spike at the edge angle, 60 = Qo
" If only a single value of the kinematic parameter x were

involved, the edge effect would enable a sharp measurement of x,
and hence the partitioning of energy, to be obtained from the LAB
angular distribution., However, there may be a considerable spread
in values of x, corresponding to the velocity distribution in the
molecular beam and the recoiling fragments, As illustrated later,
this can produce a range of 60* values much broader than the geo~

metrical resolution and thereby drastically blur out the edge

singularity.

Geomerrical Resolution

In measuring the angular distribution in the laboratory, the -
differential angular distribution is never observed, but rather its

average over the geometrical resclution of the apparatus:

V¢°+A¢o rﬁo?beo
" . I(S,¢)sxn6°deod¢o
AR

,'8 +40

)

) = 2
2(0,0,) = S : (25)
sin® de d¢
o o0 0

4_“:6_5
ooAq’o OAO

For "fast" recoil the averaging over the geometrical resolution
expressed by Eq. (25) very slighrly smooths out the form of the

angular distribution, For "slow" recoil the effect of this finite
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angular resolution is to round off the .dge singularity, leaving a
spike or bump in the angular distribution where the singularity
occurred, The magnitude of this spike will depend critically on the
geometrical resolution of the apparatus and the velocity spread of
the recoiling fragments.

In molecular beam scattering experiments the geometrical resolu-
tion is usually determined by the dimensions of the reaction zone
rather than the width of the detector.7’8 In a typical crossede
beam experiment9 the area of the reaction zone is about 1 cm2 and the
detector is mounted about 10 cm away; thus the reaction zone subtends
a solid angle of about 0,01 steradians at the detector, (By compari-
son, the area of a typical hot wire detectorg is 0,005x1 cm2, so at a
distance of 10 cm it would subrend only leo‘s steradians at the
scattering center,) For the initial attempts at beam studies of
photodissociation of halogen compounds, a film detector which is
chemically specific to halogen atums appears to be a likely choice;lo’ll
however, the area of the reaction zone will probably remain the limiting
factor in determining the resolution.

To illustrate separately the blurring erfect of imperfect geomet-
rical resolution, we will evaluate tq. (25) assuming that the velocities
of the parent molecular beam and the recolling fragment are fixed., We
take ASO and A¢° &s constaats, approximately equal to half of the
angular height and width of the reactrion zone, respectively. The

calculation would be the same if the reacticn zone were a point source
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and the detector dimensions were 2Ae° by 2A¢°; and our comments will
refer to this case since it is simpler to describe. Thus, we regard
the denominator of Eq. (25),

AQ = bAd sinA6 sind ,
() o [ o

as the effective solid angle subtended by the detector at the reaction
source, The numerator of Eq. (25) is most easily evaluated by trans=
forming to the CM coordinate system, For the differential cross-
sections I(6,¢) given in Table III, the integration can be performed
analytically and the kinematic parameter x only enters via the limits
of integration.

For "slow recoil" both the a and B branches contribute to the

laboratory angular distribution. The limits of integration are given

by
by = &, + B3 0, = 0 + A8 (26a)
¢, = 9, - bd_3 6, =8 - 48 (26b)
and
a2 -1 1+ x2005262
62 = CcoSs 2xcose2 + (27a)
2 .2
V/i - %X sin 62
2
al .1 1+ x cosQGl
Bl = cos 2xcosel + S |, (27b)

2 . 2
v/i - X sin el
\
In Eqs. (27) the plus sign refers to the angle o and the minus

sign to the angle B, The averagéd'laboratory angular distribution
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e

may now be wrtitten as
' n (G, - :
: 1 212
H8ged0) = g~ J J I(,8)oinededs

|19y Tey

6,8,
- 1(8,¢)sinsdede
¢, 8,

where the minus sign in BEq. (28) arises from the fact rhatéaa s - df,

. Eq. (28) ia only valid provided that the leading edge of thae de-

tector, lecated at 6°‘+ Aeo, has not reached eoﬁ. When the leading
edge reaches 60*, that 1o, vhen the dotoctor Is centered at'eoh - 88,
the'lntensity of the scattered particles attains its maximum, As the
detector passes through the singularity, the leading portion of the.
detector moves outside the férward scattaring cone and no particles

can reach it. The limits of integration in Eq. (28) must then be

. - ]
~ changed appropriately by replacing G, and Bl by 6 + The value of Eq,

- (28) thus decreasss as the detector moves past the singularity. When

the trailing edge of tha detéctor finally reaches the locatlon of.
the singularity, Gy and 62 ?oth bacome squal to e* and the integrals
in Eq. (28) vanish. .

An IBM 7090 computeﬁ progran has becn prepared which integrates
the differenticl cross sections of type A; B, or C over the ragolution
widths andlplota the resultant laboratory angular distributions..

Figs 12 lllustrates the rescults for x s 1,20 and 1,50 and & type B

transition, Resolution widths between 1° .= 4° should be feasible in
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. Fig. 12, Blurring of the "edge effect" due to finite angular
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tion of the center of the detector. Arrows indicate loca-
tion of the edge singularity in the differential cross
section,
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practice. ?he solid line gives the cross«section for infinite geo=
metrical resolution, As could be anticipated from Figs.lﬁ. 6, and
8, the larger the magnitude of x, the more pronoué;gd}is the spike.
Although the finite angular résolution rounds off the ;ingularity,
if only one value of x were significant in an experimént, the
resultant spike or bump would still be a prominent feature of the

laboratory angular distribution of dissociation fragments.

Velocity Distribution of the Molecular Beam

and Recolling Fragments

The previous discussion has been restricted to fixed values of
the molecular beam velocity V and the recoil velocity v, and hence
only one value of x. In practice, however, there will be a spread in
x due to the.velocity digtribution in the parent molecular eam and
the distribution in recoil velocities of the fragments., The 1atter'
distribution arises from the zlope of the repulsive potential curve
and the bandwidth of the exciting light beam, As mentioned before,
this spread in x will cause further "blunting" of the adg; singularity.
Unless the intensity is sufficient to permit the luxury of veiocity
selection, which would reduce the signal about two orders of magnitude,
this blurring will make the edge effect unobservable, We shall examine
more’cldsely the conditions necessary for its appearance,

For a highly monochromatic light source, such as an étomic line,

the variation of x will be due primarily to the molecular beam velocity
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" distribution., The generalization of the previous results for this
case is quite straightforward, We denote the normalized velocity
distribution of the molecules in the oven. by £(V) so that the pro=
bability of finding a molecule with its velocity between V and

V + dV is given by £(V)dV. The velocity distribution of the beam
emerging from the oven will be V£(V), but the velocity distribution
in the reaction zone will be again £(V), since the faster molecules
spend less time in the reaction zone than the slower ones by the
velocity factor V. To obtain the laboratory angular distributioen,

we must average Eq. (25) over the velocity distribution:

» fﬂ»xf) I( 6, %)dv
(68,7 = o (29)
o JgE(V)av

We shall assume a Maxwell-Boltzmann distribution given by

5 2 -y? ‘.
E(V)av = <y oy . (36)
m
where y = |V|/|a| is the ratio of the beam velocity V to the most

probable velocity a. It will be convenient to introduce the para-
meter Xy which is given by the ratio of the most probable velocity
@ to the recoil velocity v: °
x, = |al/]v]
Let us suppose the molecular beam is velocity-selected about the

most probable velocity x. For "slow" recoil the laboratory distribution
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will be peaked about e: corresponding to arcsin (1/x ). There will
still be aﬁ,experimental spread in the beam velocity and thus in x,
We define the parameter e as tha percentage variation of the beam
velocity about as Then the velocity=salected LAB distribution is

obtained by modifying Eq. (29) to read

l+e 9 ~y2 :
HORRE R . (31)

o'’0 r.i-e 2

2 -
1.¢¥ © 4 dy

Eq. (31) has been evalucted by a computcr program for different
values of €., Fig. 13 shows the results for a type B transition an&
typical values of a = l.Bx;ou cm/sec and-xc = 1,25, As the velocity
spread increases, the bump in the neighborhood of the singularity-is
rapidly smoothed out, A similar study for X, = 1.50 ghows that the
edge effect is more persistant, but disappears for ¢ = # 10%, Cone
sequently, even a rather émall velocity spread #bout the nominal
velocity removes the edge effect, even if the angular resoclution of.

the experiment is sharp.

| Even if it were feasible to velocity select the beam with

€ = + 2,5%, the light source must in general be highly monochromatic.
For a molecule with closely spaced rotational levels (ﬁignificantly
popuiét;d at the moleéﬁlar beam temperature) a spread in the energy
E of the light will be reflected by a spread in the translational

energy AE,, and thus, via Eq, (3a), a spread in the recoil velocity,

"
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Fig. 13. Blurring of the "edge effect" in the neighborhood
of the singular angle Go" by the velocity spread in the

parent molecular beam. The transition is of type B and
the recoil parameter is X, = 1,25 for the most probable

velocity ‘in a beam of CHsI at 300°K, The geometrical

resolution is the 1° case of Fig., 12. The parameter €
gives the percentage range of velocity about the most
probable velocity.
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= [(2m /nm, )AE, 12, (32)
For example, a 1 2 spread in the 2537 2 line (medium pressure mercury
arc) corresponds to an energy uncertaintymof 18,5 cm"l in AET. If
the observed fragment is about 10 times heavier than its fragment
partner, by Eq. (31) there will be a spread in the recoil velocity of
about l.8xlO3 dﬁ/sec: For‘an average a of l.8x10“ cm/sec this is
comparable to € = + 10%, and the edge effect would be washed out.
In fact, under beam conditions one will probably have to work with a
rathef broad puﬁping source to produce a sufficient number of photo=
dissociation fragments for dgtection.' Thus these ca;culations
demonstrate that in practice the edge effect will be unobservable,
Fortunately, the '"slow recoil' case which we have been consider-
ing up to now is only likely to obtain for photodissociation near the
threshold.l Irradiation at energies appreciably above the threshold
will usually produce "fast recoil" fragments, with‘velocity well
above that of the parent beam. For this case, the velocity averaged
angular distribution usually Bearé a close resemblan;e to that. for
the most probable kinematic ﬁérameter, R ThisAwas confirmed by
evaluating Eq. (29) with the full Maxwell-Boltzmann distribution for
‘various values of X, < l the results for I(6 ,¢ ) were quite similar
to 'T“‘:;‘Y for the fixed velocity V = a, but were somewhat broader
and were shifted a few degrees in the forward direction. Thus, for

cases with x, <1, the partitioning of energy in photodissociation

can be determined without recourse to velocity selection,
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The Photolysis of Methyl Iodide

The two major problems associated with measuring the energy
partition in the photodissociation of a beam of polyatomic molecules
are those of dissociating a reasonable number of molecules per second
with radiation of well-defined energy and of finding a method of
detecting one of the scattered fragments., Thgéé\problems are of
course related in that the smaller the rate of dissociation of the

molecules in the beam, the greater the sensitivity requirements of the

i

detector, We have made some simple order of magnitude calcilations tg
determine what combination of detector and light source is necessary to
measure the energy partition under beam conditions, |

We shall limit ourselves to considering the photolysis of methyl
iodide, although many of the estimates are applicable to other mole-
cular systems. Methyl iodide is chosen for study as a prototype case
since its photochemistry is relatively well~known and it has often been
used as a source of "hot" methyl radicalsol2

When methyl iodide absorbs radiation in the region of its ultra-
violel continuum the molecule undergoes a primary dissociation, yield-
ing predominangly methyl radicals in the ground electronic state and

iodine atoms in the first excited state:

hv 2
CH3I ———e) CH3 + I(°P Yo

1/2
This process requires 76 kcal/mole (54 kcal/mole to rupture the C-I

bond and 22 kcal/mole to excite the iodine atom) corresponding to
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3800 K, so‘that excess energy will be available when CHSI is
dissociated .at wavelengths below 3800 Xo For example at 2537 X,

near the maximum of the methyl iodide continuum,13 36 kecal/mole of
excess energy will be distributed between the two dissociation frag-
ments. If all of the excess energy were to appear as tyanslational
energy, the lighter methyl radical would carry away 32 kcal/mole and j
the heavier iodine atom 4 kcal/mole to conserve linear momentum, nOn:
the other hand, all the excess energy may be found in the internalLf
degrees of fregdom of the methyl radical, Thus the "hot" methyl
radical in either case must carry away at least 32 kcal/mole of the:
excess energy.

It has been shown by Mullikenlu and recently by Herzbergls that
absorption by CH31 of the intense 2537 } Hg line corresponds to a
perpendicular transition from the ground state 12* (lAl) to one of
the components of the excited repulsive state 3H (BE)a For a beam of
unpolarized light a type B transition would result, for which we have
worked out several examples., .If the photodissociation prqducts
separate with more than a few kcal/mole of translational energy, as
might be expected above the dissoclation threshold, then the detection
of the heavier fragment (iodine atom) is preferable since its angular
distribution is more strongly affected by the degree of energy ‘
partitioning.g

If we can assume Beer's law behavior

1l Io '
O=-;1-a-log-i—, (33)
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it is sim?le to calculate the number of lodine atoms that might
reasonably be expected in dissociating a beam of methyl iodide. In
Eq. (33) n is the number of molecules/cc, d is the thickness of the
absorbing gas in cm and Io and I are the intensity of the incident
and transmitted light, respectively, At 2537 X. the molar extinction

13 ¢ methyl lodide is 300 (molea/liter)"l em'l, correg=

ponding to an abusrption cross soction of Hxlo'lacmz. In order to

coefficient

meet the conditions for effusive flow, a molecular beam of CH,I is
limited to abour L0*° molecules/cmso The dimensions of the reaction
Zone should be chosen to maximize the path length of the light, For
2537 § radiation passing through a L em x 1 cm x 0,5 em reactién zone,
ﬁqo (33) shows that the light will be attenuated to the extent of
5x10'5. Thus the number of photons absorbed, which ls equivalent to
the number of molecules dissociatad, is given by

I,- 150",

At 2537 X, 1 watt of radlated power corresponds to l.25x1018 photons/sec '
so that a 1 watt light source would produce 6x1012 icdine atoms/sec,
and a 0,1 watt source, leoll i~tine atoms/sec, This may ba compgred
to the successful crossed beam reacticng

K+ CHSI =+ KI + CH3°

Under very similar conditions, only lxloll

molecules/sec of KI fly
out of the reaction zones but this is sufficient for detection by surface
ionization,

We shall review the available light sources and then examine




possible halogen atom detectors. Dr., R, M. Martin has studied this
problem in detail and we shall summarize some of his findings.
Low pressure Mercury lamps using Vycor envelopes16 could provide

16 _ 17

predominantly 2537 & radiation at an intensity of 10
photons/sec in the reaction zZone., All other sources requibe some-
form of filtering. Near ultraviolet absorbersl7 used in conjunction :
with a Vycor plate can isolate a band 400 & wide (2600 - 2200 &) and.
possibly a band 200 2 wide (i.e.. 2500 = 2300 %), but the peak trans-
mission of such a filter would be éf“the order of 20 - 50% depending
on the bandwidth, The major advantage of this type of filter over an
interference filter is that the latter requires a collimated light
Seam. The maximum continuous intensity would be obtained with the
Shannon 700/J light source18 used with an absorption filter. If a .
filter with an average transmiusion of 10% in the 2500 - 2300 A region
were used, it is estimated that only 0,05 watts could be obtained in
the reaction zone. Higher intensities.could be achieved in principle
by flashing compact arc Xenon-Mercury lamps.lg An estimated 75 watts
for 10'“ seconds might be achievable using an £/l monochromater, but
the construction of an apparatus with such a flash light source and
monochromater would be a formidable task.

Either chemical or electronic detectors could be used with contin-
uous photolysis, whereas flash photolysis would require an electronic
10

detector with a short response time, T, Ay Milne and P.s W. Gilles

have used a tellurium film as a detector for fluorine atoms, The
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£ilm was about a monolayer thick, lbxlOl atoms/cmz. If one needs to

13 iodine

remove 10% of the film for development.ll approximately 4x10
atoms/cm2 must impinge upon the detector., If a minimum dissociation
rate of leoll molecules/sec ware achieved and if 10'3 of these atoms
struck a 1 cm2 chemical detector, about 60 hours would be required
for an experiment, Further investization of this type of detector
would be required to evaluate the performance of this detector in the
presence of methyl radicals and excess methyl iodids,

The development of a surface lonization detector which would pro-
duce negative halogen ions is an attractive possibility because it
would have short response time and would be specific for species with
é high electron affinity., This requires a material with a suitably
low work functicn, Kilpatrick2° has suggested lanthanum hexaboride,
LaBB. which has a work function of 2,86 ev betwsen 1000 = 1500°C,

The eléétrcnvaffinity of iodine is abocut 3,2 ev 8o that the detector
might be expected to produce negative lodine ions with close to 25%
efficlency, However, at this temperature there would be considerable
thermionic emission and a means must be provided for-distinguishing
between the negative ions and electrons,

Recently, universal molecular beam detectors employing electron
bombardment ionization, ion multiplication, and mass spectroscopy.

21,22 which can detsct the order of 0,1 to 1% of

have been developed
a beam, at densities as low as 108 moleculaa/sec/cmz, in a background

of gas at 10'6 mm Hgs, This beam density would corprespond to a signal
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of only aﬁout 2x10-lu amps for complete ionization of the beam,
Provided that interfering signals could be reduced below this level
by strong pumping and trapping, such a detector should permit beam
studies of photodissociation.

From these order of magnitude estimates we conclude that beam

studies of the photodissociation of polyatomic molecules which

contain an alkali atom appear feasible, For these, we expéct that

conventional light sources and available surface ionization detec-
tors would be adequate, However, the photochemistry of such compounds
is poorly known., Beam studies. of the photodissociation of other
polyatomic molecules are probably also possible, but would demand,

a formidable investment in instrumentation.,

o D,




id G

Acknewledgment

We wish to thank Dr, R. M, Martin for carrying out a detrailed
examination of the feasibility of an experimental beam study of the

methyl iodide photodissvciztion,




1.
2.
3.

b

LN

6.

KA

8,

8.
10,
1ll.
12,
13.

14,

15,

e ——

@850

References
R. N. Zare and D, R, Herschbach, Proé. I.B4EsEs 51, 173 (1963), ,

R, N, Zare and D. R. Herschbach, University of California
Radiation Laboratory Report UCRL-10438 (Februawvy, 1963),

He Goldstein, Clasaical Machanica (Addicon-Wesley Publishing Co..
Ruading, Masso, 1951),

A. R, Edmondas, Angular Momecntum in Quantum Mechanics (Princeton
University Procs, New Jarsay, 1957),

For example, sec L. I. Schiff, Quantum Yechanics (McGrow=-Hill -
Book Co.; Inc., New York, 1955), pp, 96 = 100} or L. D. Landau
and E. M, Lifschitz, Clacsical Hechanlca (Addison-Wesley
Publishing Cos, Inc., Kooding, NaGBs, L060), Pps 41 = 47, Usoful
tables have beon propared by J. B, Mavien, T« I. Arnette, and

He Cs Owens, Oak Ridgo National Laboratory Roport ORNLe=2574
(April, 1858)} howevor, it shbuld be noted that Eq. (8) of this
raeport is not valld for x » 1,

Ds R, Horschbach, University of California Radlation Laboratory
Roport UCRL-9379 (April, 1960).

P, Kusch, "Notes on Resolutlon in Scattoring Experiments"
(Department of Physics, Columbia Univeraity, New York, 1960,
unpublished),

Re G4 J¢ Fraser, H. 8. W, Maseey. ‘and C, B, O, Mohr, Zeit. £,
Physik 97, 740 (1835),

D, Rs Herschbach, Disc. Faraday Soc. 33, 149 (1962),

T+ As Milne and P, W, Gilles, J. Am. Chem. Soc., 81, 6115 (1959).
Je He Simons and J, Glasaner, J. Chem. Phys. 8, 547 (1940),

R, D. Schultz and H. A, Taylor, Js Chem, Phys, 18, 194 (1850),

D. Goodere and C, F. Porret, Proc., Roy. Soc, Al65, 31 (1938),

‘R. S. Mulliken, J, Chom. Phys. 8, 382 (1940), See also R, S,

Mulliken, Phys. Rev, 61, 277 (13u2),

G. Herzberg, Disc. Faraday Soe. 35, 7 (1863),

o~




,,,,,

16,

17,

18,

19,

20,

21,

22,

“51- . | |

Information on the Hanovia SC-2537 and other standard stock models
is available from Engelhard Hanovia, Inc. Hanovia Lamp Division,®
Newark, New Jersey.

Possible chemical filters are' CZ, [See H, van Halban and
Ko Siedentropf, Z. Physik Chem.” 103, 71 (1922)] and an aqueous
solution of I, and K [See W, A. Nozeg, Jr. and P, A, Leighton,

The Photochenistry of Cases p. 69, Reinhold Publishing Corp,, New

York, New York, (194l)

Shannen Luminous Materials Co., Los Angeles, California,

N
"Hanovia Compact Arc Lamps", Hanovia Lamp Division, Engelhard
Hanovia, Inc., Newark, New Jersoy,

W, Kilpatrick, "E:perimental Iavestisations For Obtaining Stable:
Negative Icns! prepered for NASA Mirshall Space Flight Center,
tiuntsville; alcbzmas EOS Report 1981 - Final (December, 1961),
R Welss, Rov, Sci, Imst. 32, 397 (1961).

Hs G: Benncwitz and R, Wedemoyer, 2. £, Phys, 172, 1 (1863).



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60



