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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 are evaluated for the photolysis of methyl

iodide by the 2537 0 Hg line.
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Whenever 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 must 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 experiments,

however, due to the short lifetime of the reactive initial products

and the rapid redistribution and thermalization of the excess energy

through collisions.

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
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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 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,

vAB h--OA + 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-6 bond. Let the

energy E above the dissociation threshold of AB be partitioned into

translational energy and internal energy,

E = ET + E T . 	 (2)

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

are given by

XA 	 (2mBET /TrimA )1/2

	
(3a)

and

xB = (2mAET/mmB ) 1/2
	

(3b)

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

molecules. If A refers to the heavier particle, the velocity of A
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is less than that of B in the ratio of their masses,

14 1 = (mB/mA)14 1.
	 (4)

The angular distribution of the photodissociation products will

be determined by the dependence of the transition probability on the

relative orientation of the molecule and the electric vector of the

light beam. The products separate rapidly enough to make negligible

the blurring effect of the original rotational motion of the A-B

molecule (except at the threshold for photodissociation).
12 Thus

for an electric dipole excitation with a transition moment .4, we may

evaluate the angular distribution of products in the center of mass

system simply by averaging 1 .4•81 2 over all rotational orientations of

the molecule. In a previous treatment of the photodissociation of

diatomic molecules
1
, we have_carried out this calculation in detail.

Although the results are readily generalized, in order to clarify

certain points we shall repeat some of the main steps here.

The average over rotational orientations is conveniently formu-

lated in terms of the Eulerian angles 0, 8, IP 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 0, 8 are ordinary polar coordinates which locate

the z axis relative to the Z axis and XY plane, and P is an azimuthal

angle about the z axis. Since all orientations of the molecule are

equally likely,
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sin0d0d0d* 	 (5)

is the (unnormalized) probability of an orientation with tulerian

angles in the range 0, 0 0 * to 8 + de, 0 + dO, p + 	 If the

electric vector has direction cosines A along the space-fixed axes

F = X,Y,Z and the transition dipole moment has direction cosines A

along the molecule-fixed axes g = x,y,z, the absorption probability

is proportional to

I•t1 2 = 1.121f2 1 CCX A 0 "0001 244 F g FeY
Fg

since 	 = EAF , ug = lag , and

PF = 10FgPg

where the angle dependent factors 0
Fg are the direction cosines

which describe the orthogonal transformation between the XYZ and

xyz systems (see Table I). The probability that dissociation occurs

for orientations in the range specified by (5) is thus given by

I//AFAg0Fg(00901
2
 sin8d0d0dtp. 	 (7)

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 0 and 0. The intensity which enters the range 0, 0 to 8 + de o

0 + d0 is given by simply averaging (7) over *. By definition, this

(6)
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intensity is

I(0,0)sin8d8d0,

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

Therefore we have

11(8,0) = 	 f
21-

F
A
gFg

(00,01
2d*.

0 Fg

In most applications, including the various cases considered

in reference 1, the cross products disappear and tie t neral formula

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

1 27r 1 	 2
271I

Fg
(0,0) = 	 f 10 (00 401 (10,

0 Fg
(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

F 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 transition

dipole moment u is either parallel or perpendicular to the A-11 axis.

Although the transition which induces photodissociation may have

several components, cf both the parallel and perpendicular type,

again these contribute independently.

Table I gSves the direction cosine elements ' L 0
Fg 

which appear

(8)



-6-

in (8) and their azimuthally averaged squares I
Fg 

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 0 and , in the

latter are replaced by 0 2— and 7 - * 6 respectively. This change

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

necessary to make the Eulerian angles 6 and 0 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

not be examined here, as at present we are primarily interested in

simple molecules, such as Cy, for which this classification is

adequate. As indicated in Table'II, the direction of the Z-axis has been

chosen to bring out the symmetry of the distributions, and this makes

them independent of the angle 0. 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 transverse to the direction of the mole-

cular beam, in order to make the laboratory angular distribution as

sensitive as possible to the way the energy is partitioned. In Table

III the experimental arrangements 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

case, 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 which 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 in the direction .8 = 0 in the YZ plane. Then in (8) we

have Ax = 0, Ay = sin0„ and X Z = cos0, and the integration yields

'WC") = 
s2 

US 0 2soseces0c0 + c2 ec2e
	

(10a)

and

11(8,0 = (c2 0 + 5 2 0C2 8)S 2 0 - SOSOCOSOCO + 52 8C20 	 (lob)

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

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



-sos* - cocec* 	 cos* - socec* 	 sec*

soc* - COCOS* 	 -COCA, - SOUS* 	 SOS*

COS8 	 SOSO 	 ce

Azimuthally averaged squares, I
Fg

1 2 .- 	 2 	 1 	 1 2
--(S 0 + C2 -0C 8) 	 --(C2 0 + S

2Oe2 8) 	 -6 82 	 2 	 2

C2OS 2 8 	 5
2
OS2 e 	 C2 8

g = x

Y.

z

x or y

z

.8.

Table I. Transformation coefficients in

terms of Eulerian angles.

Direction of
	

Direction of Electric Field
Transition

Dipole
	

F = X
	

Y

Direction cosine factors, • Fg

Here sine is abbreviated by 5, cosine by C.
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Table II. Differential cross section I(8) in

center-of-mass system.

Electronic
Transition

For polarized light with electric vector along Z-axis

3cos
2
8 = 1+2P

2

3 . 2
-61n = 1-P22

For unpolarized light incident along Z-axis

3 . 2
-Gin 8 = 1-P

22

1+cos
2
8) = 1+44 	 2 2

where

P
2
 = --2

1
(3cos

2
8-1)

f2wfw
I(Osined8d0 = 4w

JO 0



Table III. Differential cross section in center of mass system

for various choices of crossed beam geometry.

Electronic
	

Special Directions 	 Cross Section
Transition
	

1(6,0)
Light 	 Electric. Preferred
Beam 	 Vector 	 Recoil

For polarized light

examonimilmolinlinomoNNOMMANNE••••■••••■111111•01■••

• X or Y Z Z 3cos
2
6

X or Z Y Y* 3sin2Osin20

X or Y Z X or Y*
3 	 .
2-61

2 6

X or Z Y X* or Z 3 	 . 	 .-1< l-sln2 OsIn2 0)2

For unpolarized light

Z 	 3
X or Y* 	 rin2 6

X 	 Y* or Z 	
3 	

2 ()cos
2 0)

Z 	 Z 	

2

4
3
-.(14-cos 2 6)

3X 	 X* 	 -4 1+sin
2
°cos

2
0)4

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

cross sections are normalized to 471,
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7r 	 0	 0 	 7r 	 • 0 	 0 	 7r

MOLECULAR
BEAM

LIGHT BEAM         

•••■ • • ••••••• 

XY PLANE
	

YZ PLANE
	

X Z PLANE
0=90°
	 =90°

	
41=0°

Fig. 1. Sections of the angular distributions in the center
of mass system for parallel (II) or perpendicular (i)
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.



multiplied by a factor of 3 and (10b) by a factor of 3/2, to normalize

the results to 4w. In the "a plane, where 0 = 90°, the normalized

formulas reduce to

= 3 cos 2 (0-0)
	

(11a)

and

71. 	3
1.1(0,7) 	 1. sin 2 (0-0), (lib)

as would be expected from the results of Table II.

Kinematic Relations
■•••■■■■■••••••■•./Narag.M.I.I. I	

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 CH 3I molecules at

300°K is 4)(10-18 cgs/molecule s whereas for light of wavelength 2537 X

the momentum is only 4)(10-22 cgs/photon, smaller by a factor of 10 4

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,



x = 1 17 1/Ivis
	

(12)

of the velocity V 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 provide

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.
5

•
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

0
0 

= laboratory angle at which product fragment is observed

0 = 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

= velocity of fragment in the laboratory coordinate system

v = recoil velocity of fragment in the center of mass
coordinate system.

The angles 0, • in the center of mass (CM) system are related to the
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Fig. 2. Velocity vector diagrams relating the center of mass
and laboratory systems (a) for x < 1, (b) for > 1, and
(c) for the "edge effect" on the "singular sphere".



tang = 	 sineo cos0 t x

sine =
	 sin0

• V1 2xcos8 x2

and

CO58 = 477 cose + x 

o r+ 2xco61772 6
(14c)
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laboratory (LAB) angles 0 06 00 by

vcos8 + V = v cos8 	 (13a)o 	 0

	

vsin8 = v 
o
 sin8

o
	(13b)

(13c)

Making use of the law of cosines,

v0
2 = V2 + v2 + 2vVcosO,

we may express 8 0 in terms of 8 in several ways:

• 7.: 41' 0

The inverse transformation can be readily obtained from Eq. (14c) by

squaring and rearranging it to yield a quadratic expression,

cos2 0 + 2xsin
2
0
o
cos8 + x2 sin 2 eo 

cos 2 	 = 0,

which has the roots

cos8 = -xsin 2 8
o
 + cos0

o 
/1. x2 sin2 6

o
	 (15)

Hence the transformation between the laboratory angles 	 and00 and

the center of mass angles 0, 0 is completely specified in terms of

x by Eqs. (14) and (15).

For x < 1 the relation between 0 and 00 is one to one, as can

be seen from Fig. 2a. As 0 varies from 0 to a, the angle 0 0 varies
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between the same limits. The plus sign must be taken in Eq. (15) so

that 8 = 0 when 0
0 

= O.

For x > 1, however, the relation is double-valued. For each

value of 0
o 
there are two values of 6, corresponding to the two dif-

ferent signs in (15). For the value of 00 shown in Fig. 2b there are

two values of 0, denoted by a and 0, that are determined by the forward

and backward recoil vectors v which correspond to the same laboratory

vector v
o
. As 0 varies from 0 to it o the laboratory angle e

o 
increases

*
until it reaches a maximum value 0

o 
corresponding to 8 , and then 8 0

decreases to zero again. Thus we distinguish two branches,

0= a: 0< a< 0*  0< 8 < 0

	

- 	 o- o

0 = 6: 0 < a < 	 e ->e>o 	 .-

The relationship between these branches is readily obtained from Fig.

2b; since the a and a recoil vectors define an isosceles triangle,

- (0 - e
o
) = a - 6

o

or

a = 	 - a + 20
o
	 (16)

The transformation for the 0 branch thus can be expressed in terms

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

decreases as a increases. When a = a = e , the laboratory angle

reaches its maximum e
o $ 

and from (16) we find
••

0 =
o 

+
	

(17)

As pictured in Fig., 2c, this relation means that the recoil velocity
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vector v is at right angles to the laboratory velocity v o. Also, we

see that the critical angle is simply related to the kinematic para-

meter (12), as

1 = sine
so 

.x (18)

The analysis of angular distributions requires a transformation

of the differential solid angle elements in the CM and LAB systems,

dw = sineded0 and dw = sine 
o
 de 

o
dO .

By differentiating both sides of (14c), we obtain the Jacobian factor,

= (1 + 2xcose + x
2 3/2

) 
J(x,e) = dw/dw

o 	
(19a)11 + xcosel

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

J (x,e ) = dw/dw =
o

2xcose + 1 + x
2
cos20

o

-1

(19b)

- x2sin2 0
o

where the plus sign is taken for x < 1. For x > 1, the plus sign is

taken for the a branch, the minus sign for the S branch.

The total 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(00 ,40)dwo = I(0,0)dw. 	 (20)

Accordingly, the transformation of angular distributions is given by

I(eo'o ) = J(x,e)I(0.0)
	

(21a)

and



and

3/2
I(6

0'
00 ) = (1 + x2 ) 	 I(6,$). (22b)
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1(0,0) = Jo(x,edi(e0 ,00 ). 	 (21b)

Note that since 0 = 00 , each cone 6 = constant in the CM system

is transformed into a cone 80 = constant in the LAB system. In parti-

cular, for 6 = 90°,

6
o 

= arctan (l/x) < 90°
	

(22a)

Likewise, if x < 1, observations on the 6 0 = 90° plane in the LAB

system correspond in the CM system to

e = arccos(-x) > 90°
	

(23a)

and

i(e0) = (1-x 2 )
	

1(8 ,0 
o
).
	 (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 Y2 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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ids

/S

/
'0

Y—AXIS

(.1)
)7
.ct
N.I

Fig. 4. Polar plot for laboratory differential cross section
in the YZ plane for a type A transition and various values
of x > 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 4w.
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\i -----

- AXIS
\

a
N

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
x = 0.25 must be multiplied by 1.265, the plot for
x = 0.50 by 2.346 and the plot for x = 0.75 by 3.730.
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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 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 41T.
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Y-AXIS

0
• ,1

so

.

cr)
5-‹
•tc

r.,)

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 1.684, the plot for
x = 0.50 by 2.472 and the plot for x = 0.75 by 4.396.
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Y—AXIS

/2

'S0

cn
>,‹
11NI

Fig. U. Pola• 	 or larJoratory differential cross section
in the XZ or YZ planes for a vpa C transition and various
values of x t l corresponding t- "slow recoil". All
plots are normalized to 4a y if tne circle is taken as unit
radius.
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for which the a and B branches both 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 (0
0 

-■ 0
o

*
),

the laboratory solid angle element becomes vanishingly small

(dw
o 

-■ 0), as may be seen from (17)-(19) and in Figs. 2c and 9, and

the Jacobian factor J(x,6) in (21a) becomes infinite. Near the singu-
*

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

and

x 2 - 1J(x,6) = 	 t

I( 0 ,0) = I(0
*
0)) 4. I' (O ,0)d6

(24a)

(24b)

or

,„i(e0 ,00 ) = ( x2 	 1) I(e
60

0)
 •

• le • (24c)

Thus, unless the CM angular distribution becomes vanishingly small as

6 .4- 8 , the LAB distribution will exhibit a singularity as 6
0 

0
0

Examples appear in Figs. 4, 6, 8 and 9. We refer to this as the "edge

effect", since it arises because at 0
0 

= 0
o 

the laboratory obsarver

is viewing the CM angular distribution "edge on".

As this situation occurs whenever the LAB 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



84°

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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20 40 	 60 	 80 100 120 140 160 180
CM ANGLE, 9 (degrees)

Fig. 10. Transformation between center of mass and laboratory
angles for various values of the kinematic parameter x > 1,
the case of "slow recoil".



20 300.2 	 0.5 	 1 	 2 	 5 	 10
00 (degrees)

Fig. 11. Variation of the maximum laboratory scattering angle
with the kinematic parameter x for case of "slow recoil".
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the possible values of the kinematic parameter x, according to (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 the laboratory angular distribution

changes as the transition is made from "fast" to "slow" recoil. In

Table V are given the angle of maximum laboratory intensity, 00 (max),

and the angle, 00 (90°), which corresponds to the peak of the CM

distribution at 0 = 90°. The critical angles 0
o 

and 0 are also

shown as a function of x. The angle 00 (max) is found from Eq. (21a)

and 0
0 

(90°0 from Eq. (14). For 0 < x < 1 we see that the angle at

its maximum does not coincide with 0 0 -(90°) but is displaced from

0
o 

(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,0) in Lq. (21a) is noticeable even for x < 1 and

is the precursor of the "edge effect". For x = 1, the CM distribution,

proportional to sin
2 0, has a vanishingly small intensity near the

critical angle 0 and there is no singularity in the laboratory cross-

section. The shape of the laboratory angular distribution still

resembles the CM distribution 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 4 and 5

x 0
	
(90°) e 	 (max) 	 . eo 0

0.00 90.0° 90.0° • • 	 I • • 	 •

0.25 76.0° 85.5° • • 	 • o 	 • 	 •

0.50 63.40 51.9° • I 	 • • • 	 6

0.75 53.1° 44.10 • • 	 • • • 	 •

1.00 45.0° 39.2° 90.0° 180.0°

1.25 38.7 0 J. 53.1° 1 43. 1 °

-1.50 33.7 0 41,8° 4 1 .8° 131.8°

1.75 29.8° 34.9° 34.v° 124.90
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distribution becomes practically a spike at the edge angle, 0 0 = 00 .

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 0
o 

values much broader than the geo-

metrical resolution and thereby drastically blur out the edge

singularity.

Geometrical Resolution
111•1111..00111MIMM.OMMINIMONWI.

In measuring the angular distribution in the laboratory, the

differential angular distribution is never observed, but rather its

average over the geometrical resolution of the apparatus:

J 

°04."o f Uot 'leo
I 	 /(0,0)sineodeod00

0 -60 J6 -Lle0000
1(0 ,0 ) : -.----

0 0 	 rOort17._ ro_tayov  v 	 sine de dO
o o o

ip -.10 Se-A6
0000

(25)

For "fast" recoil the avenging over the geometrical resolution

expressed by Eq. (25) very slightly 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 -ege 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 crossed-

beam experiment 9 the area of the reaction zone is about 1 cm
2 

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 detector 9 is 0.005x1 cm2 so at a

distance of 10 cm it would subtend only 5x10
.5 

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 atoms appears to be a likely choice;
10 11

however, the area of the reaction zone will probably remain the limiting

factor in determining the resolution.

To illustrate separately the blurring effect of imperfect geomet-

rical resolution, we will evaluate q. (25) assuming that the velocities

of the parent molecular beam and the recoiling fragment are fixed. We

take AOo and Ao as consta.ats, approximat,Ily equal to half 
of the

angular height and width of the reaction zone, respectively. The

calculation would be the same if the reaction zone were a point source
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and the detector dimensions were 2A0
o 

by 2100 ; and our comments will

refer to this case since it is simpler to describe. Thus, we regard

the denominator of Eq. (25),

o 
= 4A0

o
sina0sine0

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 1(8,0) 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 a branches contribute to the

laboratory angular distribution. 	 The limits of integration are given

by

0
2

= 0
o 

+ A0
o 2

=
o 

+ AO
o 	

(26a)

0
1

= 	
o 

- Acp
o

;
1

(26b)= 0
0 

-
o

and

1 	 i'•
S26
2

= cos-1
 + (27a)

2 	 . 	 2x sln 6
2•••

1 + x2cos20 1
al = cos -1 2xcose l + (27b)

-*2
V41. 	 x sin 

81

In Eqs. (27) the plus sign refers to the angle a and the minus

sign to the angle O. The averaged laboratory angular distribution
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•

4t.
2
	 a

2 
.

I(000sineded0
40 	 a1 	 3.

rmay now be wrttten as

I(605 00) se -43-6-•-
o

I( 8 .0)sin 0d 04

where the minus sign in Eq, (28) arises from the fact thattci a - de.

Eq. (28) is only valid provided that the leading edge of the de-
*

tector ) located at 0o AO
o 

has not reached 0
0 
6 When the leading

edge reaches eo that is ) when the detector is centered at•°
o 

- 40
o'

the intensity of the scattered particles attains its maximum, As the

detector passes throtigh the singularity ) the leading portion of the.

detector moves outside the f;rward scattering cone and no particles

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

changed appropriately by replacing 0 2 and $1 by 0
* 

The value of Eq.

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

the trailing edge of the &evictor finally roaches the location of.

the singularity ) al and 02 both become equal to 	 and the integrals

in Eq, (28) vanish.

An IBM 7090 computer program has bean prepared which integrates

the differential cross sections of type A s B $ or C over the resolution

widths and plots the resultant laboratory angular distributions► 	 •

Fig. 12 illustrates the results for x 1,25 and 1650 and a type B

transition. Resolution widths between 10 .• 4° should be feasible in
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10 	 20 	 30 	 401 	 50 	 60
LAB ANGLE, eo (degrees)

Fig. 12. Blurring of the "edge effect" due to finite angular
resolution of the detector. The abscissa gives the loca-
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. The solid line gives the cross-section for infinite geo-

metrical resolution. As could be anticipated from Figs. 4, 6, and

8, the larger the magnitude of x, the more pronounced is the spike.

Although the finite angular resolution rounds off the singularity,

if only one value of x were significant in an experiment, 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
tems.agie memo arewateva malteallsOMMINIMINUI IMORMINO

and RecoilinliIimma

The previous discussion has been restricted to fixed values of

the molecular beam velocity V and the recoil velocity v t and hence

only one value of x. In practice, however, there will be a spread in

x due to the velocity distribution in the parent molecular Veam and

the distribution in recoil velocities of the fragments. The latter

distribution arises from the slope 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 edge singularity.

Unless the intensity is sufficient to permit the luxury of velocity

selection, which would reduce the signal about two orders of magnitude,

this blurring will make the edge effect unobservable. We shall examine

more'clasely the conditions necessary for its appearance.

For a highly monochromatic light source, such as an atomic 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 f(V) so that the pro-

bability of finding a molecule with its velocity between V and

V + dV is given by f(V)dV. The velocity distribution of the beam

emerging from the oven will be Vf(V), but the velocity distribution

in the reaction zone will be azain f(V) 9 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 distribution,

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

),(0
0

. )dv

IrcTig = 	

j0f(V)dV
We shall assume a Maxwell-Boltzmann distribution given by

4

7T 

2 	 2f(V)dV = y e-y dy,

where y = IVI/Ial is the ratio of the beam velocity V to the most

probable velocity a. It will be convenient to introduce the para-

meter x
a which is given by the ratio of the most probable velocity

a to the recoil velocity v: •

xa = IaI/M.

Let us suppose the molecular beam is velocity-selected about the

most probable velocity a. For "slow" recoil the laboratory distribution

(29)

(3 6 )
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will be peaked about e o corresponding to arcsin (1/x ). There will

still be an experimental spread in the beam velocity and thus in x.

We define the parameter e as the percentage variation of the beam

velocity about a. Then the velocity-selected LAB distribution is

obtained by .modifying Eq. (29) to read

l+c2y20.7 dy

er?"4.77.1.16 a 	r(W 
4."CO IV fife

1.cy2e-y2
	

• •

dy

(31)

Eq. (31) has been evalucted by a computer program for different

values of e. Fig. 13 shows the results for a type B transition and

typical values of a = 1.8x104 cm/sec and xe = 1.25. As the velocity

spread increases, the bump in the neighborhood of the singularity-is

rapidly smoothed out. A similar study for xa 1.50 shows that the

edge effect is more persistent, but disappears for c s + 10%. Con-

sequently, even a rather small velocity spread about the nominal

velocity removes the edge effect, even if the angular resolution of .

the experiment is sharp.

Even if it were feasible to velocity select the beam with

c + 2.5%, the light source must in general be highly monochromatic.

For a molecule with closely spaced rotational levels (significantly

populated at the molecular beam temperature) a spread in the energy

E of the light will be reflected by a spread in the translational

energy LET , and thus, via Eq. (3a), a spread in the recoil velocity,
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-40 	 -2.0 	 0.0 	 2.0
	

4.0
(00 - deo ) IN DEGREES

Fig. 13. Blurring of the "edge effect" in the neighborhood

of the singular angle 0 0
*
 by the velocity spread in the

parent molecular beam. The transition is of type B and
the recoil parameter is xa = 1.25 for the most probable

velocity in a beam of Cy at 300°K. The geometrical

resolution is the 1° case of Fig. 12. The parameter e
gives the percentage range of velocity about the most
probable velocity.
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Av
A 

= [(2m
B
/mm

A
)AE

T
]
1/2 	

(32)

0
For example, a 1 A spread in the 2537 X line (medium pressure mercury

arc) corresponds to an energy uncertainty of 15.5 cm -1 in SET. 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 1.8x10
3 

cm/sec. For an average a of 1.8x10 4 cm/sec this is

comparable to e = + 10%, and the edge effect would be washed out.

In fact, under beam conditions one will probably have to work with a

rather broad pumping source to produce a sufficient number of photo-

dissociation fragments for detection. Thus these calculations

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.1 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 bears a close resemblance to that,for

the most probable kinematic parameter, x a . This was confirmed by

evaluating Eq. (29) with the full Maxwell-Boltzmann distribution for

various values of x
a 

< 1; the results for I(8 
o 1

,0 
o
) were quite similar

to Tr8
o9
77
o 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
a < 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. These,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
';;„

detector. We have made some simple order of magnitude calctlations tit

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 radicals. 12

When methyl iodide absorbs radiation in the region of its ultra-

violet 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:

CH3I h--
v
-) CH3 + I(

2
P1/2 ).

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 A, so that excess energy will be available when CH 3I is

dissociated.at wavelengths below 3800 A. For example at 2537 X,

near the maximum of the methyl iodide continuum, 13 36 kcal/mole of

excess energy will be distributed between the two dissociation frag-

ments. If all of the excess energy were to appear as translational

energy, the lighter methyl radical would carry away 32 kcal/mole and

the heavier iodine atom 4 kcal/mole to conserve linear momentum. -On

the other hand, all the excess energy may be found in the internal

degrees of freedom 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 Mulliken14 and recently by Herzberg 15 that

absorption by CH
3
I of the intense 2537 A Hg line corresponds to a

perpendicular transition from the ground state 1
E
+ ( 1A

1
) to one of

the components of the excited repulsive state 
3
R (

3
E), For a beam of

unpolarized light a type B transition would result, for which we have

worked out several examples. If the photodissociation products

separate with more than a few kcal/mole of translational energy, as

might be expected above the dissociation 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. 9

If we can assume Beer's law behavior
I1 ,a = -- 102nd 	 I

(33)
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it is simple to calculate the number of iodine 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 I 0 and I are the intensity of the incident

and transmitted light, respectively. At 2537 A, the molar extinction

coefficient13 of methyl iodide is 300 (moles/liter) -1 cm-i , comes..

pending to an abvrption cross section of 4x10 -16cm2 In order to

moat the conditions for effusive flow, a molecular beam of CH 3I is

limited to about 10 13 molecules/cm3 , The dimensions of the reaction

zone should be chosen to maximize the path length of the light. For

2537 X radiation passing through a 1 cm x 1 cm x 0,5 cm reaction zone,

Eq. (33) sho''s that the light will be attenuated to the extent of

5x10 	 Thus the number of photons absorbed, which is equivalent to

the number of molecules dissociated, is given by

I - I ■ 5x10
.6

I
o

At 2537 1, 1 watt of radiated power corresponds to 1,25x10 18 photons/sec

so that a 1 watt light source would produce 6x10 12 iodine atoms/sec,

and a 0,1 watt source, 6x10 11 l'.5,1141 atoms/sec. This may be compared

to the successful crossed beam reaction9

K + CH
3
I ♦ KI + CH 3,

Under very similar conditions, only lx10 11 molecules/sea of KI fly

out of the reaction zone but this is sufficient for detection by surface

ionization.

We shall review the available light sources and then examine
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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 envelopes
16 could provide

predominantly 2537 X radiation at an intensity of 10 16 - 1017

photons/sec in the reaction zone. All other sources require some :

form of filtering. Near ultraviolet absorbers
17 

used in conjunction

with a Vycor plate can isolate a band 400 X wide (2600 - 2200 R) and

possibly a band 200 A wide (i.e. 2500 - 2300 a), but the peak trans-
mission of such a filter would be of 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

beam. The maximum continuous intensity would be obtained with the

Shannon 700/J light source
18 used with an absorption filter. If a

filter with an average transmission 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.
19 An estimated 75 watts

for 10
-4 seconds might be achievable using an f/1 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

detector with a short response time. T. Ail Milne and P. W. Gilles
10

have used a tellurium film as a detector for fluorine atoms, The
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film was about a monolayer thick, 4x10 14 atoms/cm2 If one needs to

remove 10% of the film for development, 11 approximately 4x1013 iodine

atoms/cm
2 
must impinge upon the detector. If a minimum dissociation

rate of 6x1011 molecules/sec were achieved and if l0 •3 of these atoms

struck a 1 cm 2 chemical detector, about 60 hours would be required

for an experiment. Further investigation of this type of detector

would be required to evaluate the performance of this detector in the

presence of methyl radicals and excess methyl iodide.

The development of a surface ionization 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

a high electron affinity. This requires a material with a suitably

low work function. Kilpatrick 20 has suggested lanthanum hexaboride,

LaB6, which has a work function of 2.86 ev between 1000 . 1500°C.

The electron affinity of iodine is about 3.2 ev so that the detector

might be expected to produce negative iodine ions with close to 25%

efficiency. 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 epectroscopy.

have been developed 21 ' 22 which can detect the order of 0.1 to 1% of

a beam, at densities as low as 10 8 molecules/sec/cm2 in a background

of gas at 10.6 mm Hg. This beam density would correspond to a signal
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of only about 2x10
-14 

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 expect 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.
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