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'DOPPLER LINE SHAPE OF ATOMIC FLUORESCENCE EXCITED
BY MOLECULAR PHOTODISSOCIATION™

Richard N. Zare and Dudley R. Herschbach

. Department of Chemistry and Lawrence Radiation Laboratory

University of California, Berkeley, California

Abstract -

A semiolasaical treatment of the photodissoclation of

a diatomic molecule is developed, It is shown that the

- angular distribution of products will often be peaked parallel

or perpendicular to the direction of the incident 1light beam.
The form of the anisotropy is usually determined just by the
orientation of the electronic transition dipole moment

within the molecule and the polarization of the exciting light.
From the angular distribution, the Doppler line shape of |
fluorescence emitted by an excited fragment atom is derived

'by averaging the geometrical factors over the translational

~ veloeity distribution of the parent molecules and the distri- -
| butiona in magnitude and angle of the :ecoil velocity of thé

~exclted atoms. A comparison is made with dissociative electron

impact processes which show similar features. The photo-
dissoclation of Nal is treated in detail, and the factora .

influencing the fluorescence width are evaluated for possible

optical maser systems in which the supply of excited atoms 1is

generated by moleéular dissoclation.

'*Received by the IRE, August, 1962, Support of this research

by the Atomic Energy Commission and the Alfred P. Sloan
Foundatlon 1s gratefully acknowledged,
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In optical masers having a gas as the active medium
the pumping mechanisms tried thus far have utilized trans-

1-3  Many molecular

itions between atomic energy levels.
dissociative processes which produce excited atoms are known,
howevar.4 As pointed out by Singer and Gorog,5"7 these
processes offer attractive possibilities for maser systems,
since the pumping is irreversible, may be relatively broad-
band, and can continuously generate an almost completely '
inverted population of excited atoms, The conditions
required to obtain coherent amplification or oscillation by
stimulated emission of the atomic fluorescence line may be
determined from the fundamental analysis of Schawlow and

1 The only way in whlch the mechanics of the molecular

Townes.,
dissociation enters is via its influence on the Doppler line
shape of the atomic fluorescence, The width of the emission
i8 a oritical parameter, however, siﬁce a larger width raises
the threshold population required for maser oscillation and
adds greatly to the difficulty of selecting a single mode. -
We shall treat the dlssoclation of a diatomic gas by a
beam of light by means of a simple semiclassical model., The
main features derived from this will be seen to apply also to

other dissociative processes and to polyatomic molecules,
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although these will be considered only briefly here. The
principal results are the distribution of velocity vectors

of an atom A produced by

AB + hvp —>- (AB)" — A" + B _ (1)
and the Doppler line shape of the atomia fluorescence,

A" = A 4 hvg, {2)

In Sgoﬁion I we evaluate the "form factors" in the angular
distribution of atoms, I(f), and the Doppler line shape D{vg),
which‘depend only on the orientation of the transition dipole
moment within the molecule and the polarizabionmof'the pumping
ght. In Section II these factors are averaged over the
thermal distributions of translational, rotational, and

. vibrational energy of‘tha parent molecules, and the distri-
bution of frequencles of the pumping light. Tﬁe caloulation
of the form faotors is entirely geometrical, whereas the
averages over ﬁhe energy distrlbutiona require knowledge of
the potential curves of both the ground and excited electronie
states of the AB molecule. in.Seotion IIT we revlew experi-
ments concerned with the anigotropy of the form factors, and
digsouss briefly some possible applications o optical masers.
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I. GEOMETRICAL FACTORS IN PHOTODISSOCIATION

According to the Franck-Condon principle,®

the position
and momenta of the atomic nuclei remain constant'dﬁring the
electronic Jump which accompanies the absofption of a photon.
- Ordinarily, if the excited electronic state subsequently
dissociates, it does so in e time short compared with a
rotational period of the molecule, and the distribution of
trajectories of the fragment atoms reflects the initial
orientation of the molecule. The photodissocliating molecules
are not isotroplcally distributed with respect to the exciting
1ight beam, since the absorption probability is gréatést when
the transition dipole moment ;e is aligned ﬁith the electrio
vestor € of the 1ight. Thus the angular distribution of the
atbms should show a corresponding anisotropy. |
The calculation of the form factors which characterize
this anisotropy amounts to averaging the angular dependence
of the transition probability, proportional to |&1r °§12,
over all rotational orientations of the molecule. BSeveral

distinet cases appear., These are specified (see Table IV and Fig.

1) by the polarization of the exeiting light; by the orien-

tation of uif, wh1ch 1s either parallel or perpendicular to the
moleculay axisj and by the direction of departure of the
product atom, which is regarded as undergolng either axial

reQ011 along the initial direction of the molecular axis, or
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transverse recoil perpendicular to it. In Section II the

. general result will be synthesized from these two limiting
cases for- the recoil direction.

The orientation of the transition dipole moment,
%
“’f‘f”’i‘i"’rd"'

18 réadily identified from the symmetry prbpertiés of thé
initial and final molecular states.” As seen in Tables I; o o
and II, ‘the allowedlo z a»z, I -1, and A ﬂvA transitions are
~parallel, and £ - I and 1 - 4 are perpendicular. The tablea

also 1nclude rules for electron impagt recently derived by

Dunn}ll here the‘deaignation "paprallel® or“"perbendicular"
‘rereré to the orieﬁtation of the moleculak axis with respect
- to a symmetry axis of thé dolliaionﬁ' For elactron_captﬁre
this symmetry axis lies along the incident eiectron beam.

- For dissociative excitation or ionization processes, a sym~

" metry axis is less obvious, but can st11l be defined, as Dunn

~ has shoWn. In many cases Dunn‘s rulea predict anisotroples
' in the distribution of products which are qualitatively

;'simllar to those for photodlssociation, and we shall make
some comparisons in Section IIIX.
The average over rotational orientations is convenlently

 formulated in terms of the Eulerian angles ¢,60,V which relate

-

a rotating, "molecule-fixed" set of coordinate axes, xyz, to
- a nonfotating "space~fixed" system with axes parallel to
 specified laboratory directions, XYZ. For both systems the

origin is the center-of-mass of atoms A and B, The angles
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6,6 are ordinary polar coordinates which locate the z-axis
relative to the Z-axis and XY plane, and ¥ 1s an azimuthal
angle about the z-axis. Since all orientations of the

molecule are equally likely,
gin 8 d6 d¢ ay (3)

is the (unnormalized) probability of an orientation with

: Eulerian angles in the range 9%y to 8 +do, ¢ + do, ¥ + dy.
When the aléctric vector 1s aligned along one of the space
fixed axes F = X,Y,%, and the transition dipole moment 1lies
'-along one of the molecule-fixed axes g = X,y,2, the absorption

~ probability 1s proportional to
e €JF = uE 2oy (0,0.)]2, @

"since

Hp = Zg g, By

(For simplicity we have dropped the aubécripts from Eif') o

Here the angle dependent factors @Fg are the direction cosines
which desoribe the orthogonal transformation > between the

XYZ2 and xyz systems (see Table IiI). The probability that
_diaaogiation ocours for orientations in the rénée specified

by (3) 18 thus given by

!°Fg(¢s9’w)lz_ain6 a6 d¢ ay, . L | (5)

'.except for an angle independent normalization fastor.
We shall choose the z-axils of the molecule-fixed system

along the direction of departure of atom A, so that the polar
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coordinatea which describe the angular distribution become
identical to the Eulerian angles 0 and ¢, For either axilal
or transverse recoll of A, we may obtain the intensity which
enters the range 6,¢ to 0 + df, ¢ + d¢ by simply averaging
(8) over y. By definition, this intensity 1is

I(6,¢) sin @ 46 d¢ ,

where I(6,¢) is the differential cross section per unit solid

angle, Therefore we find -
S 2n » '
Y 1 2 -
ng(e’”," 2‘7}"/; lf:DFg(Q,Q,W)" ay : (6’

Théae'functiona are given in Table III.

As the transfofmation between the XYZ and xyz'systems
13 orthogonal, the reaults for other cases or 1nterest, in
which u or éfhave equal components along two axes, are obtained
by merely summing terms of the appropriate form in (4), (5),
and (6). To bring out the‘symmetry'df the angular distri-
butioﬂs, we eh6se.the Z-axls aiong'§'1n the caéé‘of plane
polarized light,'and along the direction of the beam for un-
p@larized 1;ght3‘thus'we use thg funetions IZg or ng + Iyga

respectively, which are independent of ¥, For axial recoil,

My = Ky = 05 1, # 9 for ll transitiops,
My = By # 03 hy = O for l_transitiéna,

| since the molecular axis coincides with the z-axis. For trans-
verse recoil, the molecular axis 1s taken along either the x

or y axls and the ug'components are permuted accordingly.
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For example, in the case of unpolarized light, the angular
distributions for the two types of electronic transitions

are given by (except for normalization)
I“(G) = Iy, + Iy,
and

Il(e) = IX.K + :tx_fy + Iy, + Ty

for axial recbil. The results for transverse recoil are
obtained by z -+ x (or y), x -y (or z), y -z (or x). 1In
Table IV formulas for the various cases are collected. Theae

distributions have the form characteristic of a dipole inter-

action, 1 + aP,(8), and satisfy the expected sum ruless >
31,(0) + Er(0) = 1 | (1)
%x“(e) + %—IJ_(Q) =1. (8)

The angular distributions peak at right angles to the inci-
dent beam in thoae cases in which the direction 6f recoil
coincides with the transition dipole moment (axial, parallelj
or transverse, perpendicular)} otherwise, the distributions

peak forward and backward along the beam.,
From Tables III and IV we may readily derive the corre-

sponding form factors for the shape of the fluorescence line
emitted by excited A* atoms. At the low gas pressures of
interest in maser experiments, the line shape is mainly deter-

mined by the Doppler’effeot, and other contributions will be
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neglected. Since the relatlve displacement in frequency or

wavelength is
(v=v )/vg & (A=2)/A, = Vp/c, C (9)

(where ¢ denotes the speed of light), the Doppler line shape
is proportional to the probability distribution of the com~-
ponent along the directlion of observatlion of the velocity _

vector of atom A, The laboratory velocity is the resultant,
A= StV | | (10)

of the velocity of the center of mass of AB and the recoil
velooity which carries A away‘from the center of mass. It 1is
convenlent, however, to derive firét the geometrical form
factors for Cap = 0 énd vy fixed in magnitude,'aﬁd‘then con-
struct from these the general result as shown in Section II,

These form factors Yor "recoil only" will be denoted by
RF(VF:V)- They give the distributions of components vy of the
recoil velocity along the apace-fixed'axes when va has the
fixed magnitude,v. The simplest method of evaluating the RF
functions permutes the axes 80 that the new set, X'Y'Z' has the
- Z'-axis along the direcﬁion of observation., The corresponding
expressions for the angulaf distributions I(Gi,é') are obtained
as before from (6) and Table III. From the brobability distri-
bution for directions of Vs

I(0',¢') sin 8' d6' de' ,

and the relation VF = vy cos 0', we then obtain



-9- UCRL-10411

: am dv o
Rp{vgsv)dvy = g];-;_/; 1[9'(vF;v),'¢f] -\-,—E- dae'.  (11)

The integration (which eliminates all‘reference to the primed
coordinate system) ylelds

RF(vav).a (1*'aFP2F)R§? (12)
with

v |

f RF(VFJV)dVF = l)

0 1 A

where R, 1s the form factor for an isotropic distribution of
recoll vectors, |

RO = 1/v, for V‘>\VF>-V : (13)

.= 0, elsewhere

and

2l _ ol
Svgp -V o

v

For observation along the Z-axis, the asymmetry parameter 8,
is the same as in Table IV, whereas for observation along the

X or Y axes,
ay = a, = - %-az . _ : (15)

Thus, the average in (11) supresses part of the effect of the
anisotropy in the angular distributions in the Rxfand RY
functions (which are identical) but not in the R, function,

In Table V, the form factors are sorted into four classes, A
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to D, characterized by decreasing anlsotropy, and these are
compared in Fig. 1. It 18 easily shown that thé~ﬁF functions
satisfy sum rules analogous to (7) and (8), with unity replaced
by RO’ and '

3(Ry + Ry + Ry) = (1 + za,Pp) R, .
Also, 1f the direction of ohservation does not coincide wlth

one of the aXes,'but lies along a line L with polab angles

@, %, the corresponding form factor ia'given by
RL(VL,Y)'a Rxsine coBd 4+ Ryaine 8ind + chos@, (17)

where the argumente of the Ry functions are vy = vy 8in® cosd,

ete.

II. AVERAGES OVER ENERGY DISTRIBUTIONS

As indlcated in (10), we must compound the form fastors
given in Table V with the distribution of center of mass
velocity veotors and the distribution 1nvmagn1tude of the
recoil velocity. We shall denoté by

- DplVplave,
the probablility that atom A has a velocity component
Vp=Cp + Vg
in the laboratory-fixed coordinate system within the range Vp
to Vp + dVp. (For simplicity, the subscripts in (10) are

henceforth omitted.) The Doppler line shape of the atomlo
fluorescence is obtained from DF(VF) by replacing Vp with
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o(v-vo/v Since the distributions to be combined are
independent, we have

V Vv

F(V'F) = jr Jf RF(VF-CF,V)T(CF)P(v)chdv | (18a)
0 Vgp~v -
or ‘ ‘ , | .
® v . '
= jr Jf Rp(vps V) T(Vp-vp)P(v)dvydv (180)
-V

T(CF) 1s the translational velocity distribution,
T(Cp)dCy = (LA a)exp(fcg/a?)ch, (19)

"where
‘o= [z (memg) Y2 ~ (20)

18 the most probable thermal velocity of an AB molecﬁlé.
P(v) is the recoil velocity distribution and is thevonly
. factor which depends on the detalled mechanics of photodissooi~ 
ation, In (laa), the line shape 18 constructed by regarding .
- each point of the "recoil only" ocurve to be broadened by the
translational distribution, whereas (18b) 1is the converse of
‘this. The limits of integration are imposed by (13).

- The average over the translational veloclty distribution
18 conveniently formulated in terms of the error integral ahd

 Ats derivative;l4

H{x) = (zﬁJﬁ) jr e'zzdzx H'(x) = (2/Jﬁ)e“x2:
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and the dimensionless variables,
§ = VF/G 3 w=v/a.

Thus (18) ylelds

w0

Dp(vp) = [ F(8,n)[R(an)/nlan (21)
vwhere

P(en) = [1+ Hag/nP) (et o+ e+ m)-ute - n)]  (22)
| *,I.%(as/“a)}[(;‘i - n)H'(§+ 1) - (§+ n)H' (& - n)] |

As 7 rangeé from small to large values, the F(£,n) function
varies between T(£) and RF(Q,q). For n ¥ 1, the line shape
remains practioallyﬁqaussian,-and therefore is not signifi-
cantly affected by photodisséoiation. The half-width at half-
intensity is closely approximated by the usual formula,>®

& & (v /o)l(@/m)1n 21Y/2, | (23)

but with m the mass of the parent molecule rather than the
~atom, For f ¥ 2, the line shape is primarily détermined by
the "pecoil only" form factor. Thiafis_illusfrated in'Fig, 2,
whiah compares the F(&,n) functions correaponding td'the two
most anisotropic cases of Table V. o

| The P(v) distribution which governs the final average in

"~ {21) 1s determined by the shapé of the potential curves for

' the ground and excited electronic states of the AB molecule,
the thermal distributions of initial rotational and vibrational
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energy, and the spectral distribution of the pumping 1light,

" In dieoussing'these factors, we shali use fhe NaI-molecule
as an exampié.. |
"According to an approximate form of the Franck-Condon
prinoiple,le-the probability that an electronic Jump to a
repuleive potential curve V(r) takes place with the inter-

~ nuclear distance between p and r,, +dr, 1s proportional to

1¢]

1ot W, )|2ar,,  (24)

where ¥, 18 the wavefunotion for the nth vibrational level
of the ground electronic state of AB, with energy E, above
the lowest level and relative population £, and the pumping

1ight has intensity I, at the frequency v, for which

Ve = by, 4By I (25)'

Fig. 3 shows the repulaiva potential curve for the atate of

Nal which dissoclates to form an excited Na(zP) atom. as

derived from these relations and fluorescence intensity
measuremen.ta.l7 A portion of the pbtentiai curve for the
ground electronic state is also shown, 1nclud1ng;the.vibrational
levels and thelr relative populaticins. The threshold energy
V(=) = 5.22 * 0.09 ev 1s the sum of the Nal dissoclation

enérgy (D° = 3,12 ev) recommended by BrewerC and the Na(°p)
»e#citation energy. S |
The final relative kinetic energy of the A* and B atoms

s

E = V(ry) - Vi) + & (tB/ur?), (26)
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where u is the reduced mass,
b= mma/mp mes my + Mg

and L 18 the initial rotational angular momentum of the excited
(AB)* molecule, which s practically the same (except at low
values of L) as the rotational momentum J of the ground state
AB molecule, However, to obtain the appropriate statistlcal
weight factors, £y, we divide the relative popuiations of the
rotational levels, £3: by (27 + 1), sinee the orientational
degeneracy has already been acocounted for in our calculation

of the form factors. The recoil velooity (v = v,) of the A"
atom 1s given by. | |

vplEgeL) = (mpfm)(2m/u)V2, (e

To evaluate the distribution funotion P(v), we have prepared
& computer program which, for any specified potential functions,
evaluates (27)'fdr given values of rQQ n, and J, and compounds
the welghting factors of (24) with f. Detailed caloulations
amplayiné thia.prag:am are described elsewhere.l’ For the

~ present purpose, a aimple abproximation 1s sufficlent. This
'pongiders only the population factors £, and £y, and the most
ﬁéimitiveAform of the Franck-Condon Principle; whioh assumes
that electronic jumps occur only from thévmidpoint when n = 0,
and only from the turning pointa of the classical vibration
when n > 0, Fig. 4 gives the P(v) functions derived in this

way for various vibrational states of Nalj the subacripts
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“L“ and "H" for n > 0 distinguish the *low"-and "high" Jumps
from the turning points. _ |

We: have considered axial and - transverse recolil separately,
~ in order to postpone the problem of treating the actual
distribution of recoil direotions. - The trajectory of the A"
atom emitted in a,photédisﬁociation‘will approach An asymp-'
totic 1ine which makes an angle  with the initial direotion
of the molecular axis.'_Axialrregoil (x = 0°) 1s approached
when |

"v(r ) - v(w)>>-L%/2ur2'

‘and transverse recoil {x = 90°) in the Oppoaite 11m1t. The
angle of recoil is obtained by .reversing the traJectory eal- :

12

culation for a,two»body collision,™" and this gives

1 o 1 v
x(rgsL) = (1%/2u)% f [v(r;,)-_-ﬂx-) +§§<~%~ -%] '2"9% (28)
. r, 'rq ¥ g
The oomputer programl9 also evaluates (28) and the traJectories.
Fig. 5 shows two sets of typical traJectoriea, one corresponding
to the r, at the midpoint of the n = O vibration, the other
ta the r, for the "low" side of n = 4. As the latter trans-
ition 18 nearly at the threshold (see Fig. 3), the recoil
angles beoome quite large. However, the statistical welght
factor fL favors low rotational energy and thus low values of
Xs 88 48 111uatrated by the dtstributions given in Fig. 6.
To derive_the angular distrlbution corresponding to a given_

value of X, we return to (5) and introduce a new system of axes,
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denoted by g, = XY 1% (with r for "recoil"), with the ir

axis parallel to the asymptote to the trajectory of A.  The
0ld “mplecule~f1xed" system, which we now denote by g, =

i VinZm * has Zn along the molecular axis. Thus X 18 the polar
angle relating the two systems; the g, axes can be orlented

so that the other two Eulerian angles vanish. The.angles with
respect to the "space-fixed" system, F = XYZ, are & = O

¢ =¢,=¢,8nd ¥ =¥, =79,. The directlon cosine elements
¢Fgm(¢,9m,¢)-which'appear in (4~6) are transformed into com-
binations of the & (#,9,¥) elements by an axis rotation, and
thus

Fgr

®ram = Ppxp

Cpym = °°5fx'QFyr + 8in X Op,.

®pgm = = 830 X oy + 008 X0p,,
The calculation of the angular distribution now proceeds as
before, and simply "mixes® the previous resulta for axial
" and transverse recoil, | |

1(6) = cos®x 1,(0) + sinfx 1.(6). | (29a)
This may also be written as

1(0) = 1 + aP,(x)P,(6), ~ (29b)
‘where a 18 the asymmetry Parameter.for the axial case glven
in Table IV. Analogous results obtain for the Ry, form factors
of Table V. '
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The average over the X distribution can be readlly
incorporated in (21); in effect, we have x = x(v), since (27)
and (28) are determined by the same parameters and recelve the

same statistical weights. When X = Xo? with

X, = arccos(IA3) = 54°44!,

the angular dlstribution and the Ry factors correspond to
isotropic - recoil, as seen from (7). For X < X,» the form
factor for axial recoil givea the dominant contribution in (29),
In the average the'statisticalltéctora uaually.atrongly ravor
small values of X, as illustrated in-Fig. 6, and since coazx
remains near unity in'this regidn,'the result is often prac-
tically equivalent to tlie cage of purely axial recoil.

In Fig. 7 the combined effect of the various averages is
1llustrated for the most anisotropio form factor, Case A of
Téble V. The threa uppermost curvea refer to an n= 5L
transition, and show Ry averaged over v (dot~dashed ourve),
over v and X (dashed curve), and over v,X, and the translational
velooity distribution (solid ourve). It 1s seen that even
for this near threshold transition, which has a relatively
brqad distribution in X {see Fig. 6), the line shape is quite
‘olose to that for purely axial recoil. The two lower ocurves
refer to excitation by a rectangular pand of pumping 1ight
with energy well above the threshold. Both curves have been
averaged over v,x. and translationj in one (dashed) the pumping
band 48 narrow and excites only the n = Q transition, in the
other (solsd) 1t 4e 500 R wide and excites transitions from all

the vibrational levels,
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III. DISCUSSION

There have been many experimental studies of atomic
fluorescence excited by molecular photodissociation, and a .

19

bibliography is given elsewhere. In several cases, the

presence of large Dbppler broadening due to recoil has been

established. ¢+1?

However, an early study of the Nal photo-
dissociation by Mitchell appears to be the only attempt that
has been made to observe a pqssible anisotropy in the angular
distribution of products.zo Mitchell viewed the fluorescent
light through a sodium vapor filter, which transmitted pnly
that part of the light for which the Dobpler shift exceeded

the absorption width of the filter. As he found no observ¥
able difference in the intensity of this filtered light emitted
.parallel and perpendicular to the incident beam; Mitchell
concluded that the angular distribution of products was iso-
trdpie.ls’ao

| This result is disappointing, but 1t is not incompatible
with the treatment outlined here. The fluorescent Na(zP)
atoms could be fbrmed by exciting elther a 2 —Z or a —9;ﬂ
tfanaltion of NaI.'lAéééb&iné to Table V, since the exciting
light_waa unpolarized thévexperimeht involved a oompafison
of oaaeé B and C,_if the transition igs £ —>Z, or cases C and
Dy 1£ 2 ~>1I, It is only necessary to consider the form
factors of Fig. 1, as the recoll broadening is much larger
than the thermal brbadening (average n 3 5). Near the center

of the fluorescence line, where sodium filter 1is most effective,
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the ratio of the form factors 1s 2 for B/C and 0.7 for C/D,.
for axial recoil (the corresponding ratios are 0.7 and 1.2
for transverse recoil). Under the conditions of Mitchell's
experiment, the filter removed up to 50% of the fluorescence
;ntensity.' Thus, the intensity observed paraliel and perpen-
dioular to the incident beam would be expected to change
noticeably, by up to -25% for a & —> I transition and up to
+15% for I —>1. However, if both these transitions were
excited the anisotropy would be almost entirely suppressed,

as an approximate'sum rule analogous to (8) would apply. This
explanation appeara likely, since the bandwidth of the pumping
light used by Mitchell was very broad, 0.3-0.5 ev, and there

is some evidencelg

to auggest that the potentlial curveé for
the excited Z and I Btates differ by less than 0.3 ev 9§er
most of the relevant range of Foe

Recently, the anisotropy of the photodissooclation prob-
ability has been confirmed and explained in an'elegant expeb-.
“4ment on the HE molecular ion by Dehmelt and Jefferts.21 This
is not concerned with angular dietriﬁutiona of fluorescence but
with the total photodissociation rates for the various spec~
troscopic states. The orientation dependence of these rates
provides a means to accumulate moledules selectively in
particular magnetic substates and to monitor the population
ohangéa 1nduoed by absorption of radiofrequency rédiatiqn.
behmelt and Jefférta have derived 1ﬁ detail the photodissociation

rates for the case of a parallel transition produced by polarized
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light, and their analysié may readily be extended to the
other cases consldered in Table IV. The classical expressions
for the rates are derived by averaging (5) over the molecular
. precessions charaoteristic of each spectroscopic state, and
quantum mechanical results may be obtained by replacing the

o

Fg
direction cosine matrix elements.

factors of Table III with the well-known expressions for
22

Comparisons with molecular diéaociation byveleotron
impact are of particular interest, as maser pumping by
electrons’may.aometimea be prarerablé to pumping by photons,
The dissociative ilonization of H, molecules by an electron
beam has been founa®® to give an anisotropic distribution of
protons, approximate;y of the form 1 + 2P2(6), but there seems
to be no experimental information about angular distributions
 tor other systems. A theoretical calculation of thé product
distributions and fluoreéoenca'iine shape would proceed Just
as for photodissociation, if the form tactore of Tables IV and
\' wére replaced by functions éppropriate to electron impact.
- However, even in the Born-abproximgtion 1imit, the evaluation
of the transition probability‘?(@ZG,w) which replaces l&- gla
in (5) 1s a formidable numerical problem. Dunn's qualitative
characterization of the anisotropies of P(#,0,¥) refers to two
configurations in which the momentum transter vector K is |
aligned either parallel or perpendioular to the molecular'axie.11
According to the symmetry analysis summarized in Tables 1 and
IX, in most transitions P(¢,0,y) vanishes for one or another

of these configurations, and then the dissociation products
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will peak parallel or perpendicular to K {(only axial recoil
'15 considerad), In the case of dlssooiative eleotron capture
or attachment, K 1a'1dehtic§1 to the propogation vector k of
the elsotron beam. For dissociative excitation or ionization,
5 will have a range of orientations relative to k (ahd
described by,ah angle x),‘and the fsotors involved 1n’est1~ 
mating this are also discussed by Dunn,

The peaking of the P(9,6,y) functions with respect to K
may be expeated to resemble qualitatively the peaking with
respect to the elestric vector which appears in photodissoci-
ation. Thus it 1s useful to note the conneoctions given in
Table VI, which obtain when K 1s parallel (x = 0°) or perpen-
dioular (x = 90°) to k. The;e connections become quantitative
relations at sufficiently high enérgies,'where the transition
probability can be expanded with Jg' §|2 as thé leading tarm.ll\
Again there appear two classes of'alectronio transitions, now
olassified as Ak = 0 (Z ~> X, T -1, A 49-A) and AL £ 0 (2 » 1,
3 - A, T -5 4), | |
| From Table VI we see that the case of dissociative electron
capture (for which ¥ = 0° always) s essentially equivalent to
photodiaaodiation-ﬁith polarized light, except that some
additional transitions become allowed., For dissociative elec-
~ tron excitation or'ionization, We may expect to obtain a

_ practical approximation to the general result by taking

I1(6) = cozaxlc(e) +'sin2x18(9) | (30)
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and analogous expressions for the fluorescence form factors.
(These mixing formulas are readily Justifiled when'the‘lu' K]z
term dominates the transition probability.) Here I, (e) denotes
the result which applies for electron oapture or polarized
photodissociation, as given in the upper part of Table VI. In
(30) this 4s reached in the 1limit of large momentum transfer
(where k % K and hence x ¥ 0°), which obtains near the exci-
tation or ionization threshold. We denote by Ia(e) the result
for emall momentum transfer (where k >> K) and the conservation
laws require x ~ 90°), which obtains at high energy; This
1init resembles closely photodissociation by unpolarized light,
and 18 given in thQ\IOWer part of Table VI. According to

‘(50) and Fig. 1, in dissociative excitation the anisotropy in
the form factors for a given transition ﬁill be a maximum at
threshold, but will be firat suppressed and then reversed in
senge 1f the bombarding electron energy is increésed suffiociently.
In contrast, for @issociative capture_thé form factors should |
remain practiaally,indepﬁndent of the anérgy. The dissoci~
ation of polyatomie molecules by photons or electrons should
alad-ahOW'aniaotropieé,rsincevin many cases, the excitation
probability will depend on the relative orientation of the
incident beam and:a molecular axis, ?3%
, In discussing the feasibility of optical magers utilizing
exclted atoms generated by molecular photodiasociation. Singer
and Gorogs -7 have emphasized the importance of minimizing the
fluorescence line width. As illustrated in our calculations,

the width 1s quite sensitive to molecular properties, and in
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-~ particular to the shape of the potential curves. The width

must therefore be investigated experimentally in each cage,

However, some general aspects of the problem are indicated by

these oalculations and the avallable data.l” |
The Doppler broadening arising from the thermal center-

of-mass motion 1s somewhat less than that of an atom at the

same temperature, as noted in (23), It can be almost eliminated

by viewing the fluorescence at right angles to a molecular

beam.6’7 In practice, however, it appears that the dominant

" gontribution to the Doppler width will usually come from the

recoillvelocity. An obvious way to minimize thig is to use

‘pumping light with energy only slightly above the threshold

for producing fluorescence, 8o that v(r°)~v(@) in (26) 1s small.

Thia'apptoach usually involves a very substantial sacrifice

in Intensity eas it discards molecules in the lowest vibrational

states, which almost always lie under a strongly sloping

portion of v(r), as in Fig. 3. Also, even at the threshold,

the thepmal distribution of rotational eneégy 8t11l appears in

the recoil velocity, Another means of limiting the recoil

velocity 18 to Belect & molecule for which the mass factor in

(27),

i/2
) -
mym

~4is small, Unfortunately, other requirements often conflict
with this. Finally, if the angular distribution 1s markedly
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anisotropic, there 18 some hdvantage_in observing the fluor-
 escence at right angleas to the preferred direction of recoil,
_For a "Case A" dissociation, the effective Doppler widthvls
that of just one of the lobes, For the example of Fig. 7, we
£ind Av = 3.6, and 2.5, for n = 0, 5;(s0lid), and 3 (dashed),

respeotively.a4

From (23), the thermal center-if-mass motion
alone would give AM = 2 B, whereaa for a Na atom &t the same
temperature Av = 6 5,' Thua, 1n this example 1t tiirns out that -
pumping at the n=0 tranaition would yield a tluoreaoence 1line |
half as wide (as well as four timea more 1ntenae) as the line
siven by pumping at the ne= SL transition. The advantage whioh
the n = SL transition 3a1ns by being nearer to tha threshold

is overbalanced by the oontributions rrom thermal motion and

- transverse recoil, whioh blur together the tWo lobes of the
fluorescence line, The "recoil eplitting and consequent |
narrowina of the fluoreacence‘line predicted for Case A would
be deatroyed if E ~a-z and & ~>1I transitions are auperimpoaed
a8 seema 11kely for NaI- The Avvror the n = 0 transition in
Fig. T becomes 10 for a Case B‘dieaodiation;'and'ls’for igo~

tropic recoil.
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Behavioxr of the transition probability between
pairs of electronic states of homonuclear
diatomic molecules. Behavior for parallel
transitions is indicated to the right of the
vertical line, for perpendicular transitions
to the left. The transition probability for
electric dipole transitions induced by photons

" 48 nonvanishing only where a P appearsj the

transition probability for "aligned" colli-
sions (see text) with electrons is nonvan-
ishing where either a P or an E appears.

ojo ol olo olo »lo Ejo ofo

E|E 'olo ojp ol_ovlo Elo o]0
Ele olo rlo olo olo E|o

ele plo oJo o|o E|o

E|[g - o|p olo plo

E|le plo o|o

| ElE o|p
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Table II. Behavior of the transition
- probability dbetween pairs of
- eleotronic states of heteronuclear
diatomic molecules. Notation 48
the same as in Table I.
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Table III, Transformation coefficients in terms

of Eulerian angles.

Direction

of Transition . Direction of Electric Field
Dipole F=X o Y 2
| Direction cosine factors, QFg
g=x o CéCy -SeCoCcy SeCY+CHCOSY 565y
¥ ~COSY-56CCY -SeSy4cecCECy  S6CH

g - 8¢s6 -Ces6 co

Azimuthally averaged squares, %I@Fglz

S | 1.2 1,
xory %(_(:ﬁi-sﬁcg) (s cicg) | 2-83
3 sdsk o cEsE c2

Here sine is ‘ab‘breviate;d by S, cosine by C.
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Table IV. Differential cross section I(6)

in center-of~mass system.v

| g%:ﬁ:iggég' - Axial Recoll  Transverse Recoil

For polarized light with electric field along
Z-axis

1 1 -py 1+ 3%,

,For unpolarized light incldent along Z~axia'

) o 1-P ,-’ﬂl*ﬁa
[ R g %Pa 1 *-%Pa

'mwa
| a%(s cos? g - 1)

2n -
f f I(e) sin 0 A0 do = 4w
0 |
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Table V. Form factors Rp for recoil broadening

of atomle fluorescence line.

Electronic Light

Axial

Transverse

Transition Beam Direction Recoll Recoil
Case A _ :
Case B | |
L p Z
I u 2 1.2 14 2P,
- : 2F 2°2F
1 P X oryY |
Case C
J; 7
| 1 1
L XorY
Case D . o
: . . : 1 1l
! u XorY  1-gPp  ltpPoy

Here p denotes polarized light with the electric vector

along the Z-axis and u unpolarized 1light incident along

the Z-axis., These formulas are to be multiplied by'the

isotropio factor R, as in equation (12).
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Table VI. Comparison of dissocilative electron

Ampact with photodissociation.

Electronisc Angular Fluroescence
Trangition Distribution A Xory

Momentum tranafer along beam (x=0°)
M gO0 B B C

Momentum transfér transverse to beam (x=90°)
Mm-0 B B c
AAE O | ¢ ¢ D
Here A to D designate form factora'whioh»are
expeoted to resemble qualitatively those |
 given for axial recpil in Table V and Fig. 1.
The electron beam is incident aloﬁg the 2~

ﬁxia .
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Captions for Figures

Fig. l#éForm factors, 1 + aP,, for axial recoil (solid ourves)
" ‘and transverse recoil (dashed curves), for ‘the various
cases defined in Table V. Cases A, B, C apply also to
| the differential oross sectlions of Table IV.
Fig. 2—ILine shape functions F(Q.n) versus £ for various values
of a, the asymmetry parameter of Table V, and N, the
; ratio of the recoil velocity and the most probable
translational velocity.
Fig. 3—Potential ourves for the Nal molecule (after Hansen17).
Fig. 4-Dietr1bution of recoil veloocity of Na atoms produced
by photodiseoéiatibn of Nal molecules in various
vibrational levels. The slbping;curvea which extend
to higher velbcities arise from the rotational edn-
tribution in equation (26).
Fig. 5-wraaectoriés of Na atoms produced by photodisaociation
‘of NaI molecules in various vibrational states, n,
and rotational statea,.J. The distance between the
recoiling Najanﬁ I atoms exceeds 100 & within.lesa
than 10"%3 seconds, for n = 0, and less than 5 x 10711
seconds, for n =‘.4‘L‘-v |
. Fig. 6~—D18tribﬁtions of récoil angles. These correspond to
the veloeity distributlons of Fig. 4,
Fis. T—-DOppler line shapes calculated for rluoresoence of Na
atoms produced in a Case A transition of Nal (see Table
V). The area under the n = 3p, curves should be reduced by
one~third when comparisons with the other curves are made.,
A velocity of loscm/sec corresponds to a Doppler shift
of 0.020 &.
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