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MECHANICS OF MOLECULAR PHOTODISSOCIATION*

Richard N. ZareT and Dudley R. Herschbach

Department of Chemlstry and Tawrence Radlation Laboratory,
Unlversity of Californla, Berkeley, California

Abstract

A computer program which prdvides'the trajJectories and
velocity distributions of the atoms formed in phdtodissociation of
a diatomic molecule 1s descfibed. A table_summérizing studies of
fluorescence llnes émitted by electronically excitfed product atoms
is given, and the factors which determine the Doppler width of the
fluoresceﬁée are discﬁssed. It is shown that for ionlc molecules
a slmple one-electron transfer model predictsvthat parallel and
perpendicular electronic transitions should have comparable trans-
itidn dipole moments, whereas for covalent molecules.parallel
transitions should domlinate. A simble one-electron charge transfer
model is applied to the ﬁp(M)—ﬁbn'p(X) tfansitions, which produée
photodissociation of alkéli halides accompanied by atomic alkalil
fluorescence. The model predicts that most of the 1ntensity will

appear in the perpendicular rather than the parallel components of

these transitions.

*Support of this research by the Atomic Energy Commlsslion and the
Alfred P. Sloan Foundatlon 1s gratefully acknowledged.

TNational Scilence Foundation Pre-doctoral Fellow.
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INTRODUCTION

This report supplements a previous paper,l hereafter referred
to as I, which developed a semiclassical treatment of the phoﬁo~
dissociatlon of a dlatomic molecule.

. The pfobapility of photodissociation is greatest when the
eiectronic transition dipole moment Hy p of the molecule 1is aligﬁed
wlth the electric vector § of the exciting 1light beam. Thus, since
the excited electronic state usually dissociates in a time short
compared with the molecular rotation, the angular distribution of
the fragment atoms shows a corresponding anisotropy. It is peaked
at right angles to the incident light beam if the tranéition moment
is parallel to the internuclear axis (e.g., a Z-5 transition) or
peaked forward and backward along the light beam if the moment is
perpendicular to the axis (e.g., a 2-1 transition).

The detailled form of the angular distribution 1s obtalned by
averaging the angular dependence of the transition probability,

proportional to luif'E|2, over ill rotational orientations of the

molecule. Several distinct ceses arice, specified by the polarization
of the exciting light;'by the orientation of Ly po which 1is either
parallel or perpendicular to the molecular axis; and by the direction
of departure of the product atom,which is regafded as undergoing

elther axial recoll along the initial direction of the molecular

axis, or transverse recoil‘perpendicular to 1t. The general result

~can readlly be synthesized from these two limitlng cases for the

recoil direction.
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In I, the treatment was 1llustrated with calculations on the

photodilssociation of sodlium lodlde, _ ¥
NaIl + hv —> Na(ZP or 2P ) + I(EP ) o
- . N t1/e 3/2 3/27?

in which an electronically excited sodium atom and an unexcited
lodlne atom are produced. This report presents these calculations
more fully, including the Franck-Condon factors ih the transitilon
probability, statistical welghts, and the trajectories and velocity
distribution of the recoiling atoms.

If.one of the product atoms 1s electronically excited, as in
the case of NaI, it will radiate, and the contour of the atomic
line may be strongly influenced by the mebhanics of the photo-
dissoclation. ‘The Doppler line shape for this atomic fluorescence
has been derived in I, by-projecting along the direction of obser-
vation the distribution-of'Velocity vecﬁors of the atom and
averaging over the thermal motion of the center of mass of the
parent molecule. The fluorescence width may greatly exceed ordinary
thermal Doppler broadenihg, since the emitting atom often has a
large recoil velocity. However, in cases for which the angular
distrlibution is markedly anisotropic, much of the recoll broadenlng
can be avoilded by o£serving the fluorescence at right angles to the
preferred direction of recoil. In the most favorable case (incident - _
parallel to the molecular axis; fluorescence |

bir | .
viewed along the electric vector E), the predicted line shape is

light polarized,

~bimodal, and 1f one lobe were used a relatlvely narrow emission

line could be obtalned.
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. The Doppler line width 1s an important design parameter for
proposed optical maser systems which would utilize the fluorescence

2,3 Thus there is some

of atoms produced by photodissociation.
.interest in applylng the criteria obtained in I to search for mole-
cules which could yleld a narrow atomlic fluorescence line and which
would be otherwise suitable for the maser application. Such a
search is described in this report. Also, a bibllography 1s pro-
vided which 1lists all known experimental studies of atomic fluores-
cence excited by molecular photodissociation.

Unfortunately, for most molecules of intefest, not enough is
known about the excited eleétronic states involved 1n photodilsso-
ciation to enéble a definite prediction of the form of the angular-
distribution or the fluorescenoe line shape. The primary factor
is Just the relative importance of parallel (e.g., Z—> ) and per-

pendicular (e.g., Z~>-H) character in the excited states. However,

usually there is more than one possible repulsive potential curve
Which leads to fhe same palr of separated atoms, and the curves for
states of different symmetry may lie relatively close together.
Since the exciting light often covers a broad band of frequencies,
several different repulsive states may contribute to the photo-
dissociation, and the relative transitlon probabilities for 2—2 and
Z-11 transitions appears to be an unresolved question at present.

' These difficulties afé illustrated here by a detailed discussion
of the nature of the excited states for.alkali halide moleculés.
A possible interpretation is glven for some measurements of the

Intensity ratlo of the D1 and D, doublet lines in the alkali atom
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fluorescence, which have shown that the ratio varies strongly wilth

the energy of the light used to 1nduce the photodissociation.4 N

CALCULATION OF RECOIL DISTRIBUTIONS

The distribution of the recoil velocity of the product atoms.
is the only factor 1in the calculation of the angular distributibn
or the Doppler line shape which depends on the detalled mechanlcs
of photodissociation (See I, Section IIL). This recoil distributioﬁ
is determined by the shape of the potential curves for the grouﬁd
and excitedvelectrohic state of the parent molecule, the thermal
distribution of initial rotational and vibrational energy, and
the spectral distribution of the pumping light. The photodissociation
of NaI will be treated in detall in discussing these factors and

in describing the IBM 7090 computer program which has been prepared.

Excitation Probability

According to the Franck-Condon principle,5 the probability
that an electronic Jump takes place from the ground level to a

repulsive potential curve V(r) i1s proportional to

2 _
Ipypfnlf wnn(r)wn,(r)drl s (1)
where ¥, 1s the vibrational wavefunction characterizing the unstable

upper state, wn” is the wavefunction for the gﬁh vibrational level ~

of the ground electronic state with energy E above the lowest level «

-

and relative population £ 5 and the pumping light has intensity Ip

at the frequency vp for whilch

V(r) = hvp + En A(2)
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Since the atoms 1n their vibrational motlon stay a longer
:.5period of time in the neighborhood of the classical turning point
Ithan at some distance from 1t, a primitive appréximation to the
‘Franck—Condon principle ig often used which assumes, for ﬁﬁ=O, that
electronic Jjumps occur only vertically upward from the turning
points of the classical vibration. For n= 0, the ground state
vibrational wavefunction is a simple bell-shaped curve and the frans~
ition is assumed to occur only from the midpoint. This approximation
was employed in the calculations gilven in{I.

| To improve on this, we must evaluate the square of the overlap

integral,

[ F (e, (0)ar| 2. ()
Accurate repulsive eigenfunctions can be obtained from V(r) by a
numerical solution of Schrodinger's equation.6 However, to avoid
an elaborate calculation, we shall use a popular method first given

! The upper state repulsive eigenfunction

by Winans and Stueckelberg.
is replaced by a delta function which is different from zero only

at the classical'turning points; Results obtained in this manner
differ only very slighfly from those obtained with correct repulsive
wavefunctions as Coolidge, James and Present have shown in detail.B,
If wn,(r) is replaced in (2) by 6(r-r ), the probability for an

electronic transition occuring with internuclear distance between

r, and r, + dro becomes proportional to

0 :
4

Iyl |Va(ry)|“ar,. | (4)

For the first few vibrational levels of the ground state of

NaI it is sufficilent to use harmonic oscillator wavefunctions. The
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transition probability (4) then becomes : ‘

2
Ipvpfn(ZnnJ)_l(a/w)l/ze_g Hi(ﬁ)dro

Here Hn(ﬁ) 18 the nth order Hermilte polynomia,l,9 £ =,¢a(ro_re) is

proportional to the dilsplacement from the equilibrium bond length

L and l/Ja'is the classical amplitude of vibration in the grouhd‘~

state, with
> _
a = 4w c/h, - (6)
where | 1s the reduced mass of the molecule and Wy the vibration

frequency. For NaI, 1A/a = 0.078, 1n Angstrom units.

Repulsive Potential Function

Figure 1 shows the repulsive potential curve for Nal, as
derived by Hanson from fluorescence_intensitj measurements.lo A.
portion of the potential cUr#e for the ground state is also shown,
including the vibrational levels and thelr relative populations.
The threshold energy V(m) = 5.22 T .09 ev is the sum of the Nai

dissociatlon energy (DO = 3.12 ev) recommended by Brewer11

and
the Na(Zp) excitation energy. The upper state potential curve was
fitted to a best léast.squarés 6th order polynomial in the range
r = 2.4615 & (X=0) to r = 2.9615 A (X=0.5) where V(X) is given
in wave numbers:

6.6 6,5

V(X) = 3.9549354x10°X° - 6.7053816x10°X
+ 4.250458x10%%% - 1.2435592x10%%° 5
L 5.2 4 (7).
+ 1.944537x10°X° - 3.7670057x10"X

+ 4.9953698x10%

()

L]
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Fig. 1. Potential Curves for the Nal Molecule (After Hansonlo).
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Recoll Veloclty

The relative klnetlc energy of the separating Na and I atéms '
is glven by ‘ '

B = v(r,) - V(=) + LY/ 2urg | (8)

where I 1s the rotational angular momentum of the Nal molecule. The

recoll velocity of the atoms 1s

v ,n,L) = (mI/mNaI)(ZE/M)l/2 | .(Qa)

Na(ro

Tprgsm D) = (myg/my ) (2Ea)YE (9b)

The computer program calculates the velocities for given values of

r , n, and L. In the NaT calculations, for each vibrational level

o
(n=0,1,2,3) the angular momentum was varied from 1 to 121 (in units
of i = h/2r) in intervals of 10 units, aﬁd for‘each pair of wvalues
of nand L, r raﬁged in steps of 0.1 K from 2.46 R to 2.96 R.

The statistical weight S(ro,n,L) associated with a recoil

veloclty V = VNa(rO,n,L) is given by the product of the vibrational -

Na,
population factor fﬁ, the rotational population function fL’ and

the normalized probability that a transition to the repulsive sﬁafe
will occur in a small interval about r.. The felative values of fn
are glven in Flg. 1 for a temperature of 854°K. To obtaln the
appropriate rotational statistical welght factor fL’ the relatiVe -
population of the rotational leVels fJ is divided by.2J+l, since - .

the effect of orientational degeneracy has already been included in

the "form factors'" derived in I for the angular distribution. Thus,

£ = (1.4387B/T)Exp[—1.4387BJ(J+1)/T] ' (io)

where for NdI the rotational constént B = 0.1177 cm~ L.
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For a given vibrational state n and angular momentum I, the
range of recoll velocilitles VNa which corresponds to the transition

probability (5) 1s glven by

AV, = (vNa/ZE)(aE/aro)dro (11)

where the second factor in thé Jacoblan is
, 2 3
OE/or = (BV/BP)O - L%/kr]. (12)

Thus, on combining (5) with this Jacobian and the rotational weights
we obtain the probabllity that the recolil velocity of the sodium

atom 1s in the range from VNa to VNa + dVNa as

2
2 —a(ro—re) 2
) 2Ef T N e HnLJa(ro—re)]

S(r_n,L)av,,. = : av
0 Na, VNa(bE/Brof

Na.

(13)

Here N denotes the normalization factor included in (5). Graphé

of the total statistical weight, S(VNa,n), vVersus VNa were prepared
by having the cbmputer accumulate the values of S(ro,n,L) corre-
sponding to values of VNa(ro,n,L) within small increments AVNa’ then
smooth the resulting histograms. The S(VNa’n) distribution is

shown in Fig. 2, for the vibrational levels n = 0, 1, and Z.

Eqg. (15) presumes a contlnuous light source with equal intensity
per unit wavelength interval, but can be readily modified to apply to
any pumping source whose spectral intensity distribution is known.
The computer programlalso calculates from (2) the pumping wavelength
required to produce each recoll velocity, AN = hc/E. The statistical
| welght assoclated with transitlons produced by wavelengths within

the range A to A + dA is obtained by replacing Eq. (11) with
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Fig. 2. Statistical weight for sodium recoil velocity-
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MU-30358

Fig. 3. Statistical weight for photodissociation dependence on
wavelength of the light source.
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dr = (%/E)(%E/Kro)dro.
Thus Eq. (15) applles wlth dVNa replaced by‘d) and the factor
(Z/VNa) replaced by (1/A). The variation of the statistical welght
for photodlssccliation with w&veiength is shown 1in Fig. 3, for the
n=0 vibrational level. For example, a pumpling bandwidth of 40 ]
will photodissoclate over 35% of the n=0 level ‘population with a

- | =
veloclty distribution between about_l.3xlo5 to 1.5x10° cm/sec.

Recoil Angle and Trajectory

Unlegs the recoil velocityvis very large compared to the
angular velocity of molecular rotatibn, the angular distribution
of the products wili be "smeared out'" to some extent by the rotation.
In I, this effect was evaluated in terms of the "recoll angle," X.
As indlcated in Fig. 4, the.line Jjoining the separating Na* and I
atoms rotates from its Initial directioﬁ (at t=0, when the photon
1s absorbed) and approéches asymptotically (at t=w) a line which
makes an angle ¥ with the initial direction. In I it was shown
that the angular diétribution,.l(e), and the form factor, Rp» for
the fluorescence line shape can be obtained by "mixing" the results

for the simple limiting cases of purely axlal and purely transverse

recoill,

1(6) =‘IA(6) cos2X +.IT(9) Sinzx . (14)

R(v) = RA(V) coszx + RT(V) sinzx , (15)

The recoll angle 1s obtalned from.
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[o0] _2 _
¥(r_,L) = (L2/2U»)1/2/r [V(ro)'V(r)Jr%J‘T(;l?";%)] e & (1)

O @] ~

As r—>»wo, the potential energy V(r) approaches its limiting asymptotic
value, V(»). For convenlence, we take V(rl) = V(o) at a sultable
distance r = rys this conslderably simplifiles the numerical inte-
gratlon and introduces negligible'error. For NaI, ry is about 3 K.

The total energy is

| 2 )i 2 '
E=V(r,) + L%/2ur, = V(r ) + W, , - (21)

the sum of the potential energy at the turning point and the
"centrifugalvenergy,” W,, arlsing from the angular momentum. We
choose the origin of the energy scale such that V(w) = 0. At any

o >Tqs the line of centers has rotated through the angle

1o -1/2
Krgemgen) = (2722 Ctev(e)we) %

r o _ r

.+ arccos (WE/E)I/2 - arccos (wl/E)l/2

As r_ >, w2—+o, and this slowiy approaches the recoil angle,

2
' v
x(ry. L) = (LZ/ZM)l/zjr [E-V(r)*w(r)]*l/? i%
e -
+V% - arccos(wl/E) : ' o (18)

The computer program can also provide the actual trajectory and ~-
~the "flight time." The rotation angle, x(r,ro,L), at each separ-
atlion distance r >r_ 1s obtailned by integrating (16) from r_ to r

rather than from ro to =, The corresponding flight time 1s obtailned

from



t = jr {(z/g)[E-v(f)-w(r)]}_1/2dr

r
o

where t =0 at r=r; for r,>1Tq this becomes

—1/2
dr

b, = jﬁ ! {(E/M)[E—V(r)—w(r)]]

r
0O

+ % [rz(l—wz/E)l/2 - rq(

1-wl/E)l/2]

UCRL-10438

(19)

(20)

where v = (ZE/LL)l/2 is the final asymptotic velocilty of separation

of the atoms. A sample trajectory calculation is given in Table I.
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Table I. Sample calculation of trajectory

forn= 0, L = H1l.

19.

25

il

Angle Digtance Time
(degrees) {cm) ~ (sec)
0. 04 3.26x10°° 2. 5x10" 14
5.48 4.0 6.7
8.27 5.0 12.5
10.12 6.0 18.3
11.43 7.0 24.1
12.42 8.0 29.9
13.18 9.0 35.7
79 10.0 41.4
17.44 30.0 156.2
18.17 50.0 270.9
18.48 70.0 385.5
18.65 1 90.0 500. 2
18.76 110.0 614.8
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ATOMIC'FLUORESCENE EXCITED BY MOLECULAR PHOTODISSOCIATION

A summary and bibliography of all known experimental studies
of atomic‘fIUOrescence produced by molecular photodissociation 1s
gilven in Table II. The waveléngth of the atomic fluorescence lines
1s denoted by,%F(ﬁ), and the wavelength of the pumping light
required to dissociate the molecule (in 1ts ground vibrational state)

and excite the fluorescence is denoted by %P(K). The values of the

dissoclation energy Dg (ev) have been taken from Gaydon,12 although

in many éases more recent data are avallable. -The indicated

uncertainty in %P arises mainly from that in the Dg values.
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Table T11I. Studies of Atomle Fluorescence

Excited in Molecular Photodigsociation.

Diatomilc

References

Molecule 'KF(ﬁ) xP(K) Dg(ev)
LiBr 6708 2000190 4,351, 3 13,14,15
IAiT oo 2320785 3.5 t.2 13,14,15
Na, 5896/90 4350150 .75%.03 8,10
NaBr " 2100135 3.8 t.1 3,5,12,13,14,15,
19,32
NaC1l " 1955415 4,24%, 05 5,12,32
Nal " 2400150 3.07+.1 1,2,3,4,5,6,7,9,
12,19, 20,
3303/02 1815%25 21,24,32,36,37
KBr 7699/65 2235120 3.94%.05 3,5,12,32
KC1l " 2060715 4.40%.05 3,5,12,32
KT " ' 2515+25  3.32+.05 3,5,12,32
cul 3274/48 . 2140170 2.0 t.2 7
RbBr 7948/7800 2215190 4.0 t.25 5,12
RbC1 - meoon 2035165 4.5 *, 12,32
RbT nooon 2510150 3.35t, 5,12,20,22, 30,31
AgI 3383 1980180 2.6 t.25 16,17,29
3281 1945175
InBr 4511 2020160 3.4 T.2 33,34, 35
4105 1930160
InCl 4511 1740%25 4.5 .1 54,35
4105 1670120
InI 4511 2240175 2.8 .2 33,34,35
4105 2130170 _
CsBr 8944/8521 2230195 4.1 +.25 5,12
4593/55 1830180 )
CsCl 8944/8521 2045165 4.6 t.2 5,20 .
' 4593/55 1705145 , -
CsI 8944/8521 2555150 3.4 .1 1,3,5,7,12,18,20
4593/4551 2040135 -

(continued)
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ﬁi?ggﬂig A (R). kp(ﬁ) Dg(ev) References

- T1Br 5351/3776 1945130 3.2 t.1 . 6,7,11,16,29

T1C1 5351/3776 1780125 3.78%.1 7,11,16,29

T1T : 5351/3776 2145135 2.6 .1 6,7,11,16,23,26,
| 27,28,29

BiI 3068 18951250 2.5 11 25

References for Table II

1926

1. V. Kondratjew, "Uber Dissoziation heteropolarer Molekile durch
Lichtabsorption," Z. Physik 39, 191

2. A. Terenin, "Anregung von Atomen und MolekUlen zur Lichtemission
durch Einstrahlung. II," Z. Physik 37, 98

1927

3. J. Franck, H. Kuhn and G. Rollefson, ”Beziehung zwlschen
Absorptionsspektren und chemischer Bindung bei Alkalihalogenid—
ddmpfen," Z. Physik 43, 155

4, T. R. Hogness and J. Franok, "Uber den Nachweis der Relativ-
geschwindigkeit der Zerfallsprodukte bel optischen Dissozlations-
prozessen, " Z. Physik 44, 26

5. L. A. Mﬁllérd "Absorptionsspektren der Alkalihalogenide in
Wasseriger Losung und im dampf," Ann. Physik 82, 39

6. A. Terenin, "Optische Dissoziation der Salzmolékule," Z. Physik
44, 713

1928

7. K. Butkow and A. Terenin, "Optische Anregung und Dissozlation
einiger Halogensalze," Z. Physik 49, 865

8. F. W. Loomls and S. W. Nile, "New Features of the Red Band
System of Sodium," Phys. Rev. 32, 873

9. A. C. G. Mitchell, "Uber die Richtungsvertellung der Relativ-
geschwindigkelt der Zerfallsprodukte bel der optischen Dlssozlation
von NaJ," Z. Physik 49, 228

10. R. W. Wood and E. L. Kinsay, "The Fluorescence Spectrum of Sodium
Vapor 1n the Vicinity of the D-Llnes," Phys. Rev. 31, 793 -



11.

1z.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

A. Terenin, '"Dissoclation Fluorescence of AgI Vapour,
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1929

K. Butkow, "Absorptionsspektren und Art der chemischen Bindung
der Thallohalogenide im Dampfzustande," Z. Physik 58, 232

K. Sommermeyer, "Eln neues Spektrum der gasformigen Alkali-
halogenide und seine Deutung," Z. Physlk 56, 548

A. Teﬁenin,'”ﬁber dle optische Digsozlationswarme von
Salzdampfen," Physica 9, 283

G. H. Visser, "Optische Bepaling van de Dissociatiewarmte van
zoutdampen, " Physica 9, 115

G. H. Visser, "Optische Dissoziation von Salzdampfen," Physica
9, 285
1930

A. Terenin, "Photoionization of Salt Vapors,'" Phys. Rev. 36,
147 ' T

"

Physica
10, 209

G. H. Visser, '"Notiz zur optischen Dissoziation des CsJ,"
Z. Physik 63, 402

J. G. Winans, "Die Ausloschung der Natrium fluoreszenz durch
Fremdgase, " Z. Physik 60, 631

H. D. Schmldt-0t¢t, "Uber kontinuierliche Absorptionsspektren
des gasformigen Alkalihalogenide im U V ," Z. Physik 69, 724

A. Terenin and N. Prileshajewa, "Der Wirkungsquerschnitt der
Ausldschung der Na-Emission durch Jodatome und Molekule,"
Zeit. Phys. Chem. Bl13, T2

G. H. Visser, "Uber die Einwirkung des Lichtes auf Rubidium-
jodiddampf," Z. Physik 70, 605

1932

J. M. Frank, "Dle Anregungsfunktion und die Absorptilonskurve
bel der optischen Dissozilation von T1J," Phys. Zelt. Sowjet
2, 319 o

B. Kisilbasch, V. Kondratjew, and A. Lelpunsky, "Die AuslOschung
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POSSIBLE MASER SYSTEMS

2,5 -

As there 1s some interest in proposed optical maser systems
vwhich would utilize the fluorescence of atoms produced by photo-
dissocilation, we shall briefly survey the possibilities. First.we
look for elements for which the excess energy required to excite an
atomlc level is no more than about 5 ev. above the threshold energy
for dissociation of the molecule into normal unexcited atoms.
Excitétion produced by higher energy photons is iikely to cause
photoionization rather than photodissociation. After ekamining

13 formed from each atom which has an allowed

the diatomic molecules
transition within 5 ev. abovebthe ground state,l4 we conclude that

the only suiltable elements are the alkali mefals, copper, silver,

indium, and thallium. These are Jjust the atoms whose fluorescence

" has already been observed (see Table II). Although most other

metals do possess the requisite 1oleying excited electronic states,
their valency of two or higher does not permit them to form diafomic
molecules suitable for the maser application. The oxides, carbides,

and éulfides, for example, are quite refractory and involatile,
wheréas'the monohalldes of divalent metalé are very reactive and

can only be formed in low concentration and under extreme conditions.
Triatomic compounds such as the dihalides, MXé, are-also not promising,
as they appear to dissociate invariably to an excited diatomic -

*
molecule and a halogen atom,15 MX2 + hv —-> MX + X. The fluorescence ,

spectrum from excited molecules is quite broad, and thus seems

unlikely to prove suitable for a maser.
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Among the various diatomic mdlecules formed from the monovalent
metals, we should choose those which willl yield an atomic line with
a minimum Doppler width.l_Sb Three factors contribute to the Doppler
width and may be considered”sepérately: (1) the thermal center-of-
_ maSsvmotion of the molecule; (2) the recoill velocity (relative to
the molecular center—of—mass) of the emltting atom; and (3),}the
‘angular distribution of the recoil velocity vectors.

Contribution (1) is usually the least important; it is less
than the Doppler broadening for an atomic gas at the same temperature
by a factor equal to the square root of the ratio of the mass of
the atom to that of the molecule.

‘Contribution (2) can be minimized by using pumping light with
enérgy only slightly‘above the threshold for photodissociation.
However, since the most populated vibrational levels of the ground
électronic state usually 1ie under a strongly sloping portion of
the upper, repulsive potential curve, electronic jumps from these
levels only occur for pumping light well above the threshold.
Therefore pumping ﬁear the threshold involves a very substantial
sacrifice of intensity and is impractical.

Another means of 1limiting the recoil veloclty is to use a
molecule AB for which the mass of the fluorescent atom, A, 1s much
larger than that of its partner, B. As seen in Eq. (9), the recoil

velocity of A 1s given by

\V/2 ' |
<m2 b‘> El/Z, (21)

ATAR

where E is the relative kinetic energy of separation of A and B.
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Unfortunately, in the gas phase the hydrides of the mohovalent

metals are largely dilssocilated, as the equilibrium
2 MH = 2M + I—I2

favors M and H2 at the relatively low pressures sguiltable for masers.
In additioo to the low concentration of MH, the preéence of the
metal atoms 1s also a serious handicap to maser action, since the
emission ffom exclted M* atoms would be strongly ébsorbed and
re-emitted by the backgfound M atoms (onlesé ﬁhe fluorescence of M*
is not a transition to the ground electrooic state). The fioorides
and chlorides of ﬁhe monoValent metais aloo do not appear promiéing.
Theso compounds have_very strong bonds and in most casés tho photo-
dissooiatioh would reqﬁire pumping in a region of the vacuum ultra-
violet for which only feeble'sources are avallable. |
Although there 1s no obvious choice of a molecule which would
minimize (2), in some cases‘it may be possible to offset this by
exploiting the anisotropic angular distributioo (3) of the recoil
vectors. As illustrated in I (Fig; 7), under the proper condiﬁions
a relatively narrow line may bé obtained-(from one lobe of a bimodel
contour) by viewling the fluorescence at fight angles to the pfeferred
‘.diréction of fecoil. However, tﬁe anisotropy is oniy pronounced
when the photodissociation_is produced by a parallel transition
(e.g., a =2 rather than a I—I transition). Unfortunately, as
1llustrated below, 1n most caées of interest.several potential curves
contribute to photodlssociation, and 1t 1s not1possible to predict
beforehand whether parallel or perpendicular character wili pre-

‘dominate.
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We conclude that, by default, the diatomlc bromides and iodides
of the monovalent metals probably should be regarded as the leading
prospects for a photodissociation maser. The volatility of the
T4Br and TﬂI'molecules makes them partlcularly attractive, whereas
RbI and CsI offer the advantagevthat the requisite pumping region

1s readlly accessible to strong ultraviolet light sources.

EXCITED ELECTRONIC STATES OF DIATOMIC MOLECULES

The symmetry of the molecular electronic states which may con-
tribute 1in a photodissociation can be determined from well-known
procedures,13 and these wili be outlined here. We may start with
giveﬁ.states of the two separated atoms and ask which molecular
states arise from them. When two atoms approach each other, an
electric field arises in the direction of the line Joining the nucleli.
At first the electric fileld is relatively weak and the coupling
between the orbital and spin angular‘momentum vectors, &i and §i’
1n the separated atoms 1is stronger than the coupling of the %i to
the Internuclear axils. Conseduéntly a space quantization of the
total angular momentum vectors, gi = % + §i’ occurs. This leads
to (Jl’JE) coupling. As the atoms approach closer, the strength of
the electric fleld increases and a decoupling of the % and §i vectors
takes place. This produces ‘a space quantizatlon of %l and %2 with

respect to the internuclear axis, leading to (A,S) coupling.

For cases where Russell-Saunders coupling is valid for the

16

separate atoms as well as the molecule, Wigner and Witmer have

~derived a set of rules showing how (A,S) coupling arises from
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L SlLZSZ values of separated atoms. Most of the results gilven hy

1
these rules can be obtalned 1n a straightforward manner by assuming
negligible (L,S) coupling in the atoms and determining the possible

values of the projectlons, M, and ML ; of the Ll and L2 vectors

- J_!l 2 ~ ~
on the 1Internuclear axis. The resultant gives the possible A values,
A = ML + ML . The 8 values, which determine the multiplicity,
1 2
are simply 814-82, Sl+-82-l, cee s Sl— 82 s and apply to each

I ’ML comblnation. When A = O, it is necéssary to distinguish
1 2 ‘

between Z+vand 5 states and this depends on the parity (odd or even)

M

" of the separated atoms. These results are applicable to all Hund
coupling Case a or b molecules.

‘For cases where (Jl’JE) doupling obtains in the atoms, Mulliken®'
has investigated how the J values of the separated atoms correlate
with the symmetry of the molecular statgs of‘Hund's coupling Case c.
Again, by similar considerétions, the Q values result from the
possible projection of Jl and J2 on the internuclear‘axis, Q=

MJ14-M32|. When Q = 0, the determination of the 0" and 0" states
depend on parity considerations analogous to those for A = Q in
Russell—Saﬁnders coupling. In both (A,S) and (J,,J,) coupling, if
the molecule 1s formed from like atoms, the invérsion symmetry (g o%
u) of the resulting molecular states must be determined.

We are particularly interested 1n the upper electronic states
of the‘bromide and iodide diatomic molecules formed from the alkalil
metals, copper, silver, indium and thallium. We might expect
‘these lonic molecules to show intermediate behavior between Hund's

coupling Case c¢ and Hund's coupling Case a or b. For sufficlently

small values of r, the molecules will show Case a or b coupling,
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whlle at large values bf r, Case ¢ coupling obtalns. As a con-
sequence, 1n photodissociation of these molecules the frequency of

the pumping 1ight wiil affect . the Symmetry of the upper state and
hence the angular distribution and fluorescence line shape. For a
pumplng frequency closé to the threshold, transitions are induced with
large internuclear separatlon whereés pumplng 1light of higher
frequency favors transitions at smaller internuclear separation.

We wish to establish a correlation between (Jl’Jz) and (A,3)
coupling with decreasing internuclear separation. This correlation
can be acooﬁplished by use of a "non-crossing rule." The lowest OF
state for iarge r is identified with the lowest O+ state for small
r, the next lowest ot for large r with the next lowest ot state for
small r, etc. Each other type of state (07, 1, 2, etc.) is treated
in the same way. | '

To apply the ndn—croséing rule we ﬁust_determine-which symmetry
states Zf, 5>, N, A, etec. in Case a or b coupling correspond to
which symmetry states 0%, 07, 1, 2, etc. in Case ¢ coupling. The
identification can be besgt accomplishedvin'terms of the total
electronic angular momentum quantum number, {2, which is defined
for both Case ¢ and a or b coupling. For Case a or b coupling it

is given simpiy by

Q= |n+ 5|

+

All states with § = O (for A # 0) split into 01 and 0™ components (A

doubling). All other states with the exception of 3 states go
according to thelr possible values; The symmetry property g or u

17

1s also maintalned. Mulliken has tabulated the less obvious

correlations of the 2 states and théy are glven in Table III.
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‘Table III. Correlatlion of the ¥ states. -

 between (A,S)_andf(Jl, 2) coupling.

(A)S) - ' . (J.]_’JZ) )
Ity dso ot ot
2 2 - '
Syt Sx- 07,1; oh,1
Aot Ao 13 13

£t %s 7 32
S5+, 95 ot,1,2; 07,1,2

We illustrate the foregoing by considering the molecuiar states
of NalI in detail. In particular, we are not interested id the first
low-1lying electronlc states; but rather only those electronic states

2 ' _
PS/Z), which

which dlssoclate into an excilted sodium atom Na(zPl/z,
emits the sodium D doublet. On dissociation the 16dine atom can be
el 2. . : » . . 2
either 1in its normal state 33/2 or 1n the metastable state Pl/2
having 22 Keal per‘mole additional'energy. ‘We note that while the
different electronic states of iodine are spaced'far apart, the

sodium doublet levels. are only about 6 K apart.
In the order of“increasing energj we find for'(Jl,Jz) coupling:
Né(zPl/z) + I(zps/z)——~9-2, 1(2), 0%, o
Na(ZPB/z) + 1(293/2) —> 3, 2(2); 1(3), ot(2), 07 (2)
YNQ(ZPl/é) + I(zPl/z)';~—> 1, ot, o° |

Na(ZPs/Z) + I(2P1/2) — 2, 1(2); ot, o°
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where the number of each repeated state 1ls given 1in parentheses
after the state designation. For (A,S) coupling:

(°p

(%e,) + 1(%p) — 12%(2),%2%(2), %27, %7, n(2), Pn(2),

Na
B, PN

For the sake of 1llustration, let us arbitrarily assume that the

order of these molecular states for Case a or b coupling is 12+,
1H,32+,1A,12—,12+,1H332+,3H,5A, Z;,BH.. The reasons for the particular
choice will be considered later. Figure 5 shows the resulting

correlation dlagram.
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2 2
31‘[ | | \ > 2
of T\ Nal P3,)+1(°Py)
0" %
| 0
32 -
O+
T — |
3 o T = s NP CPY)
o

{ No(P3)1CPs,)

Ng(*Py)+1(P3)
B INTERMEDIATE CASE C  SEPARATED
C%%EPAL IONrG COUPLING COUPLING  ATOMS

INCREASING r —>»

MU-30039

Fig. 5. Correlation diagram for the upper electronic states of
NaIl. The spacing of the energy levels has been grossly
distorted for purposes of illustration.
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Of course, the correlation depends critically on the ordering
of the molecular states. In general, thls can not be predicted a
priori although often there will be some level for which a unique

correlation exists, such as
SA <%¥> SA, <> 3 <> Na(%P,,.) + 1(°P.,.)
3 N t3/2 3/27"

For Nal the ordering of the upper electronic levels 1s éompletely
unknown. There are 12! ways of arranging these levels, disregarding
the ordering of the multipliciﬁy, which also is unknown. (Of course,
not all these cholces of ordering will lead to different correlations.)
Since in the case of Nal the gseparation between the Na(ZPl/Z)
and Na(ZPS/Z) atomic energy levels is quite small, all the repulsive
potential curves going to a particular iodine atom (normal or
metastable) will be closely bunched together and it will be impossible
to excite only one upper stafte energy level without excliting the
others lying nearby. Therefore, there appears to be no way to avoid
exciting‘both members of the D doublets. Similarly, there appears
to be no way of exciting'only a 2 -2 transition, 1f there are also

II states lying nearby.

INTENSITY RATIO OF DOUBLET LINES IN

ALKALI ATOM FLUORESCENCE

Recently H. G. Ha.nsoh4 has conducted some experiments on the
NaI photodissoclation that have a bearing on the nature of the
upper electronic levels. He measured the intensity ratio
: 2 2 ' . i
Dz( PS/Z)/DI( Pl/z) of the atomlc sodium doublet components emiltted

in fluorescence, for different wavelengths of the ultraviolet light
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inducing photodissoclation. He found that at short wavelengths the
DE/Dl ration was 0.98 and increased to 1.5 at longer exciting wave-
lengths. A similar effect was reported by Terenin18 for the Ag
doublet emltted in the photodissoclation of Agl. The intensity ratio
for the Ag doublet shbws a large reversal, belng considerably less
than unity at short wavelengths and greater than unity at long |
anelengths. ‘However, the data for AgI 1s less quantitative because
the.energy separation of the doublets Is much larger than that for
Nal and only plate blackenings are reported. The phenomenon is
probably géneral;and not peculiar to Jjust NaIl or AgI.

Hanson also studled the Doppler broadening of the two D lines
by comparing the absorption of each line in passing through a layer
of sodium vapor. Within experimental error, the ratio of absbfption
of the D2 to the Dl line was 2:1 at all'incident wavelengths; thus
no appreclabledifference in the individual Doppler broadening of
the two D lines was detected. | |

The intensity ratio of D2 to Dl 1s given by

| 2
ﬂdwe S wngx dr |

S, w
X ‘ Bog~ X v

I

2 - e

D, ~ . 2
1 = [y, wy, dv. [y, y, dr|
y Beop~ Yoy © By Yy

and wg are respectively the electronlc and vibrational

el v
wavefunctions of the ground state. The x states lead to the D2‘

Here wg

component of the doublet and the y states to Dl' The electronic
‘dipole transition moment connecting the upper and ground state is
denoted by K.  If, as 1n treatlng the Franck-Condon overlap factors,

~

we replace the vibrational wavefunctions of the repulslve state by
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delta functlons, the intensity ratlo reduces to

-~
[~

sy, w, dr.]
DZ _ X o~ ey €
1 =2 [y, Wy

v Besg~ ey

s
D dTGIZ
which depends sblely'on the nature of the electronlc wavefunctions.

From the correlation diagram of Flg. 5 it is seen that for
dissoclation into an excited sodium atom and a normal lodine atom
five potential curves are Dl active while ten are D2 aotive. However,
since there can be no allowed dipole transition connecting the
ground state (lZ+)'fo any A level, or any 1 component, 11 potential
curves at most are active in emission, ( or less D2 active and 4 or
less Dl active.

For Case c¢ coupling the selection rules for a dipole transitlon
are simply

2 < 2

2 <> 1

— +
4 o 4 and AJ = 0,11

- e ~
If we assume that all -3 and Z- II transitions are roughly of
comparable strength for large r in Case c¢ coupling, the DZ/Dl ratio;
will generally be gfeater than 1 due to the predominance of potentiél
curves D2 active. However, at shorter wavelengths the stricter
selection rules of Case a or b coupling would apply

. _

st e st

1 1

Z+ <~ I
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Trangiltions not allowed by Case a or b coupling will decrease 1n
intensity as the internuclear separation 1ls dlminished. Thus, a
possible interpretation can be offeredvfor Hanson's experimental
findings provided certain assumptions are made about the relative
strength of the £-% and - II transitions. To account for the
experimental observatlon that the'ratio of DZ/Dl 1s nearly unity
(0.98) at small valﬁes of r,, we assume that there 1s one set of

1Z+ and lH levels Dl active and one set Dy active. If the transitions
lZ+ -9—lZ+ and lZ+ ->-]H were of about equal intensity, other |
assignments would be[possible, but they would éontradict the obser-
vatlon that the Doppler broadening of the two.doublet chponents

is the same. At large internuclear separation, where Case c coupling
obtains, 1t seems redsonable to agsume that all 2 — 2 and 2 —> 1
transitions have roughly the same intensity.‘ The DZ/Dl ratio of

1.5 could then be explained by a 3 to 2 ratio in the number of
potential states D2 and Dl active. We also make the relative number
of X and II components active for D2 the same as that for Dl’ S0

that there can be no difference in the Dopplef broadening of the

two doublet components. The correlation diagram presented in Fig. 5
has been constructed to correspond to these relationships.

The correlation diagram is still not uniquely determined byA
these assumptlons, although there 1s little freedom of choice for
the lower levels. Additional experiments suggest themselves. From
a study of the Dz/Dllratio and the comparative Doppler broadening of .
thesgse two éomponents for dlssoclation into an exclted sodium atom

and a metastable lodlne atom at different pumplng light frequenciles,

1t should be possible to obtaln more information about the nature of
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the upper potential states, which would perhaps lead to a unique
correlation. Another experiment of interest would be to investigate
more thoroughly the Ag doublet components, especlally theilr relative
Doppler broadening. To account for the dramaticvreversal in |
intensity ratio at small r that Terenih obseryed, 1t appears that

we must elther postulate that the 1Z+ and JH states are unequally

divided among the doublet components, or that the 1Z+ —~>-lz+ and

1Z+ ——é—lﬂ transitions are not of equal intenslty. 1In elther case,
we would expect that the Doppler broadening of the two doublet

components would be different.

TRANSITION DIPOLE MOMENTS

As emphasized above, the primary factor which determines the
form of the angular dkstribution of products in photodissociatilon
and the shape of the atomic fluorescence line is Just the relative

importance of parallel (e.g., Z—>%) and perpendicular (e.g., E—>II)

character in the»elecfronic transltion or transitlons which produce
the photodissoclation. Unfortunately, 1t does not seem possible ﬁo
make a rellable prediliction of this, especially for molecules such
as alkall halides, in Which several different repulsive states may
contribute to the photodissociation. Here we shall review the
scanty evidence concerned with this question and present results
derilved from a simple charge transfer}model. |

A treatment of the hydrogen molecule—ion, Hg,'by Bates and
coworkers19 is the only calculation we have found in the literature
which permits the transition dipole moment to be compared for parallel

and perpendicular'transitions. They found that at the equilibrium
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Internuclear dlstance the transition dipoles for the Zg—*ﬂu

'(lsogf»pru) and the ZZ—»H@ (poU—%5dﬂg) perpendicular transitions
were about equal in magnitude and about half as large as the dipole

for the nu—>ng (2p7ru_—>3drng) parallel 'tra,neition.

Mullikenzo has made an extenslve study of the low-lying electronic
states of simple diatomic halides, Xz, HX,lMK, and in particular he
has examined the dissociation of Nal into a normal sodium_atom and
a normal of metastable lodine atom. As may be gseen from Fig. 5,
thilis 1s a much simpler case, with fewer electronic states, than we
have considered. However, the situation is still inconclusive:

" .we conclude that strong transitions definitely should
~occur to the two ot levels, the one derived from X( P /2), the
other from X( l/2) This 1s 1n rough agreement with what is
observed, if we ascrihbe the two continua essentially to O <—N
transitions. In addition, there should be transitions to
the three Q = 1 levels. If these should be weak, thelr super-
position on two'strong O+<%N continua would scarcely be noticed.
Even if they are falrly strong, they need not much affect the :
appearance’of the continuous spectrum, provided the several
levels derived from M%X( /2) lie close together, and those

_ from M+X( Pl/Z) again close together. The evidence from Levi's
analysis of the pseudo-bands 1ndicates that transitions of
appreclable intensity occur to at least two potential curves
derived from M+X( PS/Z) Assuming that one of these 1s to the
ot state, the others (theoretically there must be two others,
though only one was definitely detected by Levi's analysis)
must be to = 1 states. Thus 1t seems likely that transitions
to O+ and 1 states may be of comparable intensity. Theoret-
icdlly, from a consideratlon of the probable forms of the wave
functions, it appears likely that transitions to the 0" states

should be the stronger."
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Thus, according to Mulliken's analysis of the spectra (in
contrast to hils theoretical expectation),-it appears that the Z—3
and Z—1 transitions which produqe a normal sodium atom are of
comparable 1ntensity In NaI. ILikewlse, Mitchell's evidence for an
lsotroplc angular distribution of photodissociation products21 and
Hanson's observatlon of 1dentical Doppler broadening for the sodium
D doublets4 suggest that the Z—=»3% and Z—-II transitions which produce
an excited sodium atom are dalso comparable in intensity. This is
all rather circumstantial evidence, however.

We have consldered a.simple charge transfer model for transitions
which produce photodissociation of an alkalli halide molecule wlth
excltation of the alkali atom. The model, of course, may be an
inadequate approximation, but it is so simple that the results
deri?ed from 1t have some interest in their dwn right, especlally
since they seem to contradict "intuition." Thus, for an ionic
molecule a charge transfer model might be expected to favor strong
parallel transitions in which the electron would oscillate along the
internuclear axis 1n resonance with the exciting light. However,

- numerical calculations for the LiF molecule show that for transitions
involving P orbitals the model puts most of the intensity into
perpendicular rather than parallel transitilions.

The ground electronlc state of an alkali halide has an ionilc
structure, M+X“, and éincé the molecule photodilssoclates into atoms,
‘the pumplng transition transition transfers an electron from X to
M+. We 1gnore all other electrons, and assume thé valence electron
which "Jumps" goes from an (np)X atomlc orbltal centered on the.

halogen to an excited (n'p)M orbltal centered on the alkall atom.
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In general terms, the model assumes the wavefunctions for the

initial and final states are separable as
¥y = 0y (Jumping electron) ¢ (others)

Ve = % (Jumping electron) ¢ (others),

where ¢i and ¢f are orthogonal one-electron orbitals. For this

model the'electronic transiltion dipole moment22 18 therefore glven
by
o= e fd)* r oo, dr, | | (22)
where r 1s the coordinate vectof of the valence electron.
"The one-electron orbital functions are formed from a linear

combination of atomic orbitals centered on the nuclel A(the alkalil

metal) and B(the halogen),

b, = (0, + BOL)/N, (23)

0o = (a0, - d)B)/Nf

The parameter B measures the probability of finding the Valencé
electron on the B atom, the halogen atom, in the'ground state;.for

a "covalent bond" between identlcal atoms B = 1 whereas for an
"foniec bond" B >> 1. Similarly, the parameter a measures the
probabllity that the valence electron 1s on the A atom, the alkali
atom, 1n the excited state; again a = 1 for a covalent bond and

a >> 1 for an ionilc bond. The constants a and B are related by the
requirement that ¢i and ¢f'be orthogonal, and N1 and Nf are normal-

izatlon factors. Thus we have
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B = (S - @)/ (aSyy - 1) (24)
2 1/2
Ny = (1+p 4—253AB) / (25)
Np = (1~+a2— ZQSAB)l/2 | (26)
where
*
SpB = J[¢A¢BdT | (27)

measures the overlap of the atomic orbiltals.

According to (22) and (23) the transition dipole moment is given

by

Hip = N;}f [a<f>A"ﬁ<f>B+(“B‘1)<¢AIEI¢B>]’ | (28)
where _

<D, = jf¢Z'E >, dt R | | (29a)

<E>B = Jf¢; r ¢B-d1 | (29p)
and v

<¢AI§|¢B> = j,¢z r ¢p dr. | (30}

Although the magnitude of the individual terms in (28) depends upon
the cholce of the origin of the coordinate system, the net result.

22

does not. Since we take the origin on the B atom (the halogen)

and pass the z-axls through the A atom (the alkall atom),

Q>B;(L (31)

~

and
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<X'>A = <.V>B = 0, , ' (32)

r,» the bond distance. (33)

(2,

Thus the first two terms in (28) contribute only to parallel
transitions.

If the molecule 18 homopolar and both the initial and final
states for the transition are "purely covalent," we have a = B = 1,
~and the third term vanishes. Hence in this limit the model predicts
that perpendicular transitions have negligible intensity; for
parallel transitions 1t gives

| er

u,(a=p=1) = E?Ij§§5 : (34)

This agrees with a formula derived by Mulliken and Herzberg22 for

the Ugls —>-ouls transition in Hg. Ir L is not too small, the
square of the overlap integral 1s small compared to unity, and the
transition moment is roughly equal to the dipole moment of an elec-
tron oscilllating with an_amplitudeer/Z. |

If both the initiai and final states for the transition are
"{onic," we have « >>vl, B >> 1.” In this limit, ¢i P ¢B and ¢f :'¢A

and (28) gives

+?

er ’
u, (a>>1,p>>1) "59‘ + e<<DA|z|<bB> (35)

12

ui(q>>1,5>>l) e<¢AIX or y|¢B> (36)

Since the factor

1 ~ 1-a3
B a -
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in the first term of (35) is quilte small, the relative importance
of parallel and perpendlcular transitions depends primarily on the

ratio of the two-center dipole integrals
<¢A|Z'%? ami<¢A|xl%§n

For the alkall hallde molecules of interest here, the initial
state 1s d1onic, B >> 1, whereas the final state 1s essentlally
covalent. However, o # 1 since the bond is heteropolar, and from
(24) we expect a to be of the order of 1/3, which is algo substan-
tlally greater than unity. Thus we shall consider the limiting case
given in (35) and (36). If ¢A ié an np orbiltal and ¢B an n'p orbital,

there are only four types of nonvanishing two-center dipole integrals

{np,_|z|n'p> (372)
Cnpylzfn'p> = <op [z]n'p> | (37b)
<npy[x[ntp> = <np [y[n'p (37c)
<np,|x|n'p> = <ap,|y[n'p > (374)

The integrals of types (a) and (b) correspond to parallel transitions,
and those of types (c) and (d) to perpendicular transitions. The

integrals of types (b) and (c) have the same value, since

z[n'p.> = x[n'p>

for any n'. (The factors <npxlz and <npz]x in the i1ntegrands of
(b) and (c) are not the same, however, since the origin of the r

vector 1s on atom B). Thus we need to compare the magnitudes of only

three 1integrals,
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I, = <npz%z§n‘pz> (37a)
I, = {np_ |x|n‘p > (37b,c)
I, = <np,|x[n'p> | - (s19)

Numerical calculatlions have been carried out for the LiF
molecule, since the integrations are easily carried out for'the
n =n'= 2 case. Jlater's rules23 for approximate atomic orbitals

glve

<2pzl = Nze"cr'/z and <2pxl = Nxe CT/2 (38)

The effective nuclear charge is
C=1.3 for I, C = 5.2 for F,

and the normalization constant is N = (05/52w)1/2. All distances

are measured 1n units of Bohr radii. The required integrals,

1,, = <2p,(11)]z|2p, (F)>
I, = <2p, (11)[x|2p, (F)>
1. = <ep,(L1)|x|2p, (F)>

may be slmplified by noting that the product of x with a 2pZ orbital
is a dez orbltal with a different normalization factor and
effectlive nuclear charge,. and the product of z with a 2pZ orbital

1s é 3d22 orbital plus a term 1ndependent of angie. Thus 1n the

. Integrands of Ixz and IZZ we have

x|2p, (0)> = N'|3a,, (c')> - (39)



.
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and

zl2p (C)) = %N'lSd LC ) + %ere-Cr/z (40)
i}

where

3
N' = sz/N3d = 81/8C and ' = 30C.

Since r is meaéured from the F'atom‘as the origin, C = 5.2 1n these
expressions. However, the x-coordinate of the electron 1s the same
whether measured from the ILi or the F atom as origin, and this

enables us to evaluate the IZX integral in the same way as Ixz’ but

with C = 1.3. The dipole integrals therefore reduce to

1,
-=(C,r,+Cr,)
1. 1 o -7 (Cyrp+Cpry
I, = ENB<2pzl3d 2>-+3NANBJfrAcos9A rye dt
? (41)
' -,
T, = N<2p [3d > | (42)
' :
Lx = NA<3dlesz> ) . (43)

Here A refers to the Li atom, B to the F atom. The térms involﬁing
N' are standard overlap integrals, and the remaining integral 1s
readily evaluated from Coulson's tabulation of closed forms for

certaln two-center integrals,24 since

|

l .

-5 (C,r,+Chry) C, C
2 ~7 (Cprp#Cpry) A
fl"a COSQAPBe | d’F -2 30 J14(

where J 4 1s an integral given explicitly by Coulson,

1
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,~Br

—(ArA

| )
J14(A,B;R) = jfrArBCOSOAe B dt

. 4A 6 (A%+7B%) (14BR) - (A%+118% ) xr4Bx2R o BR
-5 ‘ . s e d - 3 .
REXY |- [24A(AZ#7B%) (1+AR)+8A (A%458% ) xR+ (A% +38°)x%R3 1 AR) -

(45)

with X==A2—B2. The numerlcal results are glven 1n Table IV. Values

of the overlap integrals are also included. The plus sign indicates
that the term erO/B (which is about 7.5/6 Debye unites at the
equillibrium internuclear distance,%° where r = 1.56 R) in Eq. (35)
should be added to the listed values for the parallel transition

moments.

Table IV. Results of charge transfer mcdel for LiF transitions.

TPaESiZion M Orbital X Orbital Hie ngrlap
yP Debyes™ MX
Parallel . 2pz < 2pZ 0.039+ 0.069
Eq. (35) S 2p, =—— 2p, 0. 973+ 0.119
2p. -~— 2p 0.973+  0.119
y v
‘Perpendicular 2px>'4——~ Epz 0.973 zero
Eq. (36) Zpy ~—  2p, 0.973 zero
Cep, <— 2p, 6.62 zero
sz —_<—— Zpy 6.82 zero

d7he 1integrals of Egs. (41,42,43) are el = 0.039,

eIxz = 0.973, and eIZX = 6.82. For comparison, er, = _
7.48 Debye units at the equilibrium internuclear distance,
r = 1.56 R.

o}
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The reason for the result sz > I >> Izz becomes apparent

XZ
in Flgs. 6-8 which present contour maps of the factors L and R in the

integrands of Eqgs. (41-43):

L{on left) R(on right) [ ILRd7
Flg. 6 <ep,(L1)]x |2p (F)> I,
Fig. T <2pX(Li)| XIZpZ(F)> I,
Flg. 8 <2pZ(Li)l z|2pz (F)> I,

The contours are plotted for values of the coordinates such that

£]1%/[2]2,  or |el?/|elZ,, = 0.1, 0.3, 0.5, 0.7, and 0.9

In each.figure the I.1 atom is on the left and separated from the F
atom.by the equilibrium internuclear dilstance. Figs. 6 and T show
that the L and R factors overlap constructively in IZX and Ixz’
whereas in Fig. 8 the R factor is completely surrounded by one lobe
of the L factor and consequently there 1s extensive cancellatlon
in the integrand of Izz'

Although calculations have not been carried out for the
np(M) <— n'p(X) transitions of other alkall halides, the present
model 1is expected to gilve results similar to Table IV for all the
alkall halides. The overlaps which determine the transition dipqle%
depend malnly on the relative scale and the separation of the M
and X orbitals. Since the effectlive nuclear charge parameters
CM and CX remain about the same for all the alkall halides and since
the increase 1in bond length wlth size of M or X 1s offset by the

expansion in scale which accompanles an increase in n or n', we

expect the pattern found 1n Table IV to be typlcal.
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The one-electron transfer model 1s severely oversimplifiled,
of course. Perhaps i1ts most reallstic aspect 18 that it makes the
btransition dipole moment extremely sensitlve to the type of bond
and the transition oonsidered, as 1llustrated in Egs. (34-36) and
Table IV. In particular, the welght given to perpendicular
transitions in Table IV should be emphasized. This contradicts
some "intuitive" versions of the charge transfer model, including

one cited in our previous paper.l
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One Bohr radius
N

MUB-1839

Fig. 6. Contour map of factors <2pz(Li)lx and IZpX(F)> in
the integrand of I,  integral.
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One Bohr radius
——

MUB-1836

Fig. 7. Contour map of factors <2pX(Li)’ and x|2pz.(F)> in
the integrand of I, integral. ' .
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One Bohr radius

MUB-1837

<2pZ(Li)| and z|2pZ(F)> in

Contour map of factors

the integrand of I,, integral.

Fig. 8.
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DETAILS OF COMPUTER PROGRAMS

The IBM 7090 FORTRAN programs which were prepared for the
calculation of statistical weighté and trajectories are given in
Appendices I and II. The overlap Integrals used in calculating
the transition moments were evaluated by means of a SHARE sub-
routine, D1 ML D1AT. . The XY plotting program ﬁsed to prepafe
Figs. 6-8 1s a modified version of another standard subroutine,
J6 BC XYPZ2.  Both of these subroutine programs are avallable at

the University of California Computing Center, Berkeley.
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APPENDIX 1

HISTOOGRAM CALLHLATION FOR STATISTICAL WEIGHTS

DIMENSTON FRE3DI »BOX (60843 sF0OX(60)
DO 1 I = 160
FOX(I) = DU

DO 1 J = 16

BOX(IsJ) = U0

R = 2¢7115E-8

B = 1177

RSTART = 244615E-8

C = 3s0b+10

VIN = 4210560

A = 6e0)23E+23

Pl = 3,1415962

HBAR = H/(PI#240)

OMEGA = 2.B8B6E+2

U = 194692 _
ALPHA = 4 4O%P [ %% 2% #QOMEGA*C/ (H®A)
QALPH = SQRTF(ALPHA/PIL)

CO = QALPH

Cl = QALPH/24U
C2 = QALPH/84U
C3 = QALPH/48.V

T = 854.0
DO 50 J = 191215
JI = 1+(J=-1)/5 .
50 FR(JI) = 1.4387*B/T*EXPF((—2.8589E—3)*B*FLOATF(J*(J+1))/(T*l.9872E

1 -3))

WO = 10U«0
Wl = 617
WZ = 38.4
W3 = 2349

SULK = SQRTF({ALPHA)
DO 51 J = 1912145
JI = 1 + (J=1)/5

DO 51 K = Us100

XC = RSTART + FLOATF(K)#*5.0E=11

XCM = XC = R

X = XCM¥SULK

XUP = (XC —RSTART)#*1.UE+8

H1Q = (2e0%X)%%2

H2Q = (GeQ¥XH¥2=240)%%2 ~

H30 = (BeQ¥XE¥3=124U%X ) %¥2

XP = EXPF(=(ALPHAXXCM*%2))

VR = 3.9549354E+6%XXUPH*%6 — 647053816E+6%XXUP**5 + 44250458E+6#XUP**
1 4 ~ 1e26435592E+6%#XUP%#3 + 1496453 71E+5%XUP#*2 = 3,76T005TE+4%*XUP

2+ 449953698E+4 .
E 2 VR=VIN+e5¥FLOATF (J%%2) #HBAR*A* (HBAR/ (U#XC#%2%146E=12)%806740)
VNA = U/22e991%SQRTF(24U*EXA#L1a6E~12/(806740%U) ) ,
DER = 6.0%3.9549354E+6*XUP**5—5.0*6.7053816E+6*XUP**4+4o0*4;250458

1E+6%XUP%#3-3,0%142435592E+6%XUP#¥2+240%149445371E+5%XUP~3+7670057

2E 4
DERIV = DER=(FLOATF (J¥J) % (H*A)#H/ (U*XC*#*3%146E-12)%8067+0)

ZJACOB = ABSF(2.0%E/(VNAXDERIV))
STATO = CORXP*WU*FR(JI)*ZJACOB



oo

44

444
22
51

23

4444

45

46

52

%7

55

1010

48
56

-52.
STATL = CIl#XP¥WI*FRIJI)*¥H1IO*ZJACOH
STAT? = C2¥XPHW2H*FR(JI)*H2Q#%2.JAC08
STAT3 = C3#XP¥W3*FR(JI)*H3Q*ZJACOB
I =1

TEST = 5,0E+3
IF{VNA=TEST)2s2¢3

BOX(1s1) = BOX(lsl) + STATU
BOX(1s2) = BOX(Is2) + 5TATL
BOX(I1s3) = BOX(1s3) + STAT2
BOX(Is&4) = BOX(Is4) + STAT3
GO TO 44

I = 1 + 1

TEST = TEST + 5e0E+3

GO TO 4

ANGST = 1e.UE+8/VR

FACE = VNA/(2.0%ANGST)

STATO = STATO*FACE

I =1

TEST = 195060
IF(ANGST=TEST) 22922923
FOX(I) = FOX(I) + STATO
CONTINUE

GO T0O 4444

I = 1 + 1

TEST = TEST + 10.0

GO 10 444 '

DIV =-0.0

DDIV = u.o

DO 45 1 = 1s60

DIV = MAXIF(DIVsABSF(BOX:IIs1)
(1)

DDIV = MAXIF(DDIVsABSF(FOX
DO 46 1 = 1+60

FOX([) = FOX(T1)1/DDIV

DO 46 J = 14 _ -
BOX{(IsJ) = BOX(IsJ)/DlV
WRITE QUTPUT TAPE 3452

FORMAT (12H1 HISTOGRAMS///1Xs1HJ s 3H

0O 47 J = 1sr4
DO 47 I = 156U

WRITE OQUTPUT TAPE 3555sJs1+sBOX(1sJ)

FORMAT([2s1395XsF804)

_WRITE QUTPUT TAPE 351010
FORMAT ( 8H1 LAM3DAs 7TXsIHSTAT.

DO 48 1 = 1560

X = 195Ue0+FLOATF(I=1)%10e0

))
})

Wle/ /)

WRITE QUTPUT TAPE 3556¢XsFOX(I)

FORMAT (FBos295XsFBed&t)
CALL EXIT .
END

UCRL-10438
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lPAJh(!nFY CA[ ULAaluas_

ST
URITTE

FORMAT L 23H1
Ro= 2./11‘“-—& :
B ,11/7
RSTART
Moo= G.A/?t a/:-
A.:‘6.774%+7j

WiR)

FARE -3y 2400
<AL(b A;LUMO-FUR JAI A

l“L*F

VIN = 42105,
Plo= _Jtl“l)“}-bg@" A
HEER = H/(P1%250)
U = ](JD/LAQZ A
T = 854,0 .
DO )M J= 199]910
‘-JI = 1+(J 1)/710°
<(JI) let38 7 R/erAPF(~?.tH80E 3
1)) ' o B
CONS = 'Ol =8 L
C(nvv = 36060/(260%P 1)
DELTA = 140E~107/340" "
R1 = [+ WBH*CONS
VO = 0640
VIH= =410 .
VIL= -~ e15
COV2HE —e15
TVRLE a0
CN3HE =19
V3il=" 25
VU= =22
Vil = 098- )
C{1y 99)j695r+4
C2) =~1-/b/007/k+4
(3) = 1.944)1/1L+> ,
Cla) ?*].?443599P+6’_
, (5) = 442504580F+6
CCUH) ==he TOS3816FE+6
“CUT) = 349549354F 46
TL1) = VaH % CONS
T{2) = V3H # CONS
TL2) = V2H % CONS
Tia)y = VIH * CONG
T(H) ="V * CONS
T(6) = VIL # CON5
T(7) = V2L % CONS
TIR) = V3L * CONS
T(O) =V4L*CONS
W) = 1449
W(2) = 2349
W) = 2844
W(4) = 6149
W(5) =10040
Wi6) = 6149
W(7) = 3844
:.2309

" =53

UCRL~10438

luh,ki()m 9(\7‘)91(]”)9“ wﬁ)o%(lﬂh)sst(LHU)
OUTRET ’ o ’

rluAIF(JY(J+l))/(l“1

«9872E-3



900
800
70

700

80

200
301
100
110

701

90

120
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W(9) = 1449 Ll e e
RGU = SQRTF(A/{(2e0%U))

DO 60 =119

DO 6C L=1+91510

JI = 1+(L=1})/10

STAT = FR{JI)¥W(I)

X = (R-=RSTART+T(1))/CONS

IF(X=-e52) 80099005900

VR = VIN + 10040

GO TO 700

VR=OQO

DO 70 J=247

VR = VR + C(J)#X#*#{J=1)

VR = VR + C{1)

E = VR=VIN#+, S*FLOATF(L**Z)*HBAR*(A*HRAR)/(U*(R+T(I))**2*1 6E=12) 4
1 8066.03.

ABCON] = FLOATF(L)*HBAR*RQU

ZEE = FLOATF(L)*(HBAR*RQU)/(RI*SQRTF(E%*1.,6FE~ 12/8066.03))
ASYM = PI/260 = ATANF(SORTF (160~ ZEE**Z)/?EF)

K=0

x:x+301 .

XK=X%CONS

IF(e55=X) 909905200

IF(X=052) 10059015901

VR = VOwO

GO TO 701

VR=040

DO 110 J=2s7 .

VR = VR + C(J)*X*%(J=1)

VR = VR + C({1)=VIN

K=K+1 ' .
S(K) = ABCON1/(SORTF((E~VR)¥16eb6E=12/8066,03=FLOATF (L%*3*2)%(HBAR¥A)*
1 HRAR/ (UR(R+T{T)#XK)#¥2 )% g5 ) ¥ (R+T (L) +AK ) *%2)
COSTUK) = S{K) ¥ (R+T(I)+XK)I*%¥2/(FLOATF(L)*HRAR)*U/A
GO TO &0 ,
ARCON? = SQRTF(U/Z(240%*A*¥E*] 6E~12/8066403))
K=K-1 ‘
SUM=0,0
STUM=060

DO 1720 J=2+Ks?2

SUM = SUM +S{J=1) + 4.0%S(J) + S(J+1)

STUM = STUM. + ST(J=1)+ 4e0%¥ST(J) + ST(J+1)

ANGLE = DELTA * SUM

TIME = DELTA * STUM

CHI {ANGLE + ASYM)*CONV

WRIT=Z OQUTPUT TAPE 3421elsLsCHIWSTAT .

FORMAT (65H0 VIBKRATION ROTATION CHI STATISTICAL
1 WEIGHT /110w 11091P2E20e8) .

SCHRD = SQRTF(R1*%2=FLOATF (L%%2) *HBAR* (A%HBAR) /(2 0% UN*E¥*1e6E=12)%
1 8066013} '

WRITE OQUTPUT TAPE 3422

FORMAT{61HO ANGLE DISTANCE o T
1IME )

WRITE OUTPUT TAPE 35239ANGLESsR1sTIME

FORMAT(1P3E2048)

%TP 0.0

DIST = 4.0%CONS
'olsr = DIST + STP
ZE = ZtE % R1 / DIST
CHI = (PI/2.0~ATANF{SQRTF(1e0=2E%%2)/2E))%*CUNV

o

=
[0
non

TIME + ABRCON2*(SQRTF(DIST*#2=FLOATF(L*%2)*{HBAR*A)X*HBAR/ (2.0

)



600

60

1 *U*F*l 6E~12)%8066.03) = SCHRD)

"WRITE
STP =

OQUTPUT TAPE 3¢23¢ANGIDISTsTIM
1. 0#¥CONS

IF(DIST = 1,0E=7) 13056005600

STP =

206 03%#CONS

IF{(DIST=160E=6) 130960960
CONTINUE
CALL EXIT

END

-55-
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