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Absorption Lineshapes for Fast, Excited Atoms
Created by Molecular Photodissociation

First approximation

First consider the ideal case of an initially stationary Cs, molecule in the ro-vibrational
level v = 0, J = 0 that absorbs a photon and photodissociates to create one fast ground
state atom and one fast atom in the 5Dj3/, excited state.

A
KE released = Y5 mv* + Y5 mv* = mv*
(identical atoms acquire same speed,
v m = mass of the Cs atom)
A
hotodissociation
faser AE'atomic
hv
v
A
Dy (ground state dissociation energy)
v

Thus mv? = hv — AEzomic — Dy(g.s.) = all excited 5Ds/, atoms are produced with the same
speed v, obtained by solving this equation for
the specific photon energy.

SF

If we neglect homogeneous broadening for now,

then the probability that a probe laser photon tuned

near the 5Ds;, — 5F atomic transition (with
detuning Aw) will be absorbed by an atom in the 5D
5D3); state moving with velocity v is

probe
laser

- ®,V
6 (Ao -k oV)=5(Aw— %0059 ). photodissociation
laser
The probability that the atom has velocity in

the range vx = vx + dvy, vy > vy +dvy, v, > v,
+dv,, 1S
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f(V)d’v .
The spectrum will therefore be given by
1(A0) N[ 3(A0~ 22 cosO)f (V)d ¥
c

where N is the number of 5Ds;, atoms. In our case, we assume all atoms are produced
with the same speed v, so

f@)d*V = CO(v—v,)d’¥.

Normalization gives the value for C

1=cj6(v—v0)v2dvd9=4nv§c - C= 12 :
4nv,
)
e 1 3
f(v)d’v = SO(V=vy)dV.
4 0
Therefore
O,V 1 2
I(Aw)oe N [ 8(A0 ——"=c0s0)—— 8(v — v, )v’dvd (cos 0)do
c 4nv
_N [3(a0— 22" cosB)d(cos 6)
2 c
__Ne S( cA® _ cos0)d(cos0)
20,v, ®,V,
Ne if — 200 A< 20V
20,v, c c
0 otherwise.
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This gives us the “square” lineshape

1(Aw)

_ DoV 0 WyVy Ao —

Thermal distribution of population in the v, J levels of the ground state

Now we consider the fact that not all molecules initially reside in the v = 0, J = 0 level of
the ground state.

5Ds); atoms created through photodissociation of molecules initially populating the v = 0,
J = 0 level will still acquire a speed v, =,K,/m where K, is the kinetic energy

released. But excited atoms created through photodissociation of molecules in a higher
ground state level (characterized by energy E relative to the v = 0, J = 0 level) will
acquire a higher speed:

K, +FE
V(E)=,|—2

|

‘\ T K1=1/2mV2+1/2mV2=mV2

2 2
or E=mv" —mv 2 2 2
0 ‘\HK():l/zmvo"‘l/szO:mVo

S
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Density of states argument

We assume that the population of ground state v, J levels follows a thermal distribution:

)/ kT]

N(v,J)oc(2J + exp[-(E,, +E.,
o (2J +1)exp|— (o, (0 +L) + B,J(J +1))/ kT]

and we approximate the level energies by E(v,])=E , +E,, =o,(v+3)+B,J(J +1).

Since there are many thousands of thermally populated ground state ro-vibrational levels,
we can treat the distribution as a continuum.

For v = 0, the number of rotational levels between E and E + dE is given by:

2(E)dE = N(v=0,7)dJ = N(v = 0,7y g = N =07)
dE dE | dJ
2J+1) exp{—((};e +BeJ(J+l)j/kT}
- dE
(2J +1)B,

= BLexp(— o, / 2kT exp|- B,J(J +1)/ kT JdE

e

3 exp(—E/kT)dE
Be
S : () ® )
which is valid for £ > 26 . For E < 22 , the density of states g(E)dE =0.

Similarly, for v = 1, the number of levels with energy in the range E to E + dE is given by

N@=1J)

E)dE = N(v=1J)dJ =
g(E) (v=1J) JEld]

(2J +1) exp{— (3(; +B,J(J + 1)) / kT}
_ dE
(2J +1)B,
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3 exp(— E/kT)
B

e

dE

3o,

for £ > and 0 otherwise.

Thus we see that each v makes the same contribution to the density of states, but that only
those v’s with ®,(v+1)< E contribute.

Therefore, the total number of levels in the range E to E + dE is given by:

v, +1)

2(E)E = ”‘iiexp[—BE/kT] JE = exp[—BE/kT]dE”‘iil _ exp[—E/kT]dE(

v=0 e e v=0 e

But v = £_1 so v, +1= £+l ~ £ for £ >> l Thus it is reasonable to
o, 2 o, 2 o, )

e e e

take the density of states to be given by
g(E)dE = AE exp[- E | kT|dE

: . 1
where 4 is a constant given by 4 = ——.

o B

e e

Numerical simulations of the probability g(E)dE of finding the ground state ro-
vibrational energy between £ and E + dE, based on the full set of vibration-rotation
constants of the Cs; molecule, show that this is a good approximation.

Back to the effect of the thermal distribution of population in the ground state v, J
levels

The speed v of the fast excited atom created in the photodissociation process is directly
related to the rovibrational energy E of the ground state molecule that was dissociated:

E=m(’-v})
or

vi=—+v,

m

The velocity distribution function is given by
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f(V)d’V = 4n £ (v)vidv = g(E)dE
and

_g(E)dE Am(V2 —Vé)
4rvidv 4mv?

f(v)

dE
exp|l- m(v: = v/ kT |— .
plom(v? —vi) AT

Thus we find

F@)d"T = Fv v = Am(s* = v expl-m(v? —vi) kT v,
A%

Finally, since

d—E =2mv,
dv

we can write
24m* (v’ —Vvé)exp[— m(v’ —Vé)/kT]dV forv>v,

f(V)d’v =

0 forv<v,.

However, due to the fact that the Doppler shift depends on the direction of the velocity
vector, rather than just on the magnitude, we must explicitly include the angular
dependence:

4%[ Am* (v’ - Vvé)exp[— m(v? — V(Z))/kT]dV d(cos@)dd forv>v,

f(V)d’v =
0 forv<v,.

Finally, the absorption lineshape is given by

I(Aw) = (const.)J. S(A(}) _ DV cosej f(V)d>v
c

O,V

= (const.)J‘:o (V3 -vv; )exp[— m(v2 -v; )/ kT]dV_[_l1 S(Aw - cosejd(cos 0)

c
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= (const)[ " (v’ = w; Jexpl-m(v* ~v2 ) kT av[’ wLOV S(Z)AT‘;’ - cos@Jd(cos 0)

®,V

o0 (V2 —Vé)exp[— m(v2 —Vé)/kT]dV for — (D(O:V <Aw< .

I(Aw) = (const.)

vy |0 otherwise

Effect of the initial thermal distribution of molecular velocities

Next we consider the effect of the initial thermal distribution of molecular center of mass
velocities (within each v, J level). We assume that the velocity of the center of mass is
unchanged in the photodissociation process. However, this center of mass velocity
simply adds to the excited atom velocity created through the photodissociation process
(i.e. the excited atom velocity in the lab frame, Vv, , is equal to the velocity v of the

excited atom in the center of mass frame, plus the center of mass velocity Vv ,:

Viw =V+Vey )

We label the center of mass velocity with a prime (V., =V') and we note that V' is

completely independent of v, which is the velocity of the excited atom in the center of
mass frame (i.e. the velocity “created” in the photodissociation process).

We can write the 5D3, — SF absorption coefficient for a fast 5D;, atom created from
photodissociation of a molecule with center of mass velocity component V', as:

1
0,vV', O,V

I(Aw, V', ) = (const.) | S[Aco - coseJ f(v)d*v

c C

since the z component of center of mass velocity and the z component of the velocity in
the CM frame (created in the photodissociation process) simply add to give the total z
component of velocity in the laboratory frame. Therefore
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(Ao, V') = (const.)j : (V3 - v} )exp[— m(v2 -v; )/ kT]dVJ- 11 S(A(D _O0V, BV cosej d(cos )
vo - c c
= (const.)I: (V3 —vv, )exp[— m(v2 -v; )/ kT]a’VJ._l1 O)LOV S[wLOV (Ao — (DOCV'Z )— COSGJ d(cos )
© (V2 -V, )exp[— m(V2 - Vé)/ kT]dV for — 0¥ < (Aw_wo_v'z) <2
c c
I(Aw,V', ) = (const.)
vy |0 otherwise

Next we average over the initial thermal distribution of center of mass z component of
molecular velocity:

o0

I(A®) = (const.) § P(V',)dV',

—Qo0

0 (V2 - Vé)exp[— m(v2 -v; )/ kT]dV for — 0¥ < (Am—%) <D
c c
vy |0 otherwise

Note that v', and v are independent variables!

According to A. Corney, “Atomic and Laser Spectroscopy”, Claredon Press, Oxford,
1977 (p248), the thermal distribution of center of mass z component of molecular
velocity is

ro~(mir) oo

where M is the molecular mass and M = 2m (m is the atomic mass used above).

Thus we have
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o0
M 1/2 M ' 2
I(Aw) = (const.) (ﬁj exp{—% av',
—0o0
o (V2 ~v; )exp[— m(V2 -V, )/kT]dV for — 0¥ < (Ao — mO—VZ) < DY
c c c
vy |0 otherwise

Homogeneous broadening

Finally, we must include homogeneous broadening by convoluting the lineshape above
with a Lorentzian function (I' = fwhm of the Lorentzian function describing natural
broadening, pressure broadening, and power broadening/optical pumping effects).

1/2 v N2
j expl - MO |y
2kT

o0 o0
r/2n Joy ( M
(0-) +(T/2) 2nkT

—00 —00

1(Aw) = (const.)

© (V2 -v; )exp[— m(v2 -v; )/ kT]dV for —20¥ < (Am‘—&) <2
¢ c
vy |0 otherwise

where we note that Aw=®—w, is the laser detuning from the 5Ds, — 5F resonance

frequency o,, and Aw'= 0'-o, .

Hyperfine structure

Lastly, we must include the effect of the four 5Ds, state hyperfine levels (/' =2, 3, 4, 5)
by calculating the absorption lineshape four times and adding them together with
appropriate weighting (2F + 1) and offsets (slightly different ®, values). The upper S5F

state hyperfine splittings are sufficiently small that they can be neglected.



	First approximation
	Thermal distribution of population in the v, J levels of the ground state
	Density of states argument

