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Research has been carried out in the areas of (1) Laser Spectroecopic

Collisional Studies, (2) Optical Collisions , (3) Radiative Collisions,
• (1.) Laser Assisted Cooling or Heating and (5) Photon Echoes and Optical

Ramsey Fringes. These subjects are described below. In cases where

• preprints or reprints are not yet available, more detailed accounts are

given.

1. Laser Spectroscopic Collisional Studies (P. Berman, J. LeGouet)

Three—level systems offer an interesting and novel means for
Btudying collisions in atc~nic and molecular systems. Our work in this

area has been summarized in two recent review articles~”~~ with the latter
of these articles stressing the physical principles involved in three-level

systems. Current work involves the extension of these calculations to allow
for different collision models , to include the effects of strong radiation
fields, and to test the validity of generally used collision kernels.

The three—level system under consideration is shown below

4’~~~ ’~ ‘
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* Stars indicate articles published or submitted during the report period
which are appended to this report. The reader is referred to these articles
for detailed discussions of the subject matter.
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I
Monochromatic fields

• a

~~~~~~~~~~

are incident on the system detuned by amounts t~ and t~’ from the 1—2 and
2—3 transitions respectively. If the “pump field” E is tuned within the
Doppler width of the 1—2 transition, it excites a subset of atoms with

a particular longitudinal velocity . On the other hand, if it is tuned

( well outside the Doppler width , it excites all velocity subclasses
equally ( albeit with small probability). Thus, depending on detuning,

one can either selectively or non—selectively excite velocity subclasses
in a given system. The field V is used to probe the population density -

•

(in velocity space) excited by the pump field as well as to provide a
means for two—quantum absorption from state 1 to state 3. Since collisions
with foreign gas perturbers affect the absorptive and dispersive properties
of media, a study of the probe absorption line shape as a function of ti’
for different fixed pump detunings t~ can provide valuable information
(cross sections, strengths of collision, interatomic potential) on

collisional processes occurring in atomic and molecular systems.

Our previous treatments1’2 have utilized (1) perturbation theory for
both pump and probe fields, (2) a model in which collisions are velocity—
changing in their effect on level populations (diagonal density matrix
elements) and phase—interrupting in their effort on optical coherences
(off—diagonal density matrix elements) (3) the Keilson—Storer collision
kernel3 to describe the Velocity—changing collisions. The phase —

• interrupting nat’1re of collisions on optical coherences (giving rise to
traditional pressure broadenings and shifts) is appropriate if the two

• transition levels associated with the optical coherence experience
• different collisional interactions.2 The Kei].son-Storer kernel3
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• •.~



_ _  

_ (~~~~~~ ‘)A4M)~
~i~~’

’-
~~’ ‘ 

~i ru ’~Y”’ e.

a.
(4~~~)

2 .~. (%....~~
( ~ LA

(0 ~~, ci < 1 ; u = most probable speed of thermal distribution) giving the
probability density per unit time for a collision induced velocity change
• is valid for we&~ collisions, but is suspect for strong or hard

• sphere collisions if the perturber to active atom mass ratio is large and

if v’ ~ u. It is a kernel that has been camnonly used owing to its

analytical properties, but has received limited experimental verification.

Several situations in which the above approximations became invalid

have been explored and are discussed below.

Collisions which are velocity—changing in their e?fect on optical
“acoherences • When the collision interaction is nearly the same for two

levels involved in a transition, collisions are velocity-changing (rather
than phase—interrupting) in their effect on the optical coherence associated

• with those levels. We have carried out a theoretical calculation for this
case • In particular, we have shown that , if the populations in levels 1
and 2 are nearly the same, owing to some incoherent pumping , then the
probe absorption line shape clearly reflects whether collisions are
phase—interrupting or velocity—changing in their effect on the 1—3 optical
coherence. An experimental test5 of these results for excited state rare

..14..
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gas systems seems to be consistent with phase—interrupting collisions
rather than velocity changing ones .

Transit—time effects . En analyzing experimental, data5 in
• which one of the energy levels is metastable , the importance of transit

time effects became evident . In this case , the lifetime of the atom is
determined by the time it spends in the laser field rather than by the
decay time of the levels involved. We were able to show that a simplified

model of transit time effects is in good agreement with more extensive
• calculations6 carried out in the weak field limit . In this model, the

metastable decay rate y is replaced by y + vt/R where v.~ is a transverse
velocity and. R is the radius of the light beam. The transit time can
significantly affect the saturation parameter ( important in strong field
calculations) which is proportional to and this simple model allows
for an adequate treatment of this effect. Inclusion of transit time

effects led to a correction to the value of the saturation papaineter
measured by linear absorntion techniques on excited states in the rare
gases.5

Strong pump field. In many cases of experimental interest , the
• pump field exciting the 1—2 transition is strong enough to invalidate a

perturbation theory approach. Thus it is of important practical interest
to generalize our earlier work to allow for strong pump fields . In the
absence of c~ollisions, line shape formulas have been derived

7 which,

• although algebraically complicated, are easily evaluated on computer.
Line splittings due to the ac Stark effect may be seen in some cases.

• We have obtained the equations giving the probe field absorption in
a three—level system with a strong pump field and collisions occurring
in the system. The probe field absorption may be written as (for simplicity

level 1 only is assumed to be incoherently pumped - 

~2 X3 = o)
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where = rate of velocity—changing collisions in level i; x,X’ are
field strengths E , B’ in frequency units; W~1

(
~
’4) is the collision kernel

for state i; is decay rate of (i ~ j) including effects of

phase-interrupting collisions; decay rate of level 2 back to level

1.

These equations are virtually impossible to solve for arbitrary

collision kernels. A key quantity is the saturation broadened homo—
B B

geneous width • In most laser spectroscopy experiments, 
~12 ~~

less than the Doppler width and y~2/k represents the width of the hole

burnt in the velocity distribution by the pump field. If ktsu

(&i = rms velocity change per collision) collisions are relatively weak

and a good approximation is to take the collision kernel of the form
-p -p

W(v’—v). For this kernel we have solved the equations and obtained

solutions in terms of Bessel functions. As yet we have not numerically

evaluated the line profiles that were obtained.

Another case of interest which we have solved is that in which

)thu > i.e. collisions which are strong enough to remove atoms

from the velocity hole created by the pump field. In that limit, the

terms in the eouations may be dropped and the equations for

reduce to the form of the weak field equations1”2 with the replacement

of 
~12 

by These equations were solved for the Keilson—Storer

Kernel and the resulting probe field absorption is
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where c 1 (copropagating) or —l (counter-propagating waves), ci is the

parameter in the Keilson—Storer kernel , and ~ is the Plasma Dispersion

function.
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In the weak field limit , the first sum reduces to the two—quantum

contribution to the line shape and the second to the step wise contribution

front atoms which have not experienced velocity—changing collisions. The

~th term in the third sum provides the contribution from atoms undergoing

• 11 velocity—changing collisions in level 2 before being excited to level 3.

We have not yet analyzed the line profile in detail to see the effects of

collisions on line splittings, but have so far restricted our analysis to

particular experimental situations to be discussed below.

Experiment of Liao and Bj orkholm. Liao and Bj orkhoim have

carried out a saturation spectroscopy experiment on a three—level system

in Na perturbed by the rare gases. Using pump detuniri a of ~.O GHz and
1.60Hz (compared with a Doppler FWHM of 1.7 GHz ) ,  they obtained probe

field. absorption profiles. The analysis of the data is at the preliminary

stage, but some conclusions have been reached. Typical large (~ .o 0Hz)
detuning data is shown on the next page. At these large detunings , there F
is no velocity—selection and velocity—changing collisions are unimportant .
The collision induced absorption about t~’ = 0 is the “collisional re-
distribution term” that has been described elsewhere1’2 and is also re-

ferred to as excitation via an optical collision. A f i t  of the experiment

to theory with no free parameters (all broadening parameters are available

fran other experiments) yields very good agreement .

At smaller detunings (1.6 0Hz), velocity—selection and velocity—
changing collisions play an important role as can be seen in the data on
the following page . The “shoulder” in the data arises from velocity—

• changing collisions and increases in magnitude with pressure. First

• . attempts to analyze the dat a seem to indicate that the Kei].son—Storer

• kernel does ~~~ adequately explain these results. We shall test whether
a hard—sphere model gives better agreement.

Thus, this experiment offers great promise. With large detunings,
one measures collision induced absorption and the various width and

shift parameters. With smaller detunings, the nature of the collision
kernel can be studied.

—9—
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2. Optical Collisions (S.D. Yeh, P.R. Berman)

In “optical collisions” , a collision is used to provide energy
to aid in radiative excitation. We have termed such a process “Collisionally
Aided Radiative Excitation (or Emlision)” (cARE) and have carried out
numerical calculations of CARE) in two level systems for attractive, re—

8’pulsive andLennard-Jones type potentials. Saturation effects, dressed
states, bare states, and collision induced level crossings are discussed
in our article.8

In addition, a model problem was solved with the goal of obtaining
additional insight into the nature of the results in CARE calculations. For
an interatomic potential of the form

v(t )  A(b )  e_ l tI
~

’T(
~
)

(b = impact parameter), an analytic solution in terms of tabulated
functions may be obtained. This solution, valid for arbitrary field
strengths gives an excitation probability P

~ ~~~~q j v  5 t 4 b  P (~ )

~~~~~~~~~ ,
‘ - -

~~~~~~~~~ 
~~~~~~ , r , i~~~~ri-’, ~~r)

~ ~ •(, 
- 

~~ 
2 - ~~ - 

— 
‘ 

~~~ ~~~~~~ 
~~~~~~~ y g - ~ rV

ep (
~ 

,. 1 .~~i’ a ~ r Y , ~‘ r I

P ~~(c~~ Y , it-~
’u~~~, i 6 v)  c f ( i  ~~a , s t t ’0 r,
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F where 71. is the perturber density, v the relative speed, and •(a,b,c) a 1 1
• confluent hypergeanetric function. We have not yet analyzed this

solution in detail; the asymptotic properties of the • function are not
• fully developed in the literature. However, certain properties of the

solution are apparent.

The asymptotic Bolution for ].arege “red” detunings (attractive

potential — negative detuning) where collision induced level crossings

occur agrees well with results using power law potentials. For large

“blue” detunings the exponential and power law results differ in two

ways. First, the potential we have chosen has a discontinuity in slope

at t = 0 and this gives rise to an additional asymptotic contribution

not found with smooth potentials. Even if this term is discarded,

however, the remaining asymptotic solution, on integration over impact

parameter, has an inverse power dependence on detuning rather than the

exponential one found by other authors.9 Further analysis of our results

as well as those obtained by others9 is needed before the usefulness of
this model potential can be determined. A similar potential was used by

Crothers1’° for radiative collisions and may possess similar drawbacks.

Work is continuing on CARE in three—level systems with special

• emphasis ~ming given to understanding Interference effects In these

systems.

3. Radiative Collisions (E.J. Robinson)

Considerable experimental and theoretical attention has been paid

in recent years to the problem of “radiative collisions”, inelastic

processes in which two dissimilar atoms collide under the Influence of
• a laser field.~~

’
~
’8 One atom, A is initially excited, the other, B

in its ground state, and the radiation is (nearly) resonant with the
difference in excitation of the initial state of A and a level of B.
As a result of the combined effect of the collision and the light—matter
interaction, A makes a transition to Its ground state, B to an excited

• state, and a photon absorbed. Dynamically, A’ + B + hU + A + B .

_ _ _ _ _ _ _ _ _ _ _ _  
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The customary theoretical formulation) which we followed, treats the
radiation field and nuclear motion classically (with the further assumption

that the latter consists of straight line paths for both atoms) and the

electrons quantally. In addition, it is possible to reduce the problem to

an effective two level system, where initial state ~i> is the composite

(A’B) and final state 2> is composite (A,B”). Assuming that the atom—

atom potential may be adequately represented by its dipole—dipole
11’asymptotic form (see the references and the enclosed preprint ) and that

the rotating wave approximation holds the effective Hami].tonian

~~ Ha . .  t2 >~
(4
’ (

~ R~~i- Ci i i/3~ ~ + ~~-? R~~

3 

~~ 

‘~~~~

where Q1C1 are the van der Waals’ and Stark co-
efficients for state ID , and B an angle—averaged constant sum over off—
diagonal matrix elements. ~ is the detuning. Atomic units are employed

here and below.

The time—dependent Schroedinger equations for the state amplitudes

and a~ become the simultaneous linear equations

• . 4, 2 .4,
~~~~ 

.
~~~~~ 

+ ( ‘~L~ ~~
- Q~ R 

) 
~~ I ) (la)

I~~
(i~~ ~~~~~~~~~ +(~4- +Qj’Wa~ (ib )

A useful alternative form is given by a transformation to the inter—

• action representation .13

• -I-

EB • ( , • 
_ _

= ~~. e~ e )( P ~
‘ i ~ ~t~~Q).) ~~~~~~~~~ J (2a)

= ~~~~~~~~ f ~
. (Q•-4~2~)  £-~ii1~ 

(2b )

I
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Either Eqs. (1) or (2) are to be solved subject to the initial

condition at t — — ‘° , a1 = 1, a2 
= 0. In terms of the impact parameter

• p, R(t) = (v2t2 + p 2 )Y~ , where v is the relative velocity of A and B.
• Our initial plan was to exploit the simple structure of this
• effective two level problem by solving it numerically on a machine , and

to present the results without being concerned about analytic solutions.

We found, however, that the step size in time required for large detuning

• and/or small impact parameters tended to produce extremely time—consuming
and costly computer jobs. We also found that the asymptotic methods dis-

cussed by the Soviet authors~~ were quantitatively unreliable. Consequently,

we elected to seek model problems which could be solved in closed form.

A useful, simpler version of the problem is the weak field limit.

(In the context of the present problem, “weak” means less than about

watt/cia2.) Geltman15 and Kni ghtl6 have obtained analytic solutions to this
problem in the low intensity case by ignoring the level—shifting term in

the effective Hamiltonian, V
~5

= (
~1

_Q
2)/R

6. This simplification enables

the problem to be reduced to an integral representation of a modified

Bessel function K1. However, it yields some unphysical results, ~~~~~~~~~~

lineshapes which are symmetrical about exact resonance. It also fails

to generate oscillations of transition probabilities for impact parameters
• smaller than the Welsskopf radius. These omissions are quite serious, and

lead us to prefer calculations in which is taken into account, at

least approximately.

• 
• • An immediate generalization of the calculations of Geltman15 and

• Knight1 may be made if one replaces the actual asymptotic level shifting
term by a delta—function in time, where the coefficient of d(t) is

• adjusted to the actual phase induced by the R 6 term. The R 3 transition—

inducing term is included exactly in this treatment. We have completed

our analysis of this model and submitted it for publication.11 The

• 
closed form nature of the solution of the earlier investigators is

-15-
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retained, but the spurious symmetry of the spectrum about t~ 0 is removed.

The oscillations referred to above, which arise from interference effects,
are present, also. Curiously, the impact model predicts a line shape

closer to experiment12 than does “exact” numerical calculations)3 We

• are unable to account for this apparent “superiority”, and it might be

• due to a fortuitous cancellation of errors applicable only to the specific
• atoms studied by the Harris group.

It would be of interest to extend the impact level shift model to

• arbitrary field strengths. We were unable to accomplish this without
some modification, which we now discuss.

• The interaction representation form, Eqs. (2),of the two level

equations is of the general form

~1
;~~~~1

=y ( ~)e c~/~~ (3a)

.—i~~* ( 3b)

The pair of simultaneous first order equations may be replaced by two

non—coupled second order equations19

~: ~~~~~~~)~~~~
+ A] ~~(t + = ( 1~~)

0 2.
• — r~, 

(
~,) — 

~~J 
o(~ 3 V) 

~ 
(lib)

• For arbitrary fields, It is necessary to solve Eqs. (3) or ~~4) without

the approximation a~ ~ 1. Even with = 0, I have been unable to find

an analytic solution to this equation. (Since there does not seen to be

— 16—

L _ - -•-
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any reference to the solution to this equation in the literature,

apparently neither has anybody else). If Eqs. (
~

) were solvable for
V~~ = 0 , it would be possible to obtain an immediate generalization to

• the case V~~ = A6(t), a strong field impact level shift model.

• A problem that has been solved exactly with 0 is the Rosen—

Zener problem, for which V = K sech nt/T, instead of the present

(v2t2 + (Presumably, this arises from the milder nature of the

• singularity in the complex t plane for the former compared to the latter
— — simple pole vs. branch point). Along the real t axis, however, there

• • 

is quite a close resemblance between i(3(t) and K sech irt/T — — that is,
there should be, at most, only a small change in the numbers generated

by a power law coupling potential and a hyperbolic secant coupling

potential. We verified this in the weak—field impact level shift case,

choosing the parameters of K sech irt/T so that the two potentials are

equal at t = 0, and gave the same transition amplitude at zero detuning.

(Since we work in the time domain, the constants characterizing the

hyperbolic secant vary with the impact parameter). It turns out that
not only does the hyperbolic secant—impact level shift (HSILS)model agree

exactly with the R 3—impact level shift model at zero detunings, (this

is by construction) but also for large detunings , with the greatest dis-
crepancy between the two occurring at intermediate values of A , where we

found cross—sections differing by up to about 10%. We consider this
situation to be satisfactory.

For completeness, the weak—field transition amp1iti~ge in the HSILS

model is given by the quadrature, Ict2(+ co)~ = 2KIcos 
~ J sech

cost~t dt + sin 
~ 

sinAt dtl, where th is defined ac for,~he n~
• coupling potential °(see preprint), and the integrals r.iven by 

J

cosax sech Bx dx - ir/2B sech 
~~~ S 5.naA ci

~~~~~~~~~ ~~~~~~~~ , where ij, is the digamma function.

—17—
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Thus we regard the substitution of the hyperbolic secant for R 3 as

a minor additional approx imation. Our motivation for the replacement is

that the HSILS model may be directly extended to the strong field limit ,
which, for t j~ 0, obeys the same differential equations as apply to the

classical problem of Rosen and Zener.20 Equations (3) become, for non-

zero times 

I
~~ ( Sa)

e. ~~~~ . (Sb )

Making the change of variable , z = (tanh ,it/T + 1)/2 , Eqs. (Ii ) become19,

for t~~~O ( z ~~~l/2)

IC~
_
~~~:+t~~;

_(1+a +b)
~J M_ a 1 ô , (6a)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(6b )

where a = — b = ~~~, C1 = — I .
~~, C~ = + I ~~~~~ . Primes denote differ—

ention with respect to z. This is the hypergeanetric equation . Eqs . (6)
are subject to the indicated Initial conditions at t = a (z = 0), so
that for z ( 1/2, the solutions are identical to the pure Rosen—Zener

problem. At z = 1/2, the level—shifting delta function is switched on.

Taking the delta function to act only in the upper state (t~ is may be done

without loss of generality since only the relative level shift is of
• physical significance), it changes the phase of Ct

2 
by •, while leaving the

• magnitude unchanged. The amplitude factor Ct
1
, and hence a~ is unchanged

by the level shifting potential. Therefore the latter is continuous at

z — 1/2. These provide new initial conditions at z 1/2 for the solution

of Eqs. (6) for the region z > 1/2. Our desired solution is the value of

—18-.
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• •~~~~•.• .•

u2 at s~~ l ( t w + ~~ ), to wIt

• 
~~~~~~~~~~~~~~~~~~~~ 

i-rb CSC 1,

• where — ~~~~ - 

(7)

€~ = F(~~~~~~~~’i)

• ~~~ = F(~~~ )~~~~)) ~~ = F(~~~ ’~~ 
b~~~+5 

~~~~
— 4 )

~~

0~ F(
~~~~~~~~~~

’ ~45~~ +I) ~) • ) f~= ~~ F(a—cl+t )

~~ C~+l) ~~~~~~~~~~~~~~~ ~~ F(o~—c~.-I-a)

• b-~~ 1Q

The F’s are Gauss hypergeClnetric series .

—19—
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The n~~erical work for the strong field HSILS model has been can—

pleted and is being analyzed. Our findings indicate that there is no

perceptible difference between weak field and strong field formulations
up to an intensity of about 2 x 10 watt/cm 2 for the Ca—Sr system
studied experimentally by the Harris group . Above that power density ,
we fi nd a shift of the spectral max imum to the red, and a small change
in the lineshape. Also , as the intensity rises , the relative contri-

bution of small impact parameters diminishes . Consequently, the shift

in the peak seems to be almost entirely due to the A.C. Stark effect.

That partof the shift due to the exact treatment of the Ksech irt/T
coupling , which is in the opposite direct ion toward the blue , seems not
to have much effect , since It is greatest at small irmact parameters ,
whose relative contribution to the total cross section becomes less and

less at high intensities.

A paper based on the HSILS model should be completed and submitted

for publication in the near future.

Thus , the simulation of an inverse power law potential by a hyper-
bolic secant seems to be well—motivated and useful. On the other hand,
the replacement of R 6( t) by a delta function , while yielding an exactly
solvable model seems to be less convincing, even though it generates
spectral properties known to be consistent with experiment, and Is a distinct
improvement over calculations which omit level shifts altogether . Con-
sequently, we were led to explore a model in which the potentials are
pure hyperbolic secant, i.e., replaced by Ksech nt/T, and R 6 by
Psech

2 
irt/T. In the weak field limit, this means that we need the

integral

j ( ± +~~)=~~c S c 1~ ~~~~~~~~~~~~~~
= k~~~~sec~~ç 

_t
~~~P~ 

~~~ +Q!h TtJ (8)

• -20-
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In terms of dimensionless parameters, this is proportional to

I~~

= ~ e~p 1aii1~x~ cix ’ (~)

The integral in Eq. (9) may be formally written in terms of a

contour integral. Consider the path shown in Fig. 1. We first consider

the case of ~t = 0 for simplicity .

• • 
- --

-

-

~~~~~

Figure 1

For large B, the contributions to the contour integral arising from the

vertical sections vanishes exponentially. The two horizontal sections

• . are easily shown to be proportional to one another. Thus, apart fran a

multiplicative constant, the integral of Eq. ( )  is given by the residue

• theorem. For ~‘ = 0, there is only the simple pole at iw/2, and the
integral becomes 

~ ~
V
~
1
c:4X s Z

A similar procedure should apply for p ~ 0. The same contour is

used, the vertical segments of the contour integral vanish as ~~~~~~ and

the horizontal segments are proportional to one another, leaving the

-21-
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desired integral expressible in terms of the singularity at iir/2. This,

however, is no longer a pole, but an essential singularity. To evaluate

the residue in a straightforward way, we would require the Laurent
iptanhx . i~xseries for sechxe and the Taylor series for e in the neighborhood

of the non—analytic point, wh ich ordinarily would involve , among other
iptanhx Bxthings)expanding e e , and sechx . This gives a mess, and it

turns out that a simpler procedure is available. Writing the

integral in Eq. (9) in a series representation at the outset, we have

~~~. ~ia~i~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
(10)

The zeroth term has already been given. The coefficient of ~~ may be— U •

calculated via a parts integration S s ~ia,ih~ e d~

= — 
; 

~~~

For k ~ 2, we have again , via parts integration ,

~:
sec

~~~~~~~~~~~~~ 
~~~~~~ clx . S c s ’ H~w~~~ aii h~ c e dx~

— Stc~i 1~v~ ~~x ?) r ~ ~ 1?’ S ~ ecu )~*~1 ~I
’
~~ E~ CIX

• 4 - I)S 13x B ’~~~ 
~~~~~~~ ~~~~~~~~~~~~~~~~~~

~T~~t ~~~~~~~~~~~~~~~~~~~~ c~~

Thus, instead of explicitly working out the residue at the essential

singularity, we have the series

1= irsec.~ 1L~~ ~~~~~

• - 22—
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~ -------- •,-~ -•-•- --- • •~~
•• 

where the terms are obtainable via the recursion formula ~ 
i B ,

i ~~~~~~~~~ 
.

~~~~~ ~~~~~

• This appears to be a simple, tractable procedure and numerical work 5s

being carried out.

It is noted that a similar trick works in the case of opt ical

collisions. The weak field transition probability, in the dressed atom

• basis, requires the evaluation of the integral

~~~~~~~~~~~ 

~~ 
d ’(

~~~~e~p~~~S~~~~~~ . I]

We may construct a hyperbolic secant model analogous to the radiative

caseby replacing the R~~(t) term by a sech
’
~itt/T in both the exnonential

and its pref actor, reducing the problem to an integral of the form

2.

1= e
We use the same contour as previously (Fig. (1)). Again, the vert ical

segments give a vanishing contribution to the integral, and the hori—
zontal segments give contributions proportional to each other , leaving
the integral to be expressed in terms of the singularity at irr/2. For

U = 0, this is now a second—order nole. For p ~ 0, we have the series

~~~ e ~e~~~4j ich~ CIX)

• —2 3—

±Jii~Tii~



and may avoid the need to evaluate the residue at an essential~,<~i~~ularit~
by again formulating the problem recursively. Thus, 

J~~~

__. 7 ____

= 
-&~~~,4 ~~~ d,~c Usi~~ -the

• m- ~ s +ernhx~ dx

• 

• ~~~~~~~~ ~*‘ilf~~) 5 c~J i X C  cJ~~z ~~ec~~~~e ~_ c~

~~ 
S~~~~~~~~J1~

-

~~~~~~ 
cix- ~~~~~~~~~~kii)i( 

~~~ CIK ) ~ r

• ‘
-

~~~~~~~~~~

-

~~~~~~~ ~~~J-~,--J j -  ~~R~
1 ~~~~~~~~~~~~~~~~~ 

t-!~rk~~~~

rj.= ~~~~~~~~ *~~
j 1

L x-i~~4 ~~~~cJ~~ ~r~eJi ‘c )(SE’d’IX

—1T
~J14~~~~~~

’ 

~~~) ~~~~ ~~~~ ~~ - Sc&11 )C471(b ~1c ~
eJi~ .-hjgJA ~~

)( J) ( ÷L~—~ ~~~~~~~ ~~~
4 ~ ; ~~~, ~~~~~~~~~~~~~~~ ~~cfri ~i

~ ~~se~~~x -i-
~~~~i~~~~~~~ X e clg*( ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

• J~c-i) ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

‘ cJ~ ~
. ~~~~~~~~~~~~~~ ~ c~ cA~~

0 r) ~~ 
1c’L-L + L~

’ —

~
-

~~~~
-‘

In contrasting the weak—field integration required for hyperbolic

function coupling and level shifting potentials with the R~~ potentials
occurring in the actual atom-atom system , we note that in the former case ,

-.214-.
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the singularity in the complex plane is a pole for p = 0, and an

essential singularity otherwise. In the R 3 case, there is a branch
point for zero level shift while when level shifts are present , the

• integrand decomposes into one term which possesses an essential

singularity and a second which consists of a sum of functions, each of

which possesses a branch point . The relatively milder pathology for
• the hyperbolic secant case leads one to suspect that it is possible to

successfully formulate it in the strong field case as a generalizat ion
of the Rosen—Zener problem. This proves to be the case.

We now consider the strong field generalization of this problem .

In the notation of Eqs. (3), v(t) = {Ksech irt/T}exp(—iptanhirt/T), so

that Eqs. (14) become

•+ [ i 4 ~~~~ ~I±~ + ~~~~J~1L~
_ , 

~~Jt~~~~ ~~~ ~~~~~~~~

L 
_ ~~~~~ ~~~~~~~~~~~~~~~ ~ “ AJ ~a ~T T - 

( llb )

Using the Rosen—Zener problem as a model, we make the change of variable
= (tanh lrt/T + 1)12 , so that

L (~~~~-z ;p 2 ~~ —~~) kd1~~ ( 12a)

• 
( 12b )

If we east this into a form analogous to the bypergeometric equation

.~u_ i~~~i,4~ 
# i ) *

~~~ +t ~~~

• • • ~~~~• • •~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••••fl4• • % •~~~~~• ta~~ *frfl ~~~t



• -~~~~~~~~~~~~ • • • • •

where 
_ _

\D~~=~ ‘p [ (~~~~

£ / iZ lT L
• Q~~~~1_ % IST

2-IT

c~~~
_ Cl

~~ ~~~~~~~~~~~

The hypergecetetrie equation (II GE) ,  is , by comparison
• 

~~ (t— ~~) F” 
~~
- [(g.~-b+~ 2~-c3 F •-t- ck b F~~O ,

The HGE has regular points at z = 0 , 1, and ~~~. Our equation retains
the regular singular points at 1 and 0, but has an irregular singuJ ar
point at ~~~. That is, the general solution of Ens. (13) will have an

• essential singularity at z = ~~~. Comparing the z and t planes , it is
obvious that the essential singularity that appeared in the weak field
integrand has been mapped to infinity in the new variable. The i~enera1
solution at the finite singular points will have either a pole or a
branch point, however , a situation that persists even for p ~ 0.

We attempt to solve Eqs. (13) by the power series method , looking
• particularly for one solution that goes to unity at z 0 ( t  = — Co)

Writing ( the subscripts 1, 2 are suppressed)
• S

~~J !  Z 1~~~ I 

• f

—26—
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we obtain the three term recursion relation

AO~~ ) A 1= aj�~ /:)~~~,=~q~ -I-

nrrS —l —  S -S~+ \ u+~
) )

This gives a solution of the relevant differential equation , analytic at
z = 0, and, since the nearest singular point of the differential equation
is at z = 1, must also be convergent throughout the circle ~~ < 1. We

require the second solution, looking again at the HGE for guidance. We
make the transformation a = ~~~~~~ The equation for (

~ is again of the
same form , to wit ,

~~ ç )  (~,
II a~ ~~~~~ 

4-e’) ~ -~~~ ~~~~~~~~~ ~ ~~~ (7~b ~~~~~~~~ ~~~~~ /3~
o

(l14 )
where ~~4~~~~~C 4  2-?..c~~ ~ b #(44J-1~)((--ç~ +C ( C—.i~~,

~~~~ ~~~~~~~~J) ~~~=Q 4 2~(t - ( )c~.

Clearly , an analogous series for ~ may be written , with the same re—
• cursion formulae. Thus a complete solution has been found in a convenient

form. We seek a second generalization tractable at z = 1.

To accomplish this , we make use of the symmetry inherent in the
equation between the singular points at z = 0 and 1. Making the change
of variable u 1 — z , we obtain a differential equation in the variable
u in which the roles the two finite singular points are interchanged

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ U30/

(‘5)
where primes denote differential with respect to U , and

• ~~~~J~~~~~4~~~~4J ~~~~~~~~~~~~~~~

e
—21—
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1 ’  •

The two solutions in the new representation may be immediately written

down from our original pair. These are convergent (in terms of

z) in the range 0 < z ~ 1. Since one of the new solutions vanishes

at z = 1, and the other goes to 1, all we require for the transition
• amplitude is the coefficient of the latter. We thus proceed at follows.

Using the series centered around z = Q, and the initial conditions, we
• 

. write down a solution. For the point z 1/2 , we write also the

solution in terms of the two series centered around z = 1. The two
forms of the solution must be analytic continuations of each other , and
the values of functions and first derivatives must be the same for the
two forms in their common domain of analyticity . We use this information
to evaluate the coefficients of the two independent solutions evaluated
in series form relative to z = 1.

• Preparation for numerical analysis of this model have begun . It
also seems likely that an analogous differential enuation may be written
for the optical collision case . This will be InvestiRated.

— 28—
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Is. Laser Assisted Heating or Cooling — (P.R. Berman with S. Stenho]in).

21~• We have proposed a plan to use collisions in the presence

of a radiation field to either take up or provide kinetic energy in the

- 
absorptive process and, consequently, cool or heat the sample. A recent

successful experiment using ions in a trap
22 uses a method similar in

• spirit to our proposal, although it is the trap rather than the collision

partners which absorb the energy.

5. Optical Ramsey Fringes and Photon Echoes — (J. Le Gouet and P.R . Berman) .

We have begun a study of photon echoes in a standing wave

• laser field. It turns out that , using two strong standing wave pulses

separated by a time r , one obtains a true photon echo at t = 2r plus

additional signals at t = n t  (n = integer > 2). These subsequent signals

are equivalent to the Ontical Ramsey Fringes recently discussed by
several authors.23 An interesting feature of the strong field calculation

• is that population pulsations appear at exp(2inkvt ) for atoms moving

with velocity v. Thus, small changes in velocity owing to velocity—

changing collisions can be magnified by a factor n so that standing

wave echoes may prove useful for studying weak velocity—changing

collisions. Our theoretical results are at a preliminary stage.

I

_ _ _ _ _ _ _ _  
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ABSTRACT

H An analytic expression is derived for the
transition probability during a radiative collision
for a model problem in which induced level shifts

- 

are treated in the Im pulse approximation. The
formulae predict a behavior that qualitativel.y

resembles that obtained for realistic potentials,

and is in fair agreement with the experimental

lineshape obtained by Harris and his colleagues.
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Figure Captions

• • Pigure 1: Energy Level diagram of composite system.

System absorbs a photon and undergoes a

transition from A2-Bl to Al—B3..

Figure 2: Radiative collision spectrum for Ca—Sr.

Cross section for absorption as a function

of detuning.

a; Impact approximation calculation, this
work.

8; Smoothed graph based on experimental curve
of Harris and White.

A; Numerical calculation of Harris and White.
(Note : each curve is normalized to the
same maximum. The ordinates , obviously, are
in arbitrary units.)
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Study of velodty-changlng collisions In excited Kr using saturation spectroscopy

C. Brechignac and R. Vetter
Labo,-atoire Anne Conon, ~eiure National de la Recherche Sciensifique II. Batimesu 505. 9i405-0rsay. Fran ce

P. R. Berman
Physics Department New York University, 4 Washington Pla ce, New York, New York 10003

- (Received 28 September 1977)
A saturated-absorption experiment is used to measure the effects of velocity-changing collisions between

Kr’ mctastable atoms (4p’5s13/21s) and He and Ar perturbers. Comparison between experimental profiles
and profiles calculated assuming hard-sphere collisions between Kr’ and perlurber atoms confirms the
calculations of Borenstein and Lamb concerning the change of velocity associated with a collision.
Furthermore it is found that the rate of velocity-changing collisions is consistent with the predictions of
kinetsc theory .

I. INTRODUCTION eters. A strong collision usually refers to a
collision which , on average, completely therm-

We report the first systematic saturation spec- alizes the atom ’s velocity distribution (t~u4 ’u)
troscopy study of velocity-changing collisions as might occur following a close collision between
(VCC ) between electronically excited active atoms a heavy perturber and a light active atom. In a
and ground-state pertu rbers. By choosing a per- previous publication , we reported on the Influenc e
turber—act ive-atom mass ratio less than unity, of collisions on saturated absorption profiles of —

we are able to clearly isolate the effects of close- the 557-nm line of Kr i ~; Kr’-Kr and Kr’-Xe
encounter collisions. As such, our analysis re- collisions were considered and interpreted in terms
presents an initial step in obtaining specific in- of a strong-collision model.
formation on the short-range part of excited- In this work , we study the effect of close-
state interatomic potentials by monitoring VCC encounter collisions between Kr’ atoms and He
using saturation spectroscopy , and it Indicates or Ar  perturbers, for which both the strong-and
the potential of this method for studying scattering weak-collision models are inadequate. Saturated-
in short-lived excited states .
The study of velocity-changing collisions (VCC)

In the ground and excited states of atoms or mol - -
‘

ecules using laser spectroscopic techni lues has
received increased attention over the psst few -

years.5’4 In a typical experiment one uses a
500 MS.narrow-band laser source of frequency SI tuned

near an atomic-transition frequency w to selec-
tively excite atoms with an axial velocity e’,

(t2—t ~ / k , (k Q/c) ; only atoms with this axial
velocity will see a Doppler-shifted laser frequenc y —

in resonance with their own transition frequency.
A probe laser beam Is then used to monitor any
velocity change undergone by these excited atoms.

A’::’

Although only one velocity component is studied
by this technique, Information on the nature of the
collision interaction can be inferred from the re-
sults of such experiments. Theoretical aspects
of the problem are examined In Refa . 10— 12.

• To date, experiments have been analyzed as- FIG. 1. TypIcal recording of the 557-nm line of
Icr I in the presence of He and Ar perturbers. Uppe rsuming collisions are of a “weak ” or “strong” tr ace: P~~, 8 mTorr ; P155, 260 mTorr . Lower trace:natu re. Weak collisions Involve relatively small p~~, $ mTorr~ p~~, 220 mTorr . The horizontal linevelocity changes 4u (~ u o = width of the equilib- represents the Doppler width //1. in this experiment

• r ium velocity distribution) and presumably the frequescy scale is determined by Fabry-Perot
characterize collisions with large impact param- fringes spaced by $3 MHz.
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absorption line shapes for the 557-nm transition (iii) Close-encounter Kr’ -He or Kr * -Ar collisions
(4p’5s( ~ b — 4p55p’[ k ), ) in Kr I were obtained using can be characterized as hard-sphere collisions
an experimental arrangement that has been de- with a collision kernel of the Keilson-Storer type’4
scrtbed elaewhere. The pressure of krypton was
kept at a fixed value of 8 mTorr and the pressures
of He and Ar pertu rbers were varied between 0 x exp[— (~ — a~ ’?/ (A u ? ] ,  (I)
and 700 and 0 and 250 mTorr , respectively, where w(~’ —~~) is the probability density per unitov 3 1Typical record ings of saturated-absorption pro- time to have a velocity change from ‘ tfiles are shown on Fig. 1. Saturated-absorption ‘

profiles have shapes and widths varying with mass AU =(l  — ti~Y”~u (2)
and pressure of perturbers; they could be con- is ~2 times the rms velocity change per collision ,sistently fit over the entire pressure ranges as- u is the most probable speed of the equilibriumawning they are the sum of a narrow resonance of distribution , ~ is a parameter related to the ‘

width 2)’ [ full width at half maximum (F WH M ) J  strength of a collision , and I’~ is the rate of VCC.and a broad background. The narrow component For hard-sphere collisions , Borenstein and Lamb’5corresponds to atoms that have not undergone have calculated a as a function of perturber—active-VCC, and the broad one correspond s to atoms atom mass ratio using a computer simula tion ofthat have experienced VCC. The shape of the the collisions .background signals provides direct information (iv) A single VCC is sufficient to remove atomscharacterizing the strength and cross-section from the velocity holes created by the field , I.e.,for Kr’-Kr, Kr’-He, and Kr’-Ar collisions. In AU ~ ~~~ This condition is satisfied in our ex-this paper we use a hard-sphere model to de- periment.scribe the collis ions, but more detailed models (v) The Kr’ -Kr collisions can be approximatedcould be used in the future, as “strong” collisions leading to a thermal
U. THEORETICAL ASPECTS distribution after a single average collision.

The following assumptions , consistent with the Hard-sphere collisions between equal-mass
experimental results , were used to arrive at a atoms or excitation-exchange collisions are
theoretical line shape, approximately described by such a collision

(i) The narrow resonance in the line shape, as model.’5 The data of Fig. I contain both the
modified by phase-interrupting collisions , satura- Kr ’-Kr and Kr ’-He or Ar contributions to the
tion broadening, weak VCC,’~~9 ’~ beam misalign- broad background .
ment , and laser jitter can still be well approxi- Assuming that the field strengths are weak
mated by a Lorentzian with some appropriate width enough to justify a rate-equation approximation
2y. to the atom-field interaction and using the above

(ii) The VCC redistribute the velocity of Kr’ in the collision model , one arrives at the saturated-4p 55s [ 
~ ]~ 

metastable state; effects of VCC on the absorption line shape’°” for equal pump and probe
rapidly decaying 4p~Sp’[~ L state can be neglected . frequencies,

~~~~~~~~~~~~~~ 
rt r1 ( ~ 4~\

ku r0(r 0 +r 1) exP~~i~-)
Ir I (_ a 3 l+&) 1 (_4 2 \+ ~~~~ (,~j ;f, (1., aS)l/I exP~~ çr— j—~~~ 51

where A =51 — ,~, is the detuning, I’, Is the Kr’- r t F0 +1”, +I’2 •
Kr VCC rate, i’2 Is the Kr’-He or JCr’-Ar VCC The line shape (3) has a simple Interpretation.rate , The first term arises fro m atoms undergoing no

=T ~~~~~ VCC during the time r , the second term arises
from atoms undergoing at least one Kr’-Kr

where i Is the lifetime of Kr’ atoms in the laser collision In the time -r leading to a complete
beams (experimentally, since the natural life - thermalization and the final term corresponds to
time of the metastable is very long, 1’ Is dc- atoms undergoing no Kr’-Kr collisions and some
termined by the transit time in the beams , which Kr’-He or Kr ’-Ar collisions In the time r lead-
will be pressure dependent) and Ing to a partial thermalization of the sample.

5-

i:
• 5
,
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III. ANALYSIS OF THE DATA

E ~perimental profiles were compa red to the-
/oretical line shapes corresponding to expression

(3) by making the following assumptions: For /
the fixed Kr pressure of 8 mTorr chosen in this
experiment we have taken the rate r , for ther- /
mallzing Kr’-Kr collisions as r, 1.4 x I05/sec ~0 /
determined from our previous experiment.’ We / .
have used a hard-sphere model for the determination /

Borenstein and Lamb ’5: a 0.936 for Kr’-He and 5

of a and r2; ~ was chosen from the results of I

a =0.6 for Kr’-Ar. {A larger value of a implies - 
/a smaller A14 [Cf. Eq. (2)) ; for perturber—act ive / ,

~~~atom mass ratios ~ 1, ~ ~~ and for perturber — -.~
5

active-atom mass ratios 4(1, a = 1.} The rate - - 
P H~ .nd A,

0 00 - 500F, was chosen from the kinetic theory of gases
with the “radii” of atoms as Indicated by Allen , ” FIG. 3. Variations of the transit time T Vs pertur-
r2 = 1.0 ~ 104 p sec ’ for Kr’-He and r2 = 0.53 x lo~p her pressure s. (Dots correspond to Hc.-Kr’ and
sec ’ for Kr’-Ar , where p is the perturber pres- crosses to Ar-Kr ’ data ) The broken lines correspond

to the variations given by the classical law of diffusion .su re In mTorr. At each perturbe r pressure , the

values of the two parameters y and r0 were varied
so as to minimize the rms error of the fit of
Eq. (3) to the data . Typical examples for He and
Ar are shown on Fig. 2. For the entire pressure
range studied the data could be fit very well (i.e.
with a normalized rms error 0.05) by Eq. (3) .

The values of r = r;’ obtained for the various

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ K r H .
perturber pressures are plotted on Fig. 3. There
is an increase of r with pressure similar to the
one observed for Kr ’-K r collisions’; accordingly,
we conclude that r is determined by the transit

- - times of atoms in the beams. The findings are
consistent with the premise that heavier perturbers
are more effective in increasing the transit time
than lighter ones. The two curves converge to the
same transit time at low pressure (r 0 a4 its) in
accordance wi th the value measured in pure Kr
at 8 mTorr; for the highest pressures they tend

J

~~

l

\

~

K:Ar

~~~~~~~

roughly to the linear variations given by the
classical law of diffusion .’

The FWHM of the VCC contributions (third term
in Eq. 3) as a function of perturber pressures is
shown on Fig. 4. As may be seen , both widths
approach the thermal-equilibrium value .~v/~T
=510 MHz as the pertu rber pressure is increased .FIG. 2. Typical fits for He and Ar pertu rbers. Uppe r

trace: pg,,, 8 mTorr; P51, 110 mTor r. j,ower trace: The heavier Ar atoms produce thermalization at
P,~1., 8 mTorr~ Ps,,, 120 mTorr. The solid line corres- a lower pressure than the lighter He ones (see
ponds to the recorded profile and large dots represent also Fig. I )  consistent with the hard-sphere col-
the calculated profiles corresponding to the best fit . lision model. A value for these widths obtained
The three dotted lines represent tne contributions from at very low pressure can be deduced from Eq. (3)
the three terms of Eq. (3): Curve 1 corresponds to the by taking the a = II term in the sum. These valuesna r row resonance (fi rst term) , curve 2 corresponds to are indicated in Fig. 4 by short-dashed lines .the Gaussian background (second term ) arising from
Kr’-Kr collisions, and c~I r ~- ~ corresponds to the con- We have tried various values of a around the
tribution of VCC (third term) arisin g from Kr’-He values mentioned above , a “0.93 for Kr’-He and
and Kr’-Ar collisions , a =0 .8 for Kr’-Ar. If a is chosen too small the

•1’

______________________ 
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W..n..oi vc c nearly constant value (“'3 Ma) over the range of 
41MH Z )  pressure and , second , the width of the narrow

resonance is too small. Additional experiments
with various perturber—acti ve-atom mass ratios

- — may help to clarify the manner in which the effective
excited-state radius should be chosen.

,~~ We have tried also to fit the profiles by leaving
free the three parameters y, F 0, and F3. For He

- —
~~~ the variations of r2 with pressure showed, as

expected , a linear increase at low pressure, but a
decrease at high pressure (p>200 mTorr). This

0~ - -. devIation from the linear increase was attributed
~ H~ 

~~~~~ to the fitting procedure used since at high pressures
VCC contribute well into the wings of the thermal

0 MO 500
distribution and it is difficult to distinguish between

FIG. 4. VarIations of the width of the VCC contri- Kr ’-Kr and Kr ’-He contributions . The low-
buttons Ithird term In gq. (3) of text l vs perturber pressure regime gave r5 = 0.95 x 104p sec ’ con-
pressure (dots correspond to He and crosses to Ar firming our choice for r2 determined from kinetic
pertu rbers). The horizontal dashed line corresponds theor and Allen~ valuesto the thermal-equilibrium limit. The short horizontal ‘

dashed lines correspond to the widt h of the a = 1 contri-
button in Eq. (3). IV . CONCLUSION

We have arrived at a consistent picture of VCC
in the metastable 4p’5s[ ~] , state of krypton caused
by argon and helium perturbers , based on a hard-

resulti ng ~u Is too large to fit the data (for example, sphere collision model. Future experiments of
a = 0.85 for He is a lower limit); on the other hand this type in two- or three-level systems may be
if a is chosen too large, the data could be fit only expected to provide a more sensitive probe of
with unacceptably small vaiues for 2,. (for He , a the short-range collisional interaction, while
=0 .98 is an upper limit). We conclude that providing a new method for studying excited-state

= 0.93 * 0.03 for Kr’-He, scattering.
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Résumé. — Une experience d’absorption saturéc a deux lasers conduite sur Ia raie de Kr I a
A = 557 nm a pennis l’Ctude des collisions Clastiques Kr ’-He. Pour une classe donnée d’atomes
pompés hors resonance (v, # 0) on peut mettre en evidence Ia persistance de Ia vitesse initiale aprC sn collisions Clastiques.

Abstract. — Elastic Kr’-He collisions have been studied using a two laser saturated.absorptinn
experiment on the ~ = 557 nm line of Krl. With the pump laser detuned from the atomic resonan~..e.one can follow the collisional relaxation of Kr’ atoms from a non-thermal distribution centred at

,& 0 back towards a thermal distribution.

In saturated-absorption experiments, a probe beam (A = 557 nm of Kr!) as a function of the active atom
monitors the longitudinal velocity distribution of to perturber mass ratio. In that work the same laser
actire atoms that are selectively excited by a pump was used to saturate and to probe the transition.
beam. Velocity-changing collisions (V.C.C.) after this During the scanning of the laser frequency, the satura-
longitudinal velocity distribution and produce a tor selects successive classes of velocity v,; V.C.C.
corresponding modification of satu rated-absorption drift and broaden the corresponding distributions of
profiles. Strong or thermalizing collisions give rise to a active atoms but their effect is necessarily detected by
broad Gaussian background superimposed on the the probe at — V5 only, hence symmetrical profiles
narrow resonance, i.e., following a collision, on aye- centred around r5 = 0. To directly view the dri ft of
rage, the active atom’s velocity is independen t of its active atoms, it is necessaiy to select them at a given
initial velocity, V5. and is determined by the thermal v5 ~ 0 and to tune the probe over the velocity dis-
distribution [1-4]. Weak collisions give rise to a dis- tr ibution as modified by V.C.C.
tortion of the shape of the narrow resonance ; they are To this end , we have performed a two laser satu-
collisions with large impact parameters producing rated-absorption experiment on the same transition of
velocity changes smaller than the width of the hole Kr( 4p5 5s(3/2]2-4p5 Sp ’[l/2],) with the V.C.C. pro-
burned in the velocity distribution [5-8J. Elastic hard vided by the perlurbers. The first dye laser , at fre-
sphere collisions between light perturbers and heavy quency v,, is used to select by saturation a given class of
active atoms lead to a non-Gaussian background signal longitudinal velocities far from zero ; to accomplish
owing to the velocity redistribution that they induce this, it is detuned from the atomic resonance at v0
[9, 10). The degree of thermalization following an by an amount comparable to the Doppler width
average collision is sometimes referred to as the (1

~VD = 720 MHz). The second-dye laser is used to
persistence of velocity, probe both saturated-absorption (counter propagat-

In a previous publication [91, we studied the ing waves) and linear absorption. Fabry-Perot fringes
effect of V.C.C. on saturated-absorption profiles are used to calibrate the frequency scale of the probe.

A typical recording is shown on figure 1. Trace I is 
- the linear absorption profile, centred at v0, Trace U

a () Supported by the U.S. Office of Naval Research under is a saturated -absorption profile obtained in pure
Coniract n° N 000 14- 77.C.0553. krypton, for a detuning 4 = v, — v0 = 600 MHz

~~~~UW~~~~S e ~~~
Naval RftUrch _
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Let abs. vely. The quantity F is the total rate of population
I ~~~~~~~~~~~~ density loss, F = F0 + F 1 + F 2 where F 0 is the

(k*4z) inverse lifetime of the state population under consi-
deration, which is here the time during which the

_______ 
atoms stay in the fields [9]. W1(v —‘ v5’) is the pro-

~ ,, ~~~~i~uiPw ~~~~ Kr bability density for a thermalizing event to occur per
4 

unit time ;

W 1(v ’~ —~ v )  = W 1(v ) = ._!.__ exp — (,152/ u 2)

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

where u is the most probable speed of the thermal
-
~~ distribution. W2(v’~ —. v )  is the probability density

for non-thermalizing events ; we choose the model of
Fin. I .  — Trace I : Linear-absorption profile. centred as ~ - Keilson and Storer [12] to expressTrace II : Saturated-absorption profile , obtai ned in pure krypton
for a detuning 4 = 600 MHz of the saturator. Trace Ill : Saturated .
absorption profile , obtained in a mixture Kr-He (FtKr) 10 mrorr. 

_______

P(He) 450 mtorr) for a detuning 4 = 600 MHz . The squares W2 (v’ —s

represent a profile cakulated from expression (2) with the values of 

= 

~[flAU 
— {(v; — av;) 2/ (Au)2J

the parameters indicated in the text. Trace (a) is the Lorentzian
centred at — 4: Trace (b) is the contribution due to thermalizing where a is the mean strength of V.C.C. related to the
Kr -Kr collisions, centred at 4 ’ 0; Trace (c) is the contri bution r.m.s. change of velocity Au by (Au)2 = (I — a2) u2.

due to Kr ’-He V.C.C. In this model F 2 can be fairly-well approximated by
the rate of collisions in a hard sphere model and for a
small ratio of perturber to active atom mass m/M 4 1.

of the saturator; it shows a narrow resonance centred 4 m
at 4’ = — 4  and a Gaussian background centred at a ~ I — ~ .~~(l1).
4’ = 0, and attributed to Kr -Kr collisions. Trace III
shows a saturated-absorption profile obtained in a Equation (I) can be solved by iteration and one
mixture K r-He, for the same detun ing. The difference obtains [10]
in shape between trace II and III is attributed to
Kr -He V.C.C. whose mam contribution ties between 

— 

— ,‘
~) T~ W, (v~)

— — 4 and 0. - 
— r + F 0(F 0 + I’ s)  +

INTERPRETATION OF PROFILES. — To calculate the + I f  N I — [v~ — a_v5~2
resulting profile in the presence of elastic collisions. (~~) ~j ’ii Au. Au, J— — exp

one considers their effect on the phase of active dipoles
(introduced via classical broadening constants) and where
their effect on the velocity associated with the atomic (Au,) 2 

= (I a2’) u2
state populations (introduced via a collision propa- andgate? [Ill) . The propagator G which propagates a
population density n(v,, 0) (v , = longitudinal velocity) O(v5 —s v )  = G(v, —. v ,  t) dt’.
to the value n(v , t) via

n(v~, t) = 
J 

G(v —~ v , t) n(v5, 0) d~ Saturated-absorption profiles are given, in a two
laser experiment (counter propagating beams) by the

satisfies the equation : following expression (at very low saturation) (101

7t3G _________

= — rG (v, -. v;, t) + 1 = 1~ ~ dv5 ~ dv~~~ + (4 — ks,,) 2

7+ F 5 J W5(v -. t,)G (v , —‘ v , s)d v X 
~ + (4’ +

W1 (v i)

+ r i W2(v . v)G(o, 
~ 

v . t) de; (I) where 7 is the homogeneous width (H.W.H.M.), A the
with detuning of the saturator and 4’ the detuning of the

G(v, -. v~, 0) = b(v, — vi) . probe.
—. v )  is the sum of three terms, hence the tota l

Both thermalizing and non thermalizing collisions profile is also a sum of three terms ; it can be expressed
are assumed to occur with rates F5 and r 2 respocti- in the Doppler limit (7 4 ku) as:

L ~~~~~
— 

~~~~~
_

_ _ _ _ _
~~~-~~ - - —---—-~~--—~~-.~::L.~5_ - 5 - 5. -~~~~-----~~~—-—=: _~~~~~~~~~~~~~~

-
~~~~~ . __S_____ .. _.1 

__~~d
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i ku7 1 .472 + (A + 4 ) 2 ku r 0(r 0 + r 1)

I ~r 2~’ ~ 27, / x
+— ~~ (,,

—1 —J exp— (—~ dx
~ F / k Au, - 4 7~ + (4’ + cc” A + x)2 ‘~k Au,!

(2)

— where 2 -7, = 7(1 + a’). A profile associated ton represents the contribution of
The first term in (2) is a Lorentzian corresponding to atoms which have undergone a mean velocity change

atoms which have not undergone velocity changes ; it Au, after n collisions.
is centred at — 4 with total width (F.W.H.M.) of 47.
The second term is a Gaussian correspoqding to
atoms which have undergone at least one thermalizing i i i
collision ; it is centred at 4’ = 0 and has the Doppler -

width . The third term is a sum of Voigt integrals and
corresponds to atoms which have undergone velocity -
changes but no thermalizing event ; it is asymmetrica l 3
and expresses the progressive loss of memory of the
initial velocity following n collisions. 5

The profi le shown on figure 1 has been compared to
a theoretical one (expression (2)) by use of a least -

square ~t.a has been chosen equal to 0.94 correspond-
ing to the predicted value (ill;? has been evaluated at
I S MHz accord ing to the experimental situation. A

Thus. profiles depend on two parameters only, r 2/ r (MHZ ) 0 6

and F 1 r/ r 0(F 0 + t’~
) which determine the inten- Fin. 2. — Contribution of different Voigt profiles with different n

sities of the two components due to V.C.C. compared values to the component associated to Kr’-He V.C.C. (Trace (c) of
to the intensity of the Loren tzian. Here we have figure I) . Positions of these different components are marked by

chosen to fix F 2/F and we have looked for a value of dashes. Note that the profile for n = I is already shifted of an
amount k Au .

F 5 r/ I’ 0(r 0 + F5) which gives account of the shape
of the profile; the same procedure has been used for
several different values of F2/F. n being limited to
sixty. The best fit , determined by the minimum value The fit yields the following values for the pars-
of the mean square deviation , has been obtained for a meters : F 1/ F 2 = 0.04 and F Q/ F 2 = 1.6 in close
well-d efined couple of parameters ; in particular. the agreement with those obtained in [9] on Kr saturated-
shape of the profile is very sensitive to the value of absorption with one laser. However we can notice
r i/F .  that the fit of the asymmetrical profi le is much more

An example of the fit is shown on figure I :  on sensitive to certa in parameters ; in particular . the
trace III. dots represent the calculated profile. sum of spread of cc values around 0.94 indicates that, actually,
the three tarsus of equation (2), each of them being a is defined in a narrow range : a = 0.94 ± 0.01.
represented by a that curve (trace a. b, c). The asym- Thus, our results indicate that a simple model of hard
metry of the component due to Kr -He V.C.C. shows sphere collisions can consistently explain the effects of
the non-thermalizing nature of these collisions ; this V.C.C. on saturated-absorption profiles.
is better shown on figure 2, where different Voigt D. Merle is warmly acknowledged for her contribu-
profiles rela ted to different values of n are represented . tion to computing.
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Abstract :

A fundamental physical problem is the determination of atom- atom, ato m- molecule and molecule-molecule differential and
total scatt ering cross sections. In this work , a tech ni que for study ing atomic and molecular collisions using spectroscopic line shape
analysis is discussed. Collisions occurring withw an .stomic or molecular sample influence the sample’s absorptive or emissive properties.
Consequently the line shapes associated with the linear or non-linear absorption of external fields by an atomic system reflect the
collisional processes occurring in the gas. Explicit line shape expressions are derived characterizing linear or saturated absorption
by two- or three-level “active atoms which are undergoing collisions with perturber atoms. The line shapes may be broadened, shifted.
narrowed, or distorted as a result of collisions which may be “phase -interrupting or “velocity-cha nging in nature. Systematic line
sha pe studies can be used to obtain information on both the differential snd total active atom-perturber scattering cross sections.

Single orders for this issue

PHYSICS REPORT (Section C of PHYSICS LETTERS) 43. No. 3 11978) 101-149 .

Copies of this issue may be obtained at the price given below. All orders should be sent directly to the Publisher. Orders must
be accompanied by check.

Single issue price DII. 23.00. postage included.

S This paper is written as part of a Fe.c tschr (/ i for Professor Willis Lamb on the occasion of his 65th birthday.

- - --- — -,——.,—-,,._— — —.
C

_______ ~ ~~~~~~~~~~~~~~~~~~~~



- - .  - 
_ _ _ _ _

~~

~

P.R. Berman. E~~ct.s oJ collis ion.s OPt spectr oscop ic line .shupe s 103

I. Introduction

I had the opportunity of working with Professor Willis Lamb for a period of five years, 1966—
r 1971. For three ofthose years, I was a graduate student and for the remaining two years an instruc-

tor at Yale University. Professor Lamb not only guided me in research, but also left me with an
imprint of his philosophy of physics. It is with sincere gratitude that I dedicate this article to him.

There is a certain mythology that has arisen concerning Professor Lamb. It has been rumored
that one should never utter the word ‘~photon ” or words ~‘Green ’s function ” in his presence. In my
relationshi p with Professor Lamb, I never found this to be the case. As long as the terminology
clearly described the physica l processes under discussion, there was never an objection to one
word or another. However, I think it is fair to say that Professor Lamb is somewhat impatient
with those who use terminology or formalism at the expense of physics.

Stressing the physical aspects of a given problem was always foremost in Professor Lamb’s
F mind. He would often use classical or well known quantum-mechanical analogs to try to explai n

a new result, rather than simply accept the fact that “it follows from the mathematics ”. I should
say that Professor Lamb’s greatest influence on me was to convey this need to get “inside” a problem
to understand the underl y ing physical pr inciples.

If there is one interaction I shall never forget, it is the eight or nine month period that we
spent going over my thesis. Each sentence was subjected to careful scrutiny and it was not uncom-
mon to change a phrase two or three times before Professor Lamb found it acceptable. The general
theme of his critical reading of the manuscri pt was “If it ’s worth putti ng in , it ’s worth explaining
it clearly”. While I admit that I have been guilty of not following this maxim from time to time,
it is the type of philosophy I try to pass along to my students.

I have tried to incorporate Professor Lamb’s philosophy (or , more precisel y, my perception of
Professor Lamb’s philosophy) in writing this article. The article con tains a summary of the research
I have carried out over the past several years related to spectroscopic studies of collision effects
in atomic and molecular systems. It is not a review article, but rather a personal view of the subject
matter in which the physical aspects of the various problems are stressed. Ex tensive bibliographies
may be found in two recent reviews of this subject area [I , 2].

A fundamental problem in atomic and molecular physics is the determination of differential and
total cross sections for atom—atom , atom—molecule or molecule—molecule scattering. The tradi-
tional method for study ing scattering phenomena involves the use of crossed atomic or molecular
beams. Crossed beam experiments are usuall y restricted to ground or metastable levels; excited
state densities are too small to give rise to detectable scattering signals. Recentl y, however, signifi-
cant excited state population has been achieved by using a laser to excite atoms in the scattering
region.

In this paper, I discuss an alternative method for study ing atomic and molecular collisions.
Consider a bulb containing a gas of classical oscillators (“active” atoms) and perturbers. The
oscillators absorb or emit radiation. There is a characteristic profile associated with these processes
having a width that reflects both the Doppler broadening and natural damping of the oscillators.
When an oscillator collides with a perturber, its phase and velocity are altered. These effects give
rise to a modification of the absorption or emission profile. Consequently, line shape studies can
be used to implicitly monitor collision processes in the gas. One can determine the active atom-
perturber collision rate and total cross section by this method.

Actually the situation is a bit different if one uses two-level atoms rather than classical atoms
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to represent the active atoms. The linear superposition of the two states induced by an external
field or the vacuum field produces a dipole moment in these atoms, in analogy with the dipole
moment of the classical oscillators. However, the active atom-perturber scattering interaction
may be state dependent for two-level atoms (i.e. dependent on which state the two-level atom is in)
whereas it was state-independent for classical oscillators. When a two-level atomic dipole enters
a collision, which trajectory should it follow? There is no classical answer to this question ; the
quantum-mechanical answer is discussed in section 2. The study of the linear absorption or emis- —

sion profiles associated with two-level atoms can provide values for the state-dependent active
atom-perturber collision rates and total cross sections.

Linear spectroscopy can provide information on total cross sections only. To learn something . ~ —

about d(fferen t ia ! scattering cross sections, one may use saturation spectroscopy. A monochromatic
pump fie ld excites only those atoms with a specified velocity component in the direction of the
field’s propagation vector. The excited atoms undergo collisions in which their velocities are
altered, and these velocity changes can be observed by subjecting the atoms to a probe field acting
on the same or a coupled transition. One does not obtain a true differential scattering cross section
in such experiments, but rather a differential scattering cross section averaged over perturber
velocities and those active atom velocities not selected by the pump field. Still, some semi-quanti-
tative data on the excited state differential scattering cross section may be inferred from the line
shape.

In light of the comments given above, it is reasonable to believe that linear and saturation
spectroscopy should be effective probes of atomic and molecular collisions. The remainder of this -

paper outlines a systematic method that permits one to extract appropriate collision rates and
cross sections from the line shapes associated with atomic and molecular systems. In section 2,
an equation for the collisional time rate of change of atomic density matrix elements is derived.
It is shown that for state dependent collision interactions, it is not possible to use a classical velocity
to describe the atomic center-of-mass motion. In section 3 the linear absorption line shape for a
two-level system is calculated and in section 4, the saturation spectroscopy profile for a three-
level system is derived. Phenomena such as collision broadening, shifting, and narrowing are
discussed in these sections. Section 4 also illustrates the way in wh ich saturat ion spectroscopy can
be used to provide information on excited state differential scattering cross sections. In section 5
additional problems relating to inelastic collisions, level degeneracy and resonant exchange colli-
sions are discussed briefly.

2. CollisIons

To study collisions between “A” and “P” atoms using spectroscopy as a collision probe, one
starts with a bulb containing a mixture of A and P atoms. The A (“active”) atoms are allowed
to interact with some external fields while undergoing collisions with the P (perturber) atoms.
One monitors the active atom-field interaction (e.g. absorption of an applied fie ld) as a function -
of perturber pressure to obtain information on A—P collisions. It is assumed that the perturbers
interact negligibly with the external fields.

The line shapes associated with the active atom-field interactions reflect all collisional processes
4-~ occurring in the gas. It is possible, however, to choose the experimental parameters such that

binary A—P collisions arc the only type of collisions that contribute significantly in line shape 
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forma t ion . First, a dilute ( � 500 Torr) gas must be used to insure that three-body collisions are
not important. In this binary collision pressure region, the time between collisions is much greater

- - - than the duration of a collision. Second, a large ratio of perturbers to active atoms must be main-
ta m ed to guarantee that it is A—P rather than A—A collisions which are dominant.

When the ratio of pertur ber to act ive atoms is large, there is an additional simplification ; the
perturbers’ velocity distribution is essentially unaffected by the relatively few collisions they under-
go with active atoms. The perturbers may be thought to constitute a thermal bath that is unchanged
by collisions. In the presence of this thermal bath the evolution of the active atoms’ velocity
distribution may be described by a linea r transport equation rather than the more general Bolts- -:
mann equation. The appropriate transport equation is derived below.

The situation can be more complicated if one wishes to study A—A collisions. In that case, it is
possible for atoms to resonantly exchange excitation during a collision. Resonant collisions are
discussed briefly in section 5. In sections 2—4, t he discussion is limited to binary, elastic, foreign
gas (non -resonant) collisions.

2.1. O,w-level system

The simplest system one can envision involves one-level active atoms. Physically, these one-level
active atoms could correspond to ground state atoms which are injected with some non-equilibrium
velocity distribution into the perturber bath For these one-level active atoms collisions result
solely in a change of velocity (fi g. I). In fact, the system may be though of classically as a thermal -

~~~

classical gas of P atoms Into which few non-thermal A atoms have been introduced The velocity
of A atoms IS then governed by the linear transport equation

~fA(’ t)/ ~ t = —r A(V) IA(P t) + Jdv WA (v —
~ ~)fA(~ 

r), (2 1)

where fA(~’ t) is the distribution function of the A atoms, WA(v’ —‘ v) is the collision kernel giving
the probab ility density per uni t time that an A atom undergoes a velocity change from i” to v and

= Jdv WA(v —. v )  (2 2)

is the rate of collisions. Eq. (2.1) multiplied by dv describes the flow of A atoms out of and into the
velocity range between v and v + dv. - ~~

- - - .

It is not too difficult to arrive at a quantum-mechanical transport equation analogous to eq. (2.1).
Provided that the range of the collision interaction is much less than the collisional mean free
path (binary collision approximation), collisions result solely in a change in the average velocity v
of a wave packet associated with an active atom. The quantum mechanical collision kernel is

p 
—S

F ig. I.  ( Ias.s,cai picture of a collision between a ‘~one.Ievel active atom A and a perturber P. The atom ’s velocity is changed front
, to , as a result of the collision .
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(.~~ r~ f ~(v~ —+ 

~ )~
2

> where . I- is the perturber density, v, the active at om-pert ur ber relative
velocity,f ~(v v~) the scattering amplitude for active atom-perturber collisions, and the average
is over all possible perturber velocities consistent with conservation of momentum and energy.
Ex plicitl y

WA(v ’ —. v) = .- 
(~

-)3
J

d v;dv 1I~.5( v;)v — ’o [ v  + ..
~~- v ’ — + v;] o(v; t’r ) IA( V r .~

~~~~~~~~~~~~~~~~~~~~ v ; = v ’ — v;,

where v (or v’) is the active atom velocity, v~, (or v ,) the per turber velocity, W,,(v~) the perturber
velocity dist rib ution , m the active atom mass, mp the per turber mass and p the reduced mass.

Similarl y. t he collision rate is given by < . 1 vraA (vr) > where a is the total elastic cross sectionfor active ato m-perturber scattering. As in eq. (2.2) one has

rA(V) = Jdv ’WA (v r ’) = - I 
~
j ’dvP H

~(v P)V raA(v r). (2.4)

The quantum mechanical transport equation has the same form as eq. (2.1), wi th the kernel and
rate now given by eqs. (2.3) and (2.4), respect ively, and the distribution function now describing
a wave packet with average velocity v.

Since it will aid in one’s understanding of collisions in two-level systems, I should like to ou tline
a simple, non-rigorous quantum-mechanical derivation of eq. (2.1). Imag ine an active atom
wave packet of cross-sectional area a and ~verage momen tum p’ approaching a stationary pertur -
ber (a 4 square of the collision interaction range). This packet could be described by a wave

L. function

i/’(R,t ) = et1
~’~~4(R,t), (2.5)

where A(R, t~~) properly localizes the packet. Following the collision , the packet consists of an
unscattered component A(R. t~~) plu s a spher icall y scattered wave S(R, t~ )(f i g. 2)

~i(R,t ’ ) = et R.4(R t + ) + 
‘~~~~~~~ 

v)
e

ti/~ )p .R
s(R t

+
) (2.6)

where

= e xp [— ( i m v ’2 Th)(r~ — t )]A[R — v’(t ~ — t ) .  t J ,  (2.7a)

4 ~~~~

Fig 2 Qti .,n tti m-m evh an ical pict ure of a collision between an .iciIsc atom -\ and .i  perturber P. The active atom is representcd by
~~isc pecket. Following a collision , the actise ato m ct ’t tsis t s oI,in unscat ler ed component plus a spherical shell representing
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and

S(R, f )  = exp [ — ( i m v ’2 / 2 h) (t~ — t ) ]A[R i~’ — v’(t ~ — t ) ,  r ] ,  (2.7b)

again give the proper localization of the packet. The change in probability density resulti ng from
t h is collision is

~5p (R, t~ . t )  = ki (R, t 112 — kIi(R, t ) 12

= [I A(R, t + 
)~ 

— I A(R, t ~~ 
2] + ~~~~~~~~~~~~~ ~~~~ 

R— P~R) A( R t + )S ( R, t +

+ /-~L ~!! ew P ’~ .)A(R , t +) *S(R , r +) + S(R , t~~~
2 . (2.8)

In the limit that
ôt = t~ —

goes to zero, the lead term in (2.8) will vanish, reflecting the fact that the atomic velocity is unchang-
ed if no collision occurs.

The remaining terms specify the change in velocity from an initial value v’ = p’/m to a fi nal
val ue r = r ’R. For a perturber density . I-

.
. t he density of particles scattered per unit time into a

solid angle dO,. is

[~ip( v. v , t , ~irl tit] dO,. = (. I ~r ’tr 5r) ( R 2 dO,./ a)öp(R , f
, t )/t5t

= .I 
.
~. [ ‘

s
~~

”

,
~~
’_!! 

~~~~~ 
5_ P R) A(R , riS(R , t +)*

+ 
JA(

R~
_
~
!) & I O ( P R — P  .R)A(R t +)*S( R,t~ ) + I f A( ”~~~ ~~~~ — IS(R. r 4.)12] R2 dOs.. (2.9)

It is necessary to integrate eq. (2.9) over all possible incident velocity directions dO,,. . In performing
t his integration , one uses the fact that R ~~

. h/p ’ (i.e. in the binary collision pressure region, the
(collisional mean free path) 

~‘ ~~~ = h/p ’ — it follows that , for all but a negligible range of R, R 
~~

‘ 2~)
to set

JdO. i ~ —. v) ~~~~ 
5 — p s ) ~~ f ( v  —+ v). (2.10)

The rapid oscillation of the phase factor leads to destructive interference in all but the forward
direction. Dropping the dO,. and integrating (2.9) over dfl~. making use of (2.10), one obtains

= . ~~ [i~
(
~ 

-. ,)*~4(R f ~’)S(R ~~+ )* “ fA(’ —~ ,)A(R,,~ )*S(R, t~~)]

+ . $ t’ Jd01i lAW -~ ~
)I2 I S( R. r + ) 12 . (2.11)

Using 12. 7) and taking the l imit  5r —. 0, ~ t —. 0, one arrives at the quantum mechanical transport

_ _ _ _ _ _ _  _ _ _ _  
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equation

3p(v, t)/at I~01, = — rA(V)P(V, t) + I dv ’Wk(v ’ -s v)p ( v’, t) . (2.12)

where
W~(v ’ —‘ v) = .h’v lf A ( v’ v) 1 2 v ”2 5 (v  — v’), (2.13)

r’A(P) = .$ - .
v(~~!!) [fA (~ 

—‘ v) fA(” —s v)*] (2.14) -

The optical theorem can be used to transform (2.14) into
rA(P) = . t’vaA(v) . (2.15)

Eq. (2. 1 2) with eqs. (2.13) and (2.15) generalized to allow for ~noving perturbers is seen to be
equivalent to eq. (2.1) with the kernel and rate given by eqs. (2.3) and (2.4), respectively. In a classical
or quantum-mechanical picture, collisions for one level systems can be described by a transport
equation. Naturall y, some measurement tech nique would be needed to monitor the active atom
velocity dist ribution . I t is implicitl y assumed above that the time scale of the measurement is
much greater than the collision time.

2.2. Two-level system

In contrast to beam experiments where scattering from one-level atoms is typical (i.e.. ground
state—ground state or ground state—metastable state collisions), bulk experimen ts generally involve
scattering of active atoms which are in a linear superposition of internal states. In the beam
experiments one directly measures the scattered particles~ however in laser spectroscopic col- -

lisions studies, one uses absorption or emission profiles to indirectl y monitor collisions in the
gas. The radiation fields that are either absorbed or emitted by the gas produce a linear super-
position state in the active atoms (i.e., an oscil lati ng atomic dipole). Consequentl y, collisions in-
volv irig two-level atoms must be analyzed to properly in terpret spectroscopic line shapes.

Consider the two level atom of fi g. 3 in which the frequency separation of levels 1 and 2 is w.
The atom is assumed to be in a coherent super~~ssitio n state produced by a radiation field and
undcrgoes collisions with ground state perturber atoms. For the present, I assume that collisions
,r ~. ,- I,,stt~ linclastic collisions are discussed in section 5), not possessing sufficient frequency

- ‘inpu inents or energy to induce transitions between states I and 2. Since the collision duration t~
- . p’ .3ll~ ~ II ) ‘.cc. collisions contain frequency components up to w~ = (~~~~)~~ 

I ~ 1012 sec ~~,

- . ~~~~ corresponding to thermal energies is ~ 1013 sec j
. Thus, the elastic or adiabatic -.

-‘ rtN~~ P

~ I I ) ’ ~~ ~~. (2.16)

, — 2

~ .iwai ~upcrpu ’~ut uo n of st aics I and 2. —

-
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Electronic , vibrational and some rotational energy level spacings are sufficientl y large to ensure
that the adiabatic approximation (2 16) is valid ±

The atomic system is described by density matrix elements and we seek a transport equation 
~~describing their time evolution Before a collision the wave function is given by

~4R, t )  = eWA)P ’ 5~{A j (R, t ) ~i 1(r) + A2 (R, t ) ~i2 (r) ], (2.17) ~~
~~~~

where R is the center-of-mass coordinate , r the electronic coordinate, A~(R, t) the state i probability ~
amp lit ude and ~i1(r) U1 : state i eigenfunction. Following the elastic collision , the wave function ~
is given

e0”t” ’~ji (R ~) = [etui
~~ 

RA ( R  t~ ) + R f 1 (v  —s v)S i (R~t~ )]~
r i ( r)

e~~~P’R
+ [e

h1
~ P RA ( R  t~ ) + 

R 
f 2 (v  -.s v)S2(R t +)]t//2(r) (2 18)

where A1(R t~~~) and S,4R, t~) are obvious generalizations of (2 la) and (2 7b), respectively The
change in the density matrix element p11 resulting from a collision is

I e(1m)P~R 1
~p ,14R r~ t )  = e111

~~ 
RA (R  t~~~) + —j .(v —s v)S1(R t ’.) I

L R j

et1 5
~’~ *

x [e
I
~~

P + R a” - v) S 14R t i)] — 14 1(R , () A 1(R t -r (2 19)

Following the same procedure that was used in going from (2.8) to (2.12). one arrives at the quan-
tum-mechanical transport equation

~p,14v t) / ot I~011 = — r~Av)p,14v t) + j dv ~4 ’Jv —s v)p, j (P t) (220)

W,~,4v ’ —
~ 

v) = ..-V(m/p ) 3 
J d vg, dv r W~(v ,)v , t5 [V~ + (m/ m~) v’ — (m/p)v + v,,]

x tS(v, — v ) f 1 ( v  —s 1r,) f A~ —s y~)*, (2.21)

r,~4v ) = ~~
s $dV p~~~(P p)V

r(~~~~) [fu1~ r — 

~r) ‘ f j (
~ r ~ .* v~)*] (2 22)

The contributions to ~pi.~(’ t)/t’t I~011 are easily understood lfl terms of quantum-mechanical
scattering processes The two terms appearing in (2 22) correspond to the interference of the I
unscattered j  or i wave with the spherically scattered : or j  wave, respectively As in eq (2 10),
these terms contribute only in the forward directIon The contribution (2 21) represents the overlap
of the ‘and j  spherically scattered waves The collision kernel’ (2 21) and rate” (2 22) are now
complex quantities so that a simple classical interpretation of the transport equation IS 110 longer
possible. The transport equation is best discussed by considering diagonal and off-diagonal ele-
ments separately.

- .-. . - ..-- -- -~~ - 
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I . Diag ,”al elements i = j. For I = j,  the t ransport equation is

~~~~ :)/ ~ t I ~011 = — ~~~~ t) + $dv ’Wit (v ’ —s v)p 11 ( v’, t), (2.23)

with a real collision kernel

—s v) = .4~’(~ JdV dV r W~(P )V~ Lö[~ r + v’ — v +

x ô( t’r t’~) If ~
(
~~ 

__s V~)j ~ (2.24)
and a rea l rate

r11(v) = . 1 J dP p l4~i(V p )V ra i (P r ) = Jdv ’Wii (v -~ v’). (2.2 5)

The first part of eq. (2.25) follows from eq. (2.22) and the optical theorem , while the second part of
eq. (2.25) may be verified by direct integration of eq. (2.24). Thus, each popula tion densi ty p 11 (v. t)
obeys a transport equation equivalent to that for the one-level problem. Since the kernel and rate
are state dependent , the total population density L p.1(v , t) does not obey a transport equation.
In this sense one can not obtain a classical picture for scattering of the atom as a whole. Rather,
it is possible to envision a classical limit for the scattering in each of the levels i. (This result is
analogous to that of a Stern--GeTlach experiment where one may assign classical trajectories to
each of the spin states.)

Additional simplilications of eqs. (2.23- 2.24) are sometimes possible. If the ratio of per turbe r
to active atom mass is small (m~/m 4 1), collisions produce a relativel y small change in the active
atom’s velocity. Mathematicall y, this si t uat ion leads to a kernel W0(v ’ —‘ v) that is sharply peaked
about v’ = v and enables one to expand p ,~(v ’, r) appearing in eq. (2.23) about p~’ = v. The limiting
form of eq. (2.23) for this weak collision case is a Fokker—Planck equation

i’p 1~(v , ~~~~~~ ~ [ — U 11( v) + A o(v)]p 11(~, t) + A , (v) .!~-~ + ~~~~~~~~~~~ (2.26)

with

45(v) = 
~~~ fdv’(v’ — v)~R~(v ’ —, v). (2.27 )

The Fokker—Planck limit of the transport equation is valid onl y if p11(v, 1) has a velocity width less
than the kernel width, justif y ing the expansion of P1~v~. t) abou t v ’ =

The opposite limit , mdm ~~
. I , corresponds to scattering by stationary perturbers with the kernel

and ra te given by eqs. (2.13) and (2.14), respectively.
2. Off-diagonal elements i � j. A picture of the scattering process is shown in fig. 4. As in a

Stern—Gerlach experiment , one can associate a trajectory with p 1 and P22 for an active atom
that enters the collision in a linear superposition state. However, associating a classical trajectory

* For example, one may have a case of weak collisions i~v, r 4 I in which a radiation ricid excites a very narrow velocity distnbu .
t i Ofl &‘,. If ~tc, ~ ~~~~ the Fokker -P lanck equation is not valid , even though the collisions are weak .

I

~~~~ ~~~~~0c-w 4~.- - - -

- C  
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A 

{~
T.______.

~
z
~
zz:::::;:i p 5 ?

p’s
Fig. 4. An attempt to give a classical pict ure ofa collision between a two-level active atom A and a perturb er P. Before the collision .
the ~ito m is in a linear superposition of states 1 and 2. Following the collision , it is possible to assign classica l trajectories to P ~ and
psi but not to P 1 2 -  The quantum mechanica l picture ofthis  collision is again given by fig. 2. with an unscattered andascatter ed corn-
ponent for each state amplitude.

w ith P12 ~5 impossible just as it is impossible in the Stern—Gerlach case. A quantum-mechanical
calculation ofthe scattering process is necessary and it is such a calculation that led to the quantum-
mecha nical transport equation (2.20).

The need for quantization of the atomic center-of-mass motion escaped notice for many years.
The development oflasers and laser spectroscopy served as an impet us for a reevaluation of theories
of pressure effects in atomic systems and led to the realization that a classical descri ption of the
atomic motion was inadequate. I remember when I came upon this idea in 1969 and discussed
it with Professor Lamb. I was having some trouble formulating the problem quantum-mechanicall y
and he suggested a reference to a 1930 article by Bethe [3]. I mention this incident because it is
typ ical of Professor Lamb’s ability to pinpoint appropiiate references to the literature , even though
the article may be 40 years old ! I was able to generalize Bethe ’s method to solve the dile mma of
what to do with the off-diagonal density matrix elements. The two articles emerging from that
work [4. 5]. while not presenting the results in the form of a transport equation , were straight-
forward, quantum-mechanical calculations of the type that Professor Lamb favors. I believe that
he was pleased wit h these papers, owing to the basic natu re of the calcu lations and the consequences
of the results.

Althoug h eqs. (2 .20—2.22 ) are difficult to interpret owing to the presence of a complex kernel
and rate, several limiting cases may be discussed :

Equal collision inf eracti ons. In the limit of equal scattering amplitudes for levels i and j,
—s v~) = f 14v ~ vi), the state independent kernel W(v’ —s v) and rate r(v) are real and given

by eqs. (2.24) and (2.25), respectively. With regards to collisions, the atom has no in ternal struc ture
since the collision interaction is state independent. In this case, one can assign a veloci ty to the
atom as a whole rather than to individual density matrix elements. The only effect of collisions
on off -diagonal density matri x elemen ts is to change the velocity associated with those elements.
This velocity change leads to a subsequent change in the atom ’s Doppler phase factor and to
narrowing of spectral profiles in linear spectroscopy (clearly, it is not appropriate to speak of pres-
sure broadening in this limit) and to either broaden ing or narrowing in non-linear spectroscopic
profiles. The limit of state-independent scattering may be found if le els 1 and 2 belong to the same
hypertine m u lti plet, fine structure multiplet , vibrational or electronic multi plet.

Light perturbers -- ~n~/m 4 1. In this limit , the active atom’s velocity is unchanged in collisions ,
to a first approximation. The expression for the kernel (2.21) reduces to

W,~(v ’ -‘ v) = . $ö(~ — V ’) J d vv dQ i.; r~r R ( v p ) f i(vr “ ) f i( ”~ ~~~~~~~~ (2.28)

leading to a corresponding change of eqs. 42 20-2.22)

i~p 04v , t)/ i~t ~~ = —Yi A~)p’j(~ 
t), (2.29)

I
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where

~1,~(v) = ,,-V 
f

d~p W,,(V p)V r {2 ~hI i~ vr) [ f i ( Vr ‘r) fj4”r ~r)*1

— $d~�v .i (P r ‘ v) f .~(r ~ —+ v~)*} (2.30) ‘ 
~

The quantity 
~~~~O’) is a complex decay parameter that appears in the quantum-mechanical pressure

broadening theory of Baranger [6], in which all active atom velocity changes are neglected.
To interpret eq. (2.29) one need only consider the effect of a collision on p~, when active atom -

velocity changes are neglected. For an elastic collision, only the phase of the atomic state probability
amplitudes can change, leading to a change in p0 for a single collision

= (e16 — l )pjj . (2.31)
where 8 is a relative phase change (D~ — O~) of the probability amplitudes. If this equation is aver-
aged over collision histories one arrives at (2.29) with

= ~ JdPp Ii~(Pp)V r I 2irb db[ I — et6
~~~], (2.32)

where b is the collision impact parameter. The correspondence between eqs. (2.30) and (2.32) is
obtained if the scattering amplitudes in eq. (2.30) are expanded in partial waves and the partial
wave phase shifts are evaluated in the WKB or cikonal approximations.

With the neglect of act ive-atom velocit y changes, col lisions are solely phase-interrupting in
their effect on off-diagonal density matrix elements. Each collision produces an abrupt phase
cha nge for theatomic oscillator and this effect is translated into a shift and broadening in the spectral
profile associated with the transiti on. Traditionally, one has used an equation of the form (2.29 )
to describe collision effects on spectral profiles; it is understandable that one talks of pressure
broadening in this limit.

Scattering in one state only. If the collision interaction is much stronger in one of the levels
than the other (If1(~ 

—~ P~~ 4 1 f201r ‘r) J or I f 2 (~ 
_4 Pr)~ 4 If ~(~ —‘ vj~), the scattering inter-

action in the weakly interacting state can be neglected to first approximation. In that limit ,
—. is) ~ 0 and (2.20) becomes

€‘p0(’, )L~ii = —~ 1~(v)p,~1(v , t), (2.33)
with

~~~~
$‘ Jdisp l$ (Pp)V r (__!~) 

[ f i(~’r ~ r)&a fA ’r ‘ ~r)*(5j zI (2.34)

— and -z indicating the strongly interacting level.
Eq. (2.33) has the same form as (2.29), implying that collisions are phase-interrupting in their

effect on p~,4v, t). However velocity-changing effects are absent in eqs. (2.29) and (2.33) for dfferenr —

reasons. In eq. (2.29), the presence of li ght perturbers led to negligible active atom velocity changes
in collisions In eq (2 33) only the forward scattering direction contributed to the change in p1/v, t)

— owing to quantum-mechanical interference effects. Whereas active atom velocity changes will be —

- 
- - - ----_ _ _ _ _ _ _ _ _ _ _ _ _
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small for the atom as a whole when eq (2 29) is valid it is possible to have significant velocity
changes associated with the population p51(~’ t) of the strongly scattered ~ state when eq (2 33)
is app licable.

One might expect a strong state dependence of the scattering interaction if levels 1 and 2 corres-
: pond to different electronic or possibly to different vibrational states.

Although the origin of eqs (2 29) and (2 33) are different as stressed above they both lead to
the same type of equation , which can be interpreted in terms of an effective phase interruption
followi ng each collision. In this spirit , I shall write ~ -

i
~
1)114 P. t ) —u r  

~co iI _ y Ph( p)pA, t), (2.36) .
~~

,

- 
-

)Ph(p) = ,~7~4v) m,,J m 4 1 (2 37)
~Y~J( is) single-state-scattering ,

to represent both cases where velocity-chang ing collision effects on p~4 is, t) are absent . The para- ~
meter ) .p~h(~~) ~ the phase-interrupting collision parameter.

Further approximations. It may be possible to carry out perturbation theory with one of the ~~~~

above limits as the zeroth order approximation. For example, if I~1’; 
—

~ 
v~~ ~~ ( f / v’s —‘ 

~5) I .
a solut ion to first order in J ~ v —s 

~r) might be attempted. On the other hand , iff, ~ f ~, collisions
are velocity-changing in first approximation and ~~ follows a prescribed trajectory : the slight ~
difference in f ~ and f ~ produces a c’ rrelated phase interruption calculated along this trajectory ~:~‘
[7]. In still another scheme [8], la rger impact parameter collisions are assumed to produce small
velocity changes while close in collisions are taken to be phase interrupting in nature

General case. lf none ofthe above limits are realized , the “ke rnel” and “rate” are given by (2.21)
and ( 2.22). respectively. Little progress has been made in their evaluation , although one mi ght
imag ine that some semi-classical or eikonal approximations could be tried. A simple interpretation
in terms of a velocity change and a phase-interruption occurring in each collision does not seem
appropriate since the two effects are completely interming led. One would expect asymmetric and
distorted profiles when both velocity-changing and phase-interrupting effects are important.

23 Impact approximation

The quantum mechanical transport equation (2.20) provides a description of elastic scattering
for any n level atomic or molecular system. This equation was derived on the implicit assumption
that any external fields which are interacting with the system do not appreciably alter it during
the collision duration r~ ~ 10- U sec. In other words, collisions occur “instantaneousl y” (impact
approximation ) with regards to other time scales in the problem

The impact approximation will be va l id( l ) if  the atom does not decay during a collision (yr~ 4 1, :44
where y is some decay rate), (2) if two collisions do not occur during a collision time (binary collision
approximation), (3) if the field is not strong enough to induce transitions in a time ; (valid for field
strengths ~ 101 W/cm 2), and (4) if the atom-field detuning i~ satisfies I~~kC 

4 I (the atom-field
interaction effectively ta kes place on a ti me scale 

~d ~ I ~~ as required by the uncertainty prin
ciple — one must have Td r~ for the impact approximation to be valid)

The calculations are restricted to situations where the impact approximation is valid. For the
case of a dilute gas interacting with weak external fields considered below, the only restriction
from the impact approximation is that the detunlngs 

~ 
must be ~ 1012 sec

- - - —-.- . 
____________________
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3. Linear spectroscopy

Both linear and non-linear spectroscopy can be used to probe collision effects in atomic and
molecular systems. In section 4. the manner in which non-linear spectroscopy can be used to
provide differential as well as total cross-section data is explored. In this section , it is shown that
values for total collision cross sections may be extracted from linear spectroscopy line profiles.

In linear spectroscopy, one measures the absorption or emission profile associated with a given
transition. The two-level system shown in fi g. 5 serves to illustr ate the essential features of linear
spectroscopy. Atoms are incoherently pumped into level I with a rate density i.(v) assumed to be
independent of position. The population in levels I and 2 decay with rates ~~~ and Y 2 ’  respectivel y,
owing to spontaneous emission. A monochromatic field (propagation vector k = kZ, freq uency

= ck)

E(R, t) = IE cos (kZ — Ot) (3.1)
is applied to the atom and drives the 1—2 transition which has a natural frequency o.i . The population
of level 2 is a measure of the absorption of the external field by the atom. For weak external fields ,
the population P22 as a function of 0 yields the linear absorption spectral profile.

~~~~~~~~~~

/~~ (V \ 
~Fig. 5. The two-level system considered in this work.

To calculate P22 ’ one finds its equation of motion in the absence of collisions and adds to that
the collisional contribution. The results depend critically on the velocity distribution in level I
which , in tur n, is a fu nction of the excitation rate density .‘(v) . To simplify the discussion, I shall
assu me that level I is a ground state with a thermal velocity distribution. This assumption corres-
ponds to taking

i (v)  0, ~~~ 
— 0, ,

~(v)/y~ — N(v),  (3.2)
with

N( i ’)  = N W~( v), (3.3)
l4~(v) = (iru2Y 3 2  e_ r 2 

~ (34)

where u is the most probable speed of the ther mal dist ribu t ion W0(v). The necessary modifications
of the theory that arise when the pump ing density A( v) can not be satisfactorily represented by an

F - equilibrium velocity distribution (as might occur in emission or absorption from excited statesl
are discussed elsewhere [I].

3.1, Line shape — no collisions
In the absence of collisions, the Hamiltonian for the nth atom (neglecting pumping and decay

terms which will be added later on) is

I 
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H (r ~, R5, t)  = H 0(r ~) — (h 2/2m)V~ + V(r ~. R8, 1), (3.5 ) j
where r~ represents all electronic coordinates of atom n, R, is the center-of-mass coordinate of
atom n, H 0(r~) is the free atom electronic Hamiltonian and V(r 5, R~, t) is the atom-field interation

V(r5, R~, f )  = ~~p5~ E ( R~, t), (3.6)
where p~ is the atomic dipole moment operator. The wave function of the nth atom can be expanded
in terms of eigenfunctions ~t. (r ~) of H 0(r ~) as

,/ i (r~, R1, t)  = ~ ~~~~ t) i~i1(r~). (3.7)

Density matrix elements (diagonal in coordinate space) are defined by

p~(R~, t) = A7(R~, t)A~(R~, ~)*, (3.8)

which obey an equation of motion
l3p7~(R,, t)/~~ t = —iw,~p~’,4R5, r) — V . J 7J4R N , t)  + (ih) ‘ [V(R t), p ”(R~, r)]~~, (3.9)

where

= (E~ — E~)/h; ~~~ ~‘~2 l~ 
(3.10)

E, is the state i eigenenergy,

J 7J (R~, t)  = [ h/ (2n u) ] [A 7(R~, t)* VA7( R~, t )  — il j (R N , t)VA~(R ~, t)*] (3.11)

is a quantum-mechanical current , and matrix elements of V(R ~, r) are given by

I ’~(R~. t)  = fdr ,,~ss t(r ~) *V(r ~, R~, r)~i 1(r~) = (I — ô1~)j.t 1~E cos (kZ — Ot), (3.12)

with p,, = a matrix element of the x component of the dipole moment operator.
Provided that the external field does not alter the atomic center-of-mass motion , it is possible

to obtain a classical limit for eq. (3.9) (classical with regards to the center-of-mass motion — the
internal states are always treated quantum-mechanicall y). An external field does change the atomic
velocity slightly owing to recoil effects resu lting from the emission or absorption of radiation.
If these recoil effects are neglected, however, one can associate a classical position R, and velocity
v~ to the average position and velocity, respectivel y, of a wave packet representing the atom.
In this limit , the current becomes

J 7,4R~, t) —* v,,~ Vp 7~(R~, v~, t) (3.13)
and eq. (3.9) goes over into

~p~ R5, v~, t)/?t = —iw 1~p~(R~, v~, t)  — ~~ Vp7~(R~, v~, t)  + (ih) ‘[V(R 5, t ), pa (R~, v~, i )] 0,

(3.14)

which now possesses a characteristic convective flow term — v~ Vp7~.
Macroscopic density matrix elements

p1~R, is, t )  = ~ f d R~ dv 5p 7AR~, v~, tØ( R — R,) cS(i ’ — is,) = E p 7/ R, is, t )  (3. 1 5)

a
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are defined such that
N(R, is, t) = 

~: p 1~(R, is, t)  (3.16)

is the density of active atoms in the sample. Density matrix elements p1~R, is, t) also satisfy (3.14)
since each atom interacts independently with the field. The pumping of level 1 can be introduced
by the addition of a term A(v)ö~ö,~ and the decay by the addition of a term —y1~p 0(R,, is,, t),

= (y~ + y~)/2, (3.17)

to the rhs of eq. (3.14). The resultant equation for the macroscopic density matrix elements is

0p1,4R, is, t) / ~ t = — is Vp 1~(R, is, t) — iw1~p 1/R, is, t) — y~p 1~4R, is, t )  + (ih) ‘[ (V(R , t),p(R , is, t ) ] 1~

+ A (v) 5 11~5~1, (3.18)
which describes the time evolution of the system in the absence of collisions. A term corresponding
to the spontaneous emission from level 2 serving to populate level I could be added to (3.18);
however, this process does not lead to any modification of the line shapes in linear spectroscopy.

Although transient solutions of eqs. (3.18) are sometimes useful for collision studies, only steady- -

state solutions are considered in this work. Introducing the field interaction representation

p12(R, is, t) = ~12(v)exp { — i(k Z  — Qt)] , (3.l9a)

p,1(R, is, t) = p 11(v), (3.l9b)

employing the rotating wave approximation (neglect of rapid ly varying anti-resonance terms),
and using eq. (3.12), one finds that the steady-state density matrix elements j3,,4v) satisfy the follow-
ing equations for the two-level system of fig. 5:

YiI ~ii (”) = iX [ P i i ( V)  — P12 (v) ] + A(v), (3.20a)

Y2 P22(~’) 
= ix[,5i2(v) — ,~2i(is) 1, (3.20b)

(q~2 — ikv~)~~2( v) = ix[~22(is) — i~i(’)I, (3.20c)

P2 1(’) ~~l2(p)* (3.20d)

where

x = p 12 E/2h, (3.21)

‘lil — Y i 2 + 1& (3.22)

and the detuning A is given by
-‘ A = Q — w .  (3.23)

Eq. (3.20) may be solved exactly, but a perturbation solution of the equations is all that is needed
in linear spectroscopy. The two perturbation chains leading to a value of~i22(v) to second order in
x a re

Pi t  ‘P 1 2 ~~~~P22 ’ (3.24a)

P i 1~~~ P 21 ’P22 (324b)

a
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These chains are conveniently pictured in the Feynman type diagrams of fig. 6.* 
- 

~~

- -
. 

- Each horizontal line represents a history for a state amplitude, while density matrix elements
_
. 

are formed from a product of the amplitudes. The wavy lines represent atom-field interactions
! and the density matrix elements for each part of a history are indicated exp licitly between the - - .-

- two lines. Figures 6a and 6b correspond to chains (3.24a) and (3.24b), respectively, but it is easy - -

~~. to see that they are really the same diagram with a different “time-ordering” for the fields (since

- 
the problem is time independent , the words “time-ordering” are used solely in analogy with

~ Feynman diagrams). Diagrams of this type are especially useful when collisions are incorporated -‘
into the problem
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Fig 6 Diagrams iiiustrating linear absorption of a held E (~ 

is the field strength in frequency units) taking an atom from state i to
~ state 2 Each solid iine represents a state amplitude and each wavy iine an atom field interaction The numbers above or below the
~ li nes indicate the state the atom is in and the product of the two amp iit udes giv~ ri~ to the density matrix elements indicated in the ~
~ diagrams Figures (a) and (b) correspond to chains (3 24a ) and (3 24b). respectively

~~ -

,-, The perturbation solution of (3.20) according to the chains (3.24) is straightforward and one
obtains -

P22 (r) = 2~
2 NW0 (v)y 12 {y2 [ (y 12) 2  + (A — kv ) 2]} 1 (3 25)

with W0(r) given by (34) The absorption line shape is defined as

1(A) = J dis i~22 (v) = 
~~~~~~~~ 12 J di’ ~~~~~~~~~~~~~~~~~~ 

(326.)

- and is the convolution of the Doppler shifted Lorentzian absorption profile associated with atoms
having velocity is with the Gaussian distribution of atomic velocities W0Ø’). The line shape (3.26)
is the so-called Voigt profile and may be expressed in terms of the plasma dispersion function
Z(p)as

1(A) = 
+ lYI2) (327)

-~~ y 2 ku ku -
~~~~

, -

where
p - 3  

-
~

Z(jz) = Z~p)+ iZ1(p) = —

~~~~~ 
J dx

e
± X (3 28)

* A similar idea was presented earlier [4. 5J with another pictorial Format. Professor S. Stenholm suggested the more compact
representation of ~~ 6
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I i8 P.R. Berman. Effects ofcollisions on speciroscopic line shapes

with Im (j i )  > 0. Since Y 1 2  is generally much less than the Doppler width* ku [In 2]~~2, 1(A) is
essentially a Gaussian function, representing the well known “Doppler broadening” of spectral
profiles.

3.2. Collisions — genera l considera tions

In the impact approximation, the external fields and collisions contribute independently to
r êp 1,~R, is, t)/ ôt allowing one to simply add eqs. (3.18) and (2.20). The resulting quantum mechanical

transport equation
ap 1~R, is, t) / 3t = — is . Vp 1~R, is, t) — ko11p 1~4R, is, t) — vij p iAR, is, t) + (ih) i[ v (R , 1), p(R, is, t)],~

—r 1,4v) p 1~R, is, t)  + $dP ’wiAis’ —
~ v)p1AR, i”, t) + ).(is)ö,1c5~1 (3.29)

characterizes atoms interacting with external fields while undergoing collisions. The contribution
(2.20) gives the average effect of collisions that “instantaneously” change the velocity and/or phase
associated with density matrix elements. In contrast, eq. (3.18) gives the change in p1,4R, is, 1) for
the time between collisions, in which the atomic center-of-mass motion associated with each density
matrix element is that of a free particle.

Steady-state equations for the ~~1~.( is) defined by eq. (3.19) may be obtained from (3.29) in the
rotating wave approximation and are given by

[
~
, + r 1~(~)],5~1(~) — J dv’Wii ( v’ —

~ is)~~~ 1( is’) = IX[I~2 i (V )  — g~ii2 ( is)] + 2( v), (3.30a)

[Y2 + r22(is)],~22 (is ) — Jdis’W22 (is’ —.* is)~ 22(~ ’) = ix [p12(is) — ~~21(is)], (3.30b)

[~ i2 — ikv5 + r 12(is)],~12(is) — $dis’W12 (v’ —, is)1512 (is’) = ix [P22(is) — i~i(’)I, (3.30c)

= I~i i(,)*. (3.30d)

Solutions of these linear coupled integral equations are very difficult to obtain for arbitrary
collision kernels L+~,(is’ —

~ is).

However, a formal solution of eqs. (3.30) can always be found that turns out to be specially
useful for perturbation (in the external field) calculations. This solution to eqs. (3.30) is given by

~ ~(v) = $dis’Gi ~(“ —* is) [i~ {~~2 1( i s’) — p12(is)} + A(is’)],

P22(’) = $dis’G 22 v’ —. v)[ix {i~12 (is’) — P2ifr)}],

= Jdv’Gt2(v’ —. is) [ix {~~22(is’) —

P2l(~
) = Jdv’G 21(v’ —a is) [ix {i~~(”) 

— P22 ( ’) } I  = ~~12(is)*, (3.31)

By “width ” , I always refer to the half width at half maximum (HWHM ) . 
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where the propagators G1,4is’ --a is) satisfy

{ij1~(v 2) + r~4 v)]G1~(v’ --a is) — J d is”W~i(is” -~ v)G 1~ v’ -+ is”) = ~5(v — is’), (3.32)

wit h

‘~1~(v 5) = y~: t~12 ( v5) = 
~~i2  ikv5 = ~21 ( v5) *. (3.33)

All the effects of collisions are contained in the propagator equation (3.32) which, in general, is
very difficult to solve.

Assuming one has a solution ofeq . (3.32) for G.~ v’ —‘ is), he can easily obtain an iterative solution
ofeq. (3.3 1 ). The perturbation chains leading to a value for p 22 (v) to second order in ~ are completely
analogous to those of(3.24). One obtains

I~~2 ( is)  = X 2 
J

dis2 dv 1 dv 0G 22 ( v2 --a is)0 12(is 1 —a v2) G 1 i(v o —+ v1) 2 (v0), (3.34a)

corresponding to chain (3.24a) and

~~~(‘) = x
2 

J dis2 dis 1 dis0G22 (is2 —a is)G 2~(v 1 ‘-a v2) G 11 ( v0 —‘ v 1 )2(v0), (3.34b)

corresponding to chain (3.24b). These results have a simple interpretation in terms ofthe diagrams
of lig. 6. For example, in fig. 6a and in (3.34a), one can think of the incoherent pumping as providing
a A(v~). The quantity G 1 1(is0 --a is1) propagates this solution up to the first field interaction. Between
the first and second field interaction the propagator G 12( v 1 --a is 2)  acts, and following the second
field interaction the propagator G22 ( v2 —+ is) carries along the solution.

Thus, tt~ solve (3.30) to any order in perturbation theory in the external field , one fi rst draws
all ~ne appropriate diagrams of the type shown in fi g. 6. At each field interaction, there is a multi-
plicative coupling constant (± ix) that enters the calculation. Between two successive field inter-
actions the solution is propagated by the G~,4v’ --a is) that corresponds to the p,Ais) which appears
in the diagram between those field interactions (i.e., ~~ ~(is) appears between the first and second
field interactions in fig. 6a). Before the first field interaction, G1 1(v 0 —. is1) propagates the incoherent
pumping 2(’~) and following the last field interaction G22(is, -. is) propagates the solution to some
final velocity is. Integrals over all intermediate velocities must be taken. This diagrammatic
technique is used in section 4 to obtain results for a three-level problem.

By adding (3.34a) to (3.34b) and integrating the sum over all is, one determines the line shape
in linear spectroscopy

1(A) = x 2~.i N f d P d v 2 dp 1 dv0G22(i’2 --a is) [ 6 12 ( v 1 .
~ 

isa) + G 12 ( v1 —‘ v2)*J6i1(iso --a v1)I4jis0)~
(3.35)

where eqs. (3.2—3.4) have been used. This line shape may be simp lified in two ways. First, collisions
do not change W.~(’) since it is already on equilibrium distribution so that

JdIPOGiAP O —. ,1) W0(v 0) = W0(is 1 ) /y 1. (3.36)

Second. diagonal propagators have the property, easily derived by integrating eq. (3.32) over —

~~~s.. -
~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I 20 P.R. Berman, Effects ofcollisions on spectroscopic line shapes

velocity, that

.1 dvG11(v ’ —+ is) = I/y,. (3.37)

Eq. (3.37) expresses the fact that the total population of any level, J dr~11(v), is unaffected by elastic -

velocity-changing collisions (collisions redistribute the velocities but do not change the total
population). In terms of the diagrammatic solutions of fig. 6, eqs. (3.36) and (3.37) eliminate the
need to consider collision effects before the first field interaction (when an equilibrium velocity
distribution existed) and following the last field interaction (since the total population only of the
fmal state is measured).

Using eqs. (3.36) and (3.37) in eq. (3.35), one obtains
2 Nr :

1(A) = L__ 

~ 
dv0 dvG 12(is0 --a v)W0(v0) + conj ugate, (3.38)

12 J ~r

which is the final form for the line shape in linear spectroscopy. Only collision effects on j ~~ 2 ( i s)

enter in eq. (3.38) since the effec ts of collisions on populations have been eliminated by eqs. (3.36) - -~

and (3.37). Limiting forms for eq. (3.38) are discussed below corresponding to G 12( v’ is) deter-
mi ned by collisions that are either phase-interrupting or velocity-changing in their effect on ~~1 2 (is).

3.3. Line shape — phase-interrupting collisions

When collisions are phase-interrupting in nature, the collisional time rate of change of Pi2 (~, t)
is given by eq. (2.36). Consequently, the collision terms in eq. (3.29) for p 12 (R, is, r) are replaced
by — y~~(is)p ~2(R, is, t) and this change is reflected in eq. (3.32) as

[~ 12 (v2) + y ç~(v) ] G~~(is ’ —a v) = c5(is — is’). (3.39)

Recalling the definition (3.33) for ~~i 2(V*) , one obtains the propagator

GP k 1,~ ,~ — 
— 

3 40i 2~ ~ 
— 

~~~~~~~ 
+ rç~( is)] + i[A — kv5 + S~~(v) ] ’

where

= Re [y~h(,)]; ~ y
h(is) = Tm [yV’(~

)] (3.41)

are the phase-interrupting broadening and shift parameters, respectively. The propagator
G 12(v ’ —‘ is) is proportional to ö(is — is’) for phase-interrupting collisions since there is no velocity -~

change associated with off-diagonal density matrix elements for reasons discussed in subsection
2.2.2. The line shape obtained by combining eqs. (3.38) and (3.40) is

- - 

I A  — 
2~

2 N 
~d 

[Vi2 + rç~(is)] e ”2”~ 342( — y2(,r u~~”J “
[yi2 + r~ (v)]2 + [A — kv5 + S~~(is) ] 2 . )

The absorption profile is broadened and shifted from the no-collision line shape (3.26); one can
go from eq. (3.26) to (3.42) by the simple replacements

-~~~: ~ i2 Y12 + r~(v) ; A --a A + S~~(p). (3.43)

- a  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The broadening and shift can be understood in terms of the phase-interrupting collision mecha-
nism. Collisions interrupt the oscillator ’s coherence train and result in an effective decrease of the
oscillator lifetime with a corresponding broadening of the absorption profile. The persistence
of some phase memory following a collision (for collisions with large impact parameters) results - -

in a shift of the line center. That distant collisions contribute to the shift is easily seen from eq.
(2.31) which, when expanded for small phase shifts ~~ 4 1, leads to

i3p 12 (R, is, t )/t3f t~011 = i <ti> p 12 (R, is, t), (3.44a) - -:

with

~

< li> = ~~~~ JdispR~(isp)vr 
~1 

2itb dbO(b, vj .  (3.44b)

Thus, distant collisions lead to a shift , w —‘ w + <0), of the oscillator’s resonance frequency. - 

-~

For strong collisions ( ~ 0 ~ > 1 ), the average val ue of ~ ~(is, t) after a collision is zero ; these collisions
give rise to a decay of p ~ 2(” t) (and to a broadening of the absorption profile), but do not contribute
to the shift.

The line shape (3.42) has some interesting features. The broadening and shift parameters are
given as functions of velocity, but , typ icall y, they will be functions of speed onl y. This result follows
from. eqs. (2.37, 2.30, 2.34) provided that f , ( v~ V r ) depends only on the magnit ude of is,, and that
W (isp) is an even function. Since these limits are generall y realized, it is assumed that r~ and
Sf~ are functions of v only. 1 shall call the resulting line shape (3.42) a Speed Dependent Voigt
Profile (SDVP). The conditions under which the speed dependence is significant is discussed below.

The presence of a speed dependent shift leads to an asymmetry of the profile. To see how this
asymmetry arises, replace (v~ + v~) by some average i4 and consider the contribution to the line
shape from atoms moving with ± v50 . This contribution ,

2~
2 N 2 2 2
2~ l 2  exp { —(u1 + v50)/u } dv~0y2~iru

- J________________________________________X 

~ [Vl2 + rç~(u~ + v~0)]2 + [A — kr20 + Sç~(u~+v~0)] 2

[ Y12 + u~ +v~)] 345+ 
[v~ 2 + f~~(u.~ + v~0) ] 2 + [A + kv 20 + S~~(u~ + v~0)] 2

is a symmetric function of A about — S~~(v~ + u~) . If one next considers the contribution from
ato ms moving with ± r~1 . he finds it to be symmetric about —S~~(v~1 + u~) # —Sç~(v~ + u~) .
Thus the sum of the two contributions is asymmetric. Since W0(v) is composed of ± v5 pairs, the
line shape (3.42) is asymmetric. Furthermore, since the asymmetry will be pressure dependent,
the shift of the line center will be a non-linear function of perturber pressure. It may also be noted
that erroneous values for the broadening parameter will be obtained if one attempts to fit experi-
mental data to a normal Voigt profile rather than a SDVP.
These effects are important only if the speed dependence of ~~ = r~ + iS~ is significant.

If m, 4 m, v~ ~ v~, and it follows from eqs. (2.37, 2.30, 2.34) that y~’]’ depends on the most probable
perturber speed but not on the active atom speed v. Therefore, significant deviations from a Voigt

C
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122 P.R. Berman, Effects of collisions on spectroscopic line shapes

profile can occur only for m~ ~ m. Since the condition m~ ~ in is not consistent with the phase-
interrupting collision limit (2.30) requiring mp 4 in, collisions involving negligible active atom
velocity changes can lead only to normal Voigt profiles. On the other hand, deviations from a
Voigt profile could occur in the quantum interference phase-interrupting collision limit (2.34),
provided mp ~ m. Unless m~ ~> m, however, it is generally a good approximation to neglect the
speed dependence of the shift and broadening parameters [9, 10].

A line shape analysis using (3.42) enables one to determine f~ and S~ which are related to the
cross-section and real part of the forward scattering amplitudes in states 1 and 2. If one state is more
strongly scattered than the other the total elastic scattering cross-section for that state may be
found. In this manner, linear spectroscopy profiles can yield excited state total elastic cross section
data.

The line width (HWHM) of (3.42) as a function of perturber pressure is shown in curve a of
fig. 7 for Y12 4 ku, neglecting the speed dependence of r~ and A~~. At low pressures the width is
dominated by the Doppler contribution , but as the pressure is increased to the point where
T~ ~ ‘ ku, the line profile becomes Lorentzian with width rç~. If the speed dependence of the line
shape parameters is ignored, eq. (3.42) becomes

1(A) — ~~~~ zi 
(A + S) ~~ + i(y 12 + rç)~

y 2ku \ ku

3.4. Line shape — velocity-chang ing collisions
In contrast to phase-interrupting collisions, collisions which are velocity-changing in their

effect on 
~~12(’) give rise to a narrowing of t he linear absorpt ion or emission profil es associated

ku/ ~~~
I I

io ’
PERTURBER PRESSURE ( TORR)

Fig. 7. Typ ical behavior of the line width (HWHM) as a function of pressure in linear absorption. At low pressures the width is ap-
proximately equal to the Doppler width Sw [In 2]h12 (assuming Va 4 k,4 (a) For phase-interrupting collisions the width increases
monotonical ly with pressure , becoming linear with pressure for r~ ~ ku. (b) For velocity -chang ing collisions , the line width decreases
monotonica lly with pressure , ultimately reaching a value of y~ ~ . (c) When levels I and 2 experience nearly equal collision interactions
the width decreases and then increases with increasin g pressure.L

_____________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - - ~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~
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with the 1—2 transition. While it is not difficult to understand the narrowing effect, it will aid the
discussion to first introd uce the concept of an effective collision rate.

Imagine that a velocity distribution p~(i’, t) is produced by some means. The velocity distribution
is centered about v~ ~ u with a spread (Au 0). Collisions will cause the velocity distribution to
relax back towards a Maxwellian distribution centered at r = 0 with a width (HWHM) of u(ln 2)l 12 .
The rate at which this relaxation occurs is called the effective collision rate and is denoted by fl~.The effective collision rate can be much smaller than the velocity-changing rate r11, especially
for weak collisions. If the rms velocity change per collision is (Au), there must be at least u/Au
collisions to restore the Maxwellian distribution. A more realistic estimate for the required number
of collisions turns out to be [u/(Au)] 2, taking into account that random nature of the collision
process (that is, (v> undergoes something similar to a random walk from its initial value r~ to its
final value of zero).4

Thus, the relaxation time is [u/(Au)]2/f ~1 giving an effective collision rate

= r~[(Au)/up . (3.46)

For reasons to be discussed below, linear absorption experiments are sensitive mainly to F~
whereas non-linear spectroscopy may be used to determine both r11 and (Au).

The spectral profile is given by eq. (3.38) with the propagator G~~(v’ -# i’) satisfying eq. (3.32)

(
~~l2 — kv 5)G~ (v ’ — v) + r~ (~)G;~(~’ —+ v) — J dv”W~ (Y” —. ~)Gr2(~’ —. r”) = ö(v — v’).

(3.47)

The collision kernel W~ (v ’ —‘ v) and rate r~ (~) are real and state independent since the collision
interaction is state independent when collisions are velocity-changing in their effect on P 12 (see
discussion in subsection 2.2.2). Eq. (3.47) is difficult to solve for all but very simple collision kernels.
However, one can explain most line shape features without explicit reference to a particular kernel.

To write the spectral profile (3.38) in a more suggestive fashion, I first rewrite the no-collision
line shape (3.26) as

1(A) = (
1’

~
’
)3/~2$dv Jdt C

_v 2h1
~
2 exp { — 712 t — i(A — kvj t }  + conjugate. (3.48)

When collisions are present, one might expect that exp (ik rt) is replaced by <exp [ik~ J~
, ,(t ’) dt’]>

where ,(O) = r~ and the average is over collision histories. With this clue, one writes (3.38) in the
form

1(A) = ~
-_
~~Jdv o fdtC(t, v 0)e ~‘~~~~W0(v0) + conjugate, (3.49)

72 g
where C(t, ‘s). as obtained by iteration from eq. (3.47), is given by

• The factor lsi/~iO~ is easily derived for the case of weak collisions by calculating the decay rate of ( i>  [Ii].

- 3~~~~~~~ Th FL - — .
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C(t ,v0) = exp ( —r 12( v0) t} exp (ik~ p 0t) + Jdr Jdt i exp { —F~~(v 0)t 1) exp (ik~ r0t 1) W~ (r 0 ~~~

x ex p { — f l (v) (t — t 1)}exp {ik~~ t — ‘~)} + 
f

dv dP l Idt 2 !dt l

x exp(—r ~~(v 0)t 1)exp (ik~ v0t 1) W~ (v 0 —
~ v1) e x p ( —f ’~~(v 1) (t 2 — t 1) }

exp {ik . v1(t 2 — t 1 ) }W~~(v 1 —+ v) exp { — r~ (v) (t — ‘2)) exp {ik~ v(t — ‘2)) +

= < exp { ik~ v(t ’) dt’}> . (3.50)

Eqs. (3.49, 3.50) provide the expected generalization of eq. (3.48) to include velocity-changing
collision effects.

The collisional narrowing effect can now be understood as a randomization of the Doppler
phase. In the absence of collisions, C(t, ‘~) = exp (ik . v0t) and the line width is on the order of ku
(assuming ku >> 712). To estimate C(t, ‘~) in the presence of collisions, it is useful to express it as =

C(t, v0) = <exp [ik~ R(t)] > (3.51)

where R(t) is the displacement undergone by an active atom in time I having a velocity ‘ = ~o at
= 0. Collisions result in active atoms altering their velocity by a significant amount in a time

on the order of [(f~ )’J j (V is the effective collision rate); consequently, a typical atom undergoes
a type of random walk with a mean free path ~ u/ (r ~ ) ’. The mean square displacement of such a
particle in time t is

= [u/(r~ )’]2[(f;’~)’t] [u 2/ (r~ y]t (3.52)
valid for (r~ y t >  1. The collisionally induced reduction of the Doppler phase from its no-collision
value k r~t to a value ~ k <[R(t)J2 > 1/2 provides a narrowing mechanism for the line profile.

One can now trace the development of the line width as a function of pressure. For (fl~)’ < ku ,
the atom does not undergo an effective collision in its “coherence” time tcoh = (ku) 1 and the line
width remains close to the Doppler width [t 0,b is the largest time for which the integrand in eq. (3.49)
contributes effectively to the integral]. For (rn)’ > ku but (ku)2 / (r~ ) ’ > v~ 21 ~~~ is determined
by the <k2 [R(t~ ,,)]2> = I giving a value equal to t

~~h = (r ~ ) ’/ (ku)2 and a line width of order
W = ( ku) [ku/(r~ )’). (3.53)

The Doppler width is reduced by a factor [(ku) / (r~ ) ’] at pressures where the effective mean free
path [u/(r~ )’] is less than the atomic wavelength (2it/k). At still higher pressures where
(k2[R(t)12> 4 y 12 t, the Doppler phase may be totally neglected, and the line profile is a Lorentzian

1- of width
The line width as a function of pressure is shown schematically in curve b of fig. 7. At low

~~~~~~ pressures, the line is a Voigt profile with a width equal to slightly more than the Doppler width
(assuming 712 4 ku). The width decreases monotonically with increasing pressure, ultimately
reaching the value 7 2  In the infra-red or optical range, collisional narrowing becomes important

~~~~~ ~~~~ -.-l- ‘~~~‘~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~
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at pressures on the order of several hundred Torr and has been experimentally observed on
vibrational and rotational transitions Inelastic collisions may tend to obscure the narrowing
effect by broadening the line with increasing pressure

If the collision interaction for levels 1 and 2 differed slightly, one might still expect collisional
narrowing over a wide range of pressures. For high enough pressures, however, (ku)2 /(r~~)’ <
and collisional broadening of the line profile may be seen. This case is shown in curve c of fi g. 7. - - .- 

- 

-

To this point, I have not discussed the detailed nature of the collision kernel. While the line
profile does depend to some extent on the specific form of the kernel [12], it is not overly sensitive
to eit her r~ or Au separately, but rather to the effective collision rate (fl’~) = r~~[(Au)/uJ2
The semiquantitative discussion of the narrowing effect given made no reference to r~ or Au;
only (rn)’ was mentioned. It should be noted, however, that a physically acceptable kernel (i.e.,
one that obeys detailed balancing) should be used if one wants to be assured of getting the narrowing
effect. For example, a difference kernel W(i” —, v) = W(v — r’), commonly used to describe weak
collisions, does not obey detailed balancing and does not lead to collisional narrowing From the
symmetry of such a kernel it is easy to conclude that <v >  = v~ implying that equilibrium is never
reached Consequently (f~~)’ = 0 and the effective mean free path is infinite

4. Non-lInear spectroscopy

At low pressures (~ 100 Torr), the Doppler effect provides the major contribution to the line
width of absorption or emission profiles. The relatively large Doppler width tends to mask any
collision induced modifications of the line profile , and it is therefore desirable to devise schemes
in which the Doppler effect plays a minimal role in line shape formation. Any such schemes are
also well suited for hi gh resolution spectroscopic studies. In the past, the Doppler effect was
reduced by using either cooled bulb samples or well-collimated atomic beams. The last few years,
however, have witnessed the emergence of a large number of “Doppler-free” techniques involving
the use of non-linear spectroscopy.

The manner in which non-linear spectroscopy can be used to eliminate the Doppler width is
best illustrated by two specific examples. First , consider two-photon transitions between atomic
levels separated by a frequency w31. If an atom is moving with velocity v and absorbs one ph~ 

- in
each from fields L~ F having propagation vectors k, k’, respectively, the resonance condition for
two-photon absorption is

(4.1)

If at ~ —k ’, eq. (4.1) is independent of the atomic velocity and each atom contributes equally in -~~

the absorption process. In effect , the Doppler phase created by the first field is exactly compensated
by the second. In this Doppler-free technique, all active atoms, regardless of velocity, contribute

- 
- in line shape formation.

As a second example, consider any of the three-level configurations in fig. 8. Two photon transi-
L tions of the type discussed above are still possible for these level schemes. However, an additional

resonant interaction is possible. If the field E with propagation vector at = kt is tuned to beV nearly resonant with the 1—2 transition ii~ fig. 8, only those atoms for which
kv,, = - w  

- 
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2
Vt (b)

(0) (c)
Fig. 8. The three-level systems considered in this work: (a) inverse V, (b) V. (c) upward cascade.

will be significantly excited by the field. A probe field E with propagation vector at’ = ± k’2
and frequency a = k’c will be resonant with the 2—3 transition provided

Il’ = ci ± k’v5, (4.3)
where w’ is the 2—3 transition frequency. Since v5 has been selected by the field E according to (4.2),
the resonance condition (4.3) becomes

= ci ± (k’/k) (II — cv). (4.4)

The atomic velocity does not appear in eq. (4.4), indicating that a measurement of the absorption of
F as a function of a is a Doppler-free technique. In contrast to the two-photon Doppler free reso-
nance condition (4.1), the Doppler free nature of the stepwise absorption of fields E and F is due
to the selective absorption of the field E by a narrow velocity subset of atoms. Only a fraction of
the atoms are used in this Doppler-free technique whereas all the atoms are used in the two-photon
Doppler free case in which a cancellation of the Doppler phase leads to the Doppler-free resonance.

Thus, non-linea r spectroscopy offers the potential for achieving Doppler-free line shapes.
Moreover, the modifications of these Doppler-free line shapes resulting from collision effects can
be dramatic. As an example of the role collisions can play, reconsider the stepwise absorption
chain (4.2)—(4.4). Atoms with a selected value of v5 given by eq. (4.2) are excited into state 2 by the
field E. Collisions result in a relaxation of this narrow velocity distribution towards a thermal
equilibrium one. The absorption profile of F measures the amount of velocity relaxation that has
occurred. Since it is collision induced velocity changes that are directly monitored, one obtains
information on the d~fferen tia1 scattering cross section in level 2. (More precisely, one determines
the differential scattering cross section averaged over perturber velocities and transverse active
atom velocities.) A detailed discussion of this effect, as well as the collision induced line broadening,
narrowing shifting and line shape distortion that may occur in non-linear spectroscopy, is given
below.

To illustrate the various aspects of collision effects in non-linear spectroscopy, I consider the
three-level systems of fig. 8. The calculation is carried out for the inverted V of fig. 8a, with corres-
ponding results for the V (fig. 8b) and upward cascade (fig. 8c) given at the end of this section.

• The field E, pumping A(v) and excitation density N(~) are the same as for the two-level system
[eqs. (3.1), (3.2) and (3.3), respectively]. The field E drives only the 1—2 transition and a field

F = IE ’ cos (ek’Z — fit) (4.5)

either copropagating (a = + 1) or counterpropagating (e = — 1) with the field E drives only the

—
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2—3 transition. The population of level ~ is monitored as a function of probe frequency a for fixed
fi and serves to measure the probe field absorption in the presence of the “pump” field E. The
calculations will be carried out to lowest order in the fields E and F since it is in the weak field
limit that collision effects are most transparent.

4.1. Line shape — no collisions
In the absence of collisions, eq. (3.18) gives the equation of motion for density matrix elements

with an atom-field interaction
V(r, R, t) = ...

~~~~ 
. (E + F). (4.6)

Steady state solutions of eq. (3.18) are obtained by introducing the field interaction representation,
p 12(R, v, t) = ~12(v)exp [— i(kZ — fit)], (4.la)
p23(R, v, t) = j ~~~(v) exp [i (ak ’Z — fl’t)], (4.7b)
p 13(R, v, t) = p13fr)exp { —i[(k — ak ’)Z — (fi — fl’)t] }, (4.7c)
p11(R, ,, t) = flt~(v), (4.7d)

making the rotating wave approximation, and recalling that E drives only the 1—2 transition and F
only the 2—3 transition. When eqs. (4.7) are subsdtuted into eq. (3.18), one finds that the steady
state density matrix elements j~ Ø ’) satisfy

YiI~ii(’) = ix[p21(i’) — 
~5t2( ’) ] + A(i ’) , (4.8a)

V2,~22(’) = ix[g~12( v) — P2 1(v)] + ix ’~P32(v) — P23(V)], (4.8b)

= ix [P23fr) — f l 32 (v) ] , (4.8c)
( ‘7i2  — ikv5) ~12f r) = ix [j ~22 (p) — ,5~ (’)] — i~ ’g513(P), (4.8d)

(‘723 + iek’v5)j ~23(r) = ix ’[fl33 ( v) — ,3~~(’)] + ixp i3 (v), (4.8e)

[‘713 — i(k — ck ’)v2J g ~j 3 ( v) = ixP23(i’) — ix’fl12(r), (4.81)
= [P~A’)]~ (4.8g)

where

x = p 12E/2h ; 
~~

‘ = ~23 E’/ 2h , (4.9)

• p712 = Y i2  + iA, (4.lOa)

~l23 = Y23 — iA, (4.lOb)
p7 13 = Y l 3  + i(A — A’), (4. lOc)

and the detunings A and A’ are given by
A = f l — w ;  A’ =f l’ — w ’. (4.11)

Perturbations solutions of eqs. (4.8) are easily obtained. The six chains leading to a population

V V 
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$~33(V) of order (zr’)2 are

P 11 1’P12 4 P22 4 P23 4 P33 ’ (4.12a)

P 11 -~~ P~i ~~~ P22 ~~
‘ P23 ~~

‘ P33’ (4.12b)

P 11 3 P i2~~~ P 22~~~ P32 ’P33’ (4.12c)

Pi t  ~~~~ 
4 P2 2 ~~ P3 2 4~~33~ ~4.12d)

Pit ~~ P 12  ~~ P 13 ~~ P23 ~ P33’ (4.12e)

Pu 4 P it 4 1i31 4 P32 4P33, (4.120

and the corresponding Feynman type diagrams are shown in fig. 9. Chains (4.12a—d) involve the
intermediate state population j~22(’) and may be grouped as

,P i i - .~ . ,P23 .-,~, -P i t  — P2 2 — fy 33

~ P~i ~~ ~~ P32 n

I refer to the sum of these four terms as a stepwise (SW) contribution to the line shape. The term
“stepwise” is used since (4.13) involves the sequential absorption of fields E and F. The remaining
two terms (4.12e, f)

~~ -, ‘~ -+‘~p ~~ 12 13 23 

~~ TQ ~4.14)
V ~~~~~~~~~~~~~~~~ —

V contain ~ 3(v) [or p~ i(’)] rather than p22(v). I refer to the sum of these two terms as a two-quanta
(TQ) contribution to the line shape. While this label is somewhat arbitrary, it is meant to imply
that TQ contributions are identically zero unless two quanta (one from each field) act on the system
at the same time.
The break-up into TQ and SW chains will be particularly useful when collisions are included.

For the no-collision steady-state calculation, it is artificial to distinguish the TQ and SW chains.
The no-collision calculation can be carried out using probability amplitudes rather than density
matrix elements. In the amplitude calculation, there is nothing to distinguish the TQ and SW

V 2 I 2 ~~ 3(a) ~ ,i P52 P23 P~ ( d i  ~ii ~ae

L ~ 2 3 I I~ 2

2 rc~3 I 2 (3
(b) P p5 e~ p5, p

~ 
(e ) ‘~ j 

pi ll ~
I ~1 2 3 I 2 3

S S

I ~ 2 l l ~2 l~ 3
( C )  P~, e~, p

55 
p 55 p3~ (1) ,

~, ~~5

~~~~~~~~ I 2 ~‘t 3 I 2

Fig. 9. Diagrams illustrating the absorption of fields Eand B’ taking an atom fr om level Ito  level 3. Each diagram is simply a different
V .: time-orderinj’ of the same diagram.
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chains. I shall return to this point in discussing the resonance conditions for the atom-field inter-
actions. Note that each diagram of fig. ~ is simply a different “time-ordering” of the same diagram. . V

A straightforward solution of eqs. (4.8) according to the perturbation chains (4.13) and (4.14)
yields a population density p33(v)

p33(P) = p~j (v) + fl~ (v) , (4.15a)
where

-~~~~ — 
4(~~’)2 NWo( v) 112 123 4 15b •

‘ 
-

p33(v — 

1213 [(112)2 + (A — ky5) 2] [(123)2 + (A’ — ckv ) 2] ’

-TQ — 
(~~‘)2 NWo( v) 1 1

p33(v) — 

13 [112 + i(A — kv5) ] [123 — i(A’ — ak’v5)] :
• 

-

X 
[113 + {(A — A’) — (k — ek’) v5}] + conjugate (4.15c)

are the contributions from eqs. (4.13) and (4.14), respectively. The SW term (4.1 5b) is simply the
product of absorption cross sections for the fields E and F. The resonance conditions are those
for the individual absorptions,*

A = kv5 ± 12/2, (4.16)

A’ = ak’v5 ± 123’ (4.17)

written for the case 
~ 

= 0. For the TQ term (4.1 5c) there is a characteristic two photon resonance
condition

A’ = A — (k — £k ’)v5 ± y3/2, (4.18a) -

- 
- or

(Cl k112) — (~~ — ek’v5) = cv — cv’ ± p3/2. (4.18b)
There are, in addition, resonances given by eqs. (4.16) and (4.17). At first glance, it seems that,
for fixed A and v5 there should be two A’ resonances, given by eqs. (4.17) and (4.18), respectively.
However, when state I has zero width (y~ 0), eqs. (4.1 5b) and (4.1 5c) may be combined to

give

(X~’)2 N Wo(v) (4.19)
P33(’) = 

[(i~ /2)~ + (A — ky 5) 2] ((13/ 2) 2 + [(A — A’) — (k — ak’)v2]2 } ‘

showing that there is only one A’ resonance (4.1 8a). This result may be understood by considering
the excitation as a single process rather than breaking it up into TQ and SW components. Starting V

from the ground state in fig 10, the monochromatic field E adds an energy hfl[1 — (vj c) ] in the
atom’s rest frame. The field F must take the atom from this energy to the final state of the system
(see fig 10). For fixed Cl and v, the process is resonant when (Cl — ky ,) — (Cl’ — s ky 5) = cv — cv’,
which is just condition (4.18). The width of level 2 is unimportant for the resonance condition on
Cl’ owing to the fact that the fixed freq uency Cl brings the atom to a specific energy within level

A resosianos condition written in the form A — .4 ± ~ is a shorthand notation for IA — ~I ~ B.

~~~~~~~~~~ 
~~~~~ , • ; ,  ~~~~~~~~~~~~~~~~~~~~ _~-V-.~~ - - . .- ~~~— —aS.~



- • -- --V - - V - - V - • •_ - - ----- _
~~~~~

—----- . - _  -
~~

--- - V--,-.----
~~- - ~~~~~_ , - — - V—

130 P.R. Berman. Effects of collisions on spectroscopic line shap es

Fig. 10. Schematic representation of absorption of photons from fields E and E taking an atom from a zero width ground state to
a finite width final state. The curves alongside levels 2 and 3 symbolize the natural widths of those levels. For a fixed detuning (0 — w)
and longitudinal atomic velocity v,, absorption is optimal when (0 — kv,) — (0~ — ek’v,) = w — o/ ± 73/2.

2’s width. There is no mechanism (i.e., collisions) to allow for a redistribution of the energy in level 2.
The existence of a single resonance condition on A’ is evidence that the break-up into TQ and SW
chains is artificial in the no-collision case.
The line shape is obtained from (4.19) as

I(A’, A) = J dvP33 (v)

— 
(~X ’)2 N exp [— (v 5/u)2] 1 

(420)— 

~ U2 u J ~~~~~~~~ + (A — ky 5) 2] ((73/2)2 + [(A — A’) — (k — ek’)v5] 2 }~

While it is possible to express eq. (4.20) in terms of plasma dispersion functions, the physics con-
tained in eq. (4.20) becomes clearer if various limiting cases are considered. In all cases, the Doppler
limit

y
~ 4 ku (4.21)

is assumed and the results are interpreted in terms of the resonance conditions (4.16) and (4.18).
1. IA I ~ ku. For pump detunings larger than the Doppler width. eq. (4.16) is equally well satis-

fied for all v5 since the detuning A is large. Thus, the allowed range of contributing v5 is dictated by
W0(v5) , a distribution centered at v5 = 0 with width u (In 2) ~ 2. If this distribution of v2 is inserted
into eq. (4.1 8a) one predicts a line shape centered at A’ = A with a width equal to the convolutien
of a Gaussian of width (k — Ek’) u (In 2)~ 2 with a Lorentzian of width 113 [the sum {(k — ek ’)v 5 ± ~ }is represented in the line shape as a convolution]. The limiting form of eq. (4.20) for IA I ~~“ ku is

IA’ A (~~
‘)2N 

~ d 
exp [— (v5/u)2]

x~
2uA2 

J 

V5 ( /2)2 + [(A — A’) — (k — ek’)v5]2 
. 

-

— 
2(~ ’)2N 

~ 
(A’_— A + ~iy3 422— 

k — sk’ uA2 
~. 1k — sk’ I (

2. I Al < ku For near resonant tuning in the Doppler limit (4.21), there is a velocity subset ofj !HCh verifies the prediction.

atoms centered at v5 = A/k with width y~ 2/k that is resonant with the field E and fulfills condition

this distribution of v in the resonance condition (4.1 8a), one predicts a line shape centered at
A’ = ~(k’/k)t i with a width {[lk 

— elc’I/k]y2/2 + y3/2}. The limiting form of (4.20) for I A I  < ku ,

: (4.16). Atoms with these velocities provide the major contribution to the line shape. Inserting

SW. , . - .-
.
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vi, 4 ku yields a Lorentzian line shape with precisely these features

~ A’ A 
— 

4n”2(.X~’)2N exp [ —(A/ ku) 2] I” 
23— 

y 2y 3k~~ ~
2 + ~~2’ (4. a)

r = 
1k -~Ek ’~ ~~ + ~~~~, (4.23b)

= A’ — £(k ’/ k)A. (4.23c)

3. IA I ~ ku. For IA I ~ 3ku, the resonance condition (4.16) is satisfied in two ways. First, atoms
having v5 within the central region of W0(v5) contribute. These atoms are detuned by Al > ku
and give rise to a resonance as in the IA I ~ ‘ ku case. Second, there is a small number of atoms
(weighting factor of exp [ —  (A/ ku)2] ) having V5 = A/k that satisfy (4.16) and lead to a resonance
as in the IA I < ku case. For IA I ~ (2-4)ku the two contributions are about equal and one sees two
resonances [13], with the line shape given approximately by the sum of (4.22) and (4.23).

In fig. 11, the line shape for the three cases is illustrated for copropagating waves. The line widths
for copropagating waves are smaller than the corresponding widths for counterpropagating waves,
owing to the partial cancellation of Doppler phase shift s in the copropagating case.

4.2. Collisions — general considerations
A formal expression for the line shape incorporating collision effects can be written by inspection
if one uses the techniques developed in section 3, along with the diagrams of fig. 9. In each diagram,
one starts with 

~ ~(‘~
) = 71 NW0(i ’0). The collision propagator G 1 1(v 0 —+ ‘~

) defined through
eq. (3.32), propagates 71NW0(r0) to the first field interaction. The appropriate Gu n —, v2) [G12
for diagrams 9a, c, e; G21 for diagrams 9b, d, I] propagates the solution between the first and second
field interactions. The process continues through all the field interactions with G33( v’ -+ v) propa-
gating the solution following the last field interaction. The G1AV’ -. n) are obtained as solutions
of eq. (3.32) with the i~i,( v~) given by

= v~; q 12 (v 5) = ~21(y5)* = ‘1i2 — ikv5,
t 23( v5) = ,~32 (y ) 5 = p123 + iEk ’v5 t~13 ( v5) = ~3 1 (v5) t = ~1l3 — i(k — Ek ’)v 5 (4.24)

and the ,~i, defined by eq. (4.10).

( ‘I  1i 2K ’ 75 ’ y) ’ O V I I i U y, ’O

I(A’ , A) I ( ~ ’~A) I ( A ’, A)
V 

A

0 

~~ o ~~o
Fig. I I . No-collision line shapes for copropagating waves ins three-level system. For large detunings A ~ 4ku, the line shape is a Voigt
profile centered near A’ — A. For a detunin~ A w (2-3)kii. the line shape consists of the sum of a Voigi profile centered near A’ = A
phn a Lorenizian centered at A — 4k’/ k)A. For A < ku. the line shape is a Lorentzian centered at A’ ~k’/k)A. The intensity is in
arbitrary units, but the same scale is used for the three line shapes.
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The line shape is obtained by associating a coupling constant (± ix, ± ix ’) with each field inter-
action and integrating the product of G1~’s over initial , intermediate, and fInal velocities. Grouping
the results according to eqs. (4.13) and (4.14), one finds

I(A ’, A) = p~ + p~~, (4.25a)

with

= (xx ’) 2 
Jdv dv4 dv3 dv2 dv 1 dv0G33 (v 4 -.+ v)

x [G23(v 3 —
~ v~) + G32 (v 3 —‘ v4)]G22 (v 2 -..

x [G 12(v 1 —
~ v2) + G21(v 1 —, v2) ] G 11 (v 0 —

~ r1)[71NW0(v0)], (4.25b)

= (xx ’) ~ fdv 
dv4 dv3 dv2 dv 1 dv0G33(v4 —. v)

x [ G 23 (v 3 —.. v4) G 13( v2 -~~ v3)G 12 (v 1 -~~ v2)

+ G32( v3 —
~ v4)G 31( v2 —. v3) G 21 ( v1 -

~~ v2) ] G 11 ( v0 —‘ v1)[71NW0(vo)]. (4.25c)

There are six separate terms, one for each diagram of fig. 9.
By using eqs. (3.36) and (3.37) to perform the integrals over G 11 and G33, respectively, along

with the fact that
v) = G~(v’ -. ,)*, (4.26)

one reduces eq. (4.25) to the simplified form
I(A’, A) = p~~ + p~ (4.27a)

= 
(xx ’)2 N 

J dv dv 2 dv 1 dvo[G23(v 2 —
~ n) + G23 (v 2 ~

x G22(v1 —* v2) [G 1 2(v 0 —. ,
~

) + G12(n~ —~ v1)*] W0(v0) (4.27b)

= 
(xx ’)2N $ dvdv 2 dv 1 dr 0G23(v 2 —* v)G 13( v1 —* v2)G 12 (v 0 —* v1)W ~(v~,) + conjugate.

(4.27c)

Equations (4.27) provide a formal expression for the line shape. Recall that I(A’, A) is a measure
of the probe field absorption in the presence of a pump field when collisions are occurring in the
system. Eq. (4.27) was derived assuming that atoms start in a thermal velocity distribution in level I
and that the pump and probe fields are weak.

The line shape (4.27) depends on the propagators G 12, G22, 623 and G13. The diagonal propa-
gator G22 enters the SW chain (4.27b) and is a measure of velocity-changing collisions that active
atoms undergo while in level 2. The stepwise absorption process involving G22 is easy to visualize

- absorption of field E taking the atom from state I to 2, velocity-changing collisions in level 2,
absorption of field E’ taking the atom from level 2 to 3.

The off-diagonal propagators G12 and 623 appear in both the SW and TQ chains, while G13
appears only in the TQ chain. These propagators contain the effects of collisions on off-diagonal 
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density matrix elements. The line shape will take on different forms, depending upon whether
collisions are phase-interrupting, velocity-changing, or both phase-interrupting and velocity- -

~~~~

changing (in some inseparable combination) in their effect on the various off-diagonal density
matrix elements. Rather than examine all the different combinations of either phase-interrupting
or velocity-changing effects on each off-diagonal propagator, I consider only two specific collision
models to illustrate the basic physical principles, in both models, coll isions are assumed to be —

phase-interrupting in their effec t on P12 and P23 ’ as would be the case if state 2 scattering is sub-
stantially different from state I and state 3 scattering. Consequently, G 1 2(v’ -

~~~ 
v) and G23( ~~

‘ —, v)
are given by equations similar to eq. (3.40). In collision model I , G 12( v’ -~~ v) is also given by an
equation similar to (3.40) — collisions are phase-interrupting in their effect on pj~. In collision

— model 2, collisions are velocity-changing in their effec t on P13 (i.e., equal collision interaction for
levels 1 and 3, as might be the case if they belonged to the same electronic configuration). In
collision model 2, the propagator G 13( v’ -

~~ v) is given as a solution of eq. (3.32) with a real kernel
and rate.

One additional approximation is adopted m both models As a good first approximation
t he speed dependence of the r1,’s is neglected. (Although neglected in this work, the speed depen-
dence of the ~~ can play an in terest ing role in saturation spectroscopy. For near resonant pump
fields IA~ <ku, atoms with a velocity component v~ = A/ k are selected by the field. Since I v l  c~ A,
the energy or temperature dependence of the ~~~ and the corresponding cross sections may be

• determined by vary ing A. Thus, in a gas at a given temperature , one can measure cross sections as 
- -

a function of temperature by choosing hot or cold atoms using a suitable pump detuning. The
analysis is complicated by the fact that the transverse velocity components are not selected by
the fields, so that the line shapes must be averaged over these components [14].)

4.3. Line shape — collision model 1
If collisions are phase-interrupting in their effect on off-diagonal density matrix elements, the

off-diagonal propagators are given by

-4 ‘~ (yi, + I’131)+ i(Ai, + ~~y
h
) 

(4 28a)

A 52 = A — kv5; A 23 = —A’ + sk’v5 ; A 13 = A 12 + A 23 (4.28b)

with I1~’ and S’j’j’ defined by eq. (3.41) (the speed dependence of these parameters is neglected).
Inserting eq. (4.28) into (4.27), one obtains the line shape

I(A’, A) = pr~ + p
~ (4.29a)

4 (XX ) 2N 
J dv  dv0 

(r 23)2  + (
~ 

— sk’v5)2 
G22(v 0 - v) (r , 2)

2 +(~ — ky
50

) 2 W0(v 0)
(4.29b) •1

TQ — 
(XX ’) 2 N 1d 1 1 w— 

V~ j ‘r — i(~ ’ — ~k’~~ r 13 + i[A — A’ — (k — ek’)v2]r 12 + i(~ — kv5) ° ‘

+ conjugate, (4.29c)
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where
= 1~ + r’~ , (4.30)

A = A + S~~, (4.31)
A’ = A’ — S~ , (4.32)

A — A’ = A — A’ + S~~. (4.33)

Rather than analyze the line shape for the most general case, I shall consider (4.29) in the limits
of large pumping detuning IA I >> ku and near resonant tuning IA I < ku.

In discussing the no-collision line shape for Yi = 0, 1 stressed that there was only one resonance
condition for A’ [(4.18)]. The conservation of energy argument regarding internal states used to
arrive at that conclusion can no longer be maintained since internal energy can be transformed
into translational energy during a collision. Thus, there are two resonance conditions for A’ -

A’ = A — (k — ck ’)v 5 + S~”~ ± f’53 , (4.34)

A’ = ~k’v2 + S!3 ± f’23, (4.35)
along with the resonance condition on A

A = kv5 — sc”2 ± f’12. (4.36)
Eqs. (4.34) and (4.35) may be thought of as two-photon and single photon resonance conditions,
respectively, although eq. (4.35) also enters the TQ chain.

1. I A I ~~ku.
SW chain. The SW chain consists of the absorption of field E, velocity-changing collisions

in level 2, and the absorption of field F. For large detunings, the detunings A — kv5 ~ A of different
velocity subsets are approximately equal so that the entire Maxwellian velocity distribution of
active atoms is equally excited into level 2 (albeit with small probability) by field E. As previously
noted, collisions do not alter an equilibrium velocity distribution; consequently, velocity-changing
collisions in level 2 have no effect on the line shape. The absorption of E’ takes place from a Max-
wellian atomic velocity distribution. All these features are contained in the SW contribution
(4.29b) which, for l A P ~ ku and 1’12 ~ I~ I becomes

— 
4(~x’)2 Nt i2 1d W( (4 37)— 

y2y3A2 J ‘(f’23)~ + (A’ — ek’ v5) 2 °
V 

where eq. (3.36) has been used.
TQ chain. I can not offer a simple physical interpretation of the TQ chain. Since it is not positive

definite , the TQ chain does not correspond to an excitation probability. Instead, it represents an
interference term that contributes to the total level 3 population. The TQ contribution (4.29c)
is a product containing all three resonance conditions (4.34)—(4.36). For large detunings, condition
(4.36) can not be satisfied, condition (4.34) can be satisfied near A’ = A and condition (4.35) can
be satisfied near A’ = 0. Thus (4.29c) exhibits two resonances in A’, the one near A’ = 0 combining
with the SW contribution. For large detunings, eq. (4.29c) reduces to

_ _ _ _  
1 1

= y3(iA) JdP~ 23 — i(A’ — ek’v5) f ’13 + i[A — A’ — (k — ~k ’)vj  W0(v) + conjugate.

V -  - - -  .- -

-
—.-V——-~.VV ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —V—V--V.-.- - V- V - V~~ ~V - —
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Line shape. Combining eqs. (4.37) and (4.38), one obtains the line shape
~‘ ~~~~ r A f  ~‘ ‘~— 1

IA’ A — ‘~XX ’ £C 1 d •“ 52 23~Y2,
— 

Y~, J ‘L(1~23)2 + (A’ — 6k’v5) 2

+ 
{r 23 —i ( A’ — ck’v5) r 13 + i[A - A~ — (k — ek ’)v 5] 

+ conjugate}] W0(v),
(4.39)

which exhibits two resonances. At A’ ~ A, only the TQ chain is important and (4.39) reduces to

I(A’, A) I ~~~~~~ 
A — S c ~ ± if’13) for A’ ~ A, (4.40)

while in the vicinity of A’ = 0 both the TQ and SW chains combine to give

A) —. 
2(~x ) N  [2(~v2 + rc~ — 1] z1(A’ — s~~+ if’23) for A’ 0. (4.41)

V Near the two-photon resonance, A’ ~ A, the line profile (4.40) is broadened and shifted from
the corresponding resonance (4.22) of the no-collision case. Line shape studies in the region of -

A’ ~ A allow one to determine I’~ and S~~.
As predicted, there is a new resonance at A’ ~ 0. In the no-collision limit, r~ = 0, and the TQ

and SW contributions cancel one another. With increasing perturber pressure (or, equivalently,
increasing I’~~), the SW component grows relative to the TQ one leading to absorption near
A’ = 0. For a fixed &~-tuning A, the increase in the SW contribution reflects an additional absorption
of the field E, owing to the collisional increase in the damping associated with that absorption.
The amplitude of the resonance provides a measure of rc’~ while the width and shift can be used
to obtain values for r~ and S~~, respectively. A typical piofile is shown in fig. 12.

it is interesting to note that the integrated profile j’ I(A’, A) dA’ increases with pressure, owing
to the presence of the new resonance at A’ ~ 0. Thus, if the probe frequency is swept through both
resonance regions, the total number of atoms excited to level 3 will increase with pressure. More-

-I I I

C . ,  -~ -~~4 k ’2 k ’

A
~~~~~~~~~~~~~

1

V 
6’/Iiu

Fi& ii Line shape (4.40, 4.41) f or A — 4kn and copropagating waves when collisions are phase-intemapting in iheir effect on p,~ .
The profiles aie drawn assuming y, — 0 , ~‘f~ 4 (k — k’~i and Iv~tI 4 k’u. The line shape consists of Voigt profiles centered near
A — A and A’ — a Compsrethi proflle with the A — 4kuno-collinnpro fik inflg.11.Collisions give rlle to a $ew resonance centered
ne i rA-O .
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over, excitation occurs in a new region (A’ ~ 0) of the probe frequency spectrum. Collisions give
rise to an increased range of probe frequencies for which level 3 excitation is possible.

2. Al < ku.
in all cases, it is assumed that

S~’j ’, I’1~ 4 ku. (4.42)

SW chain. For IA I < ku , there is always a velocity subset of atoms resonant with field E and
this field excites atoms having

F: = (A + S~~)/ k ± (t 1 2/ k) . (4.43)

The population g322(v 5) excited by E is shown schematically in fig. 13a.
Velocity-changing collisions result in a relaxation of this distribution back towards an equili-

brium one. Regardless of the detailed nature of the collision kernel W22 ( v’ -+ v) giving rise to this
relaxation , the degree of relaxation is determined by the number of collisions

= r2~,72, (4.44)
occurring within the lifetime of level 2 and the root mean square change in velocity per collision j
(Au). The distribution ~ 22(y 2) following <n> collisions is shown schematically in fig. 13b as a )

________  

~~~~~~~~~~~~~~~~

Z2
(V

l:

\ 
~~~~~~~~~~~~~~

< n >

(a)  

2r0 

~
)
~;:~ ~l’0 

~~~ 
v, C-~-A ° A’

k k
(b) (c)

Fig. 13. Stepwise contribution to the line shape for Al <ku (or total line shape for counterpropagating waves) when collisions are
phase-interrupting in their effect on p~ ~. (a) The Lorentzian velocity distribution of atoms excited by field E is centered at 5, — A/k
with width f ,,/k (b) Redistribution of velocities in level 2 resulting from collisions. These profiles were calculated using a collision
kernel W(,’ —. p) — ~~~~~~~~ cap — [(p — 0.8p’)/0.6u]2) having a (Au) = 0.6w. With increasing <~> — ~25/,~2 (or. equivalently. -

with increasing pressure), the velocity distribution tends towards thermal equilibrium. (C) Probe absorption line shapes ass function
of ‘n ) The line shapes represent the absorption of field E’ from the level 2 population distributions shown in (b). The profile is a
Lorentzian centered at A’ — ~k’/ k)A (a is taken equal to —1 in the figure) at low pressures and tends towards a Voigt profile centered
at A = Oat high pressures. Vertical scales are in arbitray units, but the same scale is used for each diagram in (b) and in (4
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function of < n) assuming k(Au) > f ’12 (As long as k(Au) > f’~2, each collision is strong enough
to be distinguished since it can remove an atom from the velocity distribution excited by field E
in this limIt , it is the true rather than the effective collision rate that is pertinent to the discussion )
For low pressures (< n > ~ I), the distribution is a narrow Lorentzian but with increasing pressure
t< n> ~ I) the distribution tends towards a Maxwell’an (In many cases, at pressures required to
thermalize level 2, the Doppler limit condition (4 42) no longer holds and the distributions will be
somewhat more complicated than those shown in fi g. 13b.) -

~~
-
~~

-

The probe field absorption resonance condition is given by (4.35) with V: obtained from the
\ L l O t . l t %  di stributions of fi g I Th The corresponding li ne shapes are depicted in fig l3c For low
pressures, v~ is determined by eq (4 43), which, when substituted in eq (4 35), shows that A is
resonant for

A = 4k / k) (A + SV~) + S~ ± (f’23 + (k / k)f ’12) (4 45)
For higher pressures, the probe absorption profile is the convolution of p 22 (v) with a Doppler
shifted Lorentzian of width 1~23 it becomes broader and its center shifts back towards A = 0
ultimately reaching the limit of a Voigt profile There is no difficulty in understanding the SW
contribution on the basis of simple physical arguments
The form of the SW contribution depends on the specific nature of the kernel W22 ( v —. v)

For an arbitrary kernel however eq (3 32) may be formally solved to give the propagator
G22 (v —

~ s’) = ö(v — 
~ )/(72 + p22) + ~~~(v —‘ v), (4 46)

where

-, v) = ~ J dv W22 (v -, v)G 22 (v —~ v )  (4 47)
72 + r22 

_~ ,-
, -

The first term in eq (446) gives the contribution from atoms which have not undergone velocity-
changing collisions in level 2 before being excited to level 3 The second term contains all the effects
of velocity changing collisions By substituting eq (4 46) into eq (4 29b) and using eq (4 42) one
obtains the SW contribution

~ 4x 12 (X~ )2N exp [—(A/ku) 2 ]
= 

(72 + r22)y 3kur 1

J (r1)2 k(y 2 + ~ 22~~5 1d dX l(r.)2 + (A1)2 + n~u2 J P V0 (f’ )2 + (A’ — ek’v5) 2

X C22(P0 —‘ ‘~ (r 2) 2 +~k2 — 
ky

50
)2 exp 

[
.... (vL. + v~)]} (4.48)

where

= 1’23 + (k / k)f ’12 A1 = A — ~(k /k)A, (4 49)

which contains a Lorentzian contribution from atoms that have not undergone velocity-changing
collisions in level 2 plus a term reflecting the velocity relaxation in level 2. One may calculate - 

-

- ~~- ~
‘
22(~

’ —ø v) for specific collision kernels, but such calculations are not presented in this work. - 
-

The general nature of the solution is shown in fig 13c

~~~~*_ ,__ ‘~~~— - -- 

—~~~~~~~~~~~~~~~~



138 P.R. Berman, Ejj ects of collisions on sp ecu ’oscopic line shap es

TQ chain. In the Doppler limit (4.42), W0(r) appearing in eq. (4.29c) is evaluated at v5 = A/ k
and the resulting TQ contribution to the line shape is

TQ — 
(xx ’) 2 N exp [—(A/ku)2] 

~

‘ 

d 1
P33 — ,r iI2 uy j  

V5 111
23 — i(A’ — ck’v5)

~ + i[A — A’ — (k — ek’)v 5] r 12 + i(A — kv2) + conjugate. (4.50)

For counterpropagating waves (e = — 1) all the poles are in the same half plane and the integra l
vanishes. For copropagating waves (E = + 1) and k’ > k the pole at

v. = (A — it 12) / k (4.51)

contributes in the contour integration and corresponds to satisfy ing condition (4.36). When this
valuc of v5 is substituted in the remaining conditions (4.34), (4.35), one finds A’ resonances at

A’ = -i- A + 
k’ — ksph + sç~ ± [r 13 + 

k’ k
r ]  (4.52)

A’ = -
~~

- A + S~ + S~ ± [r 23 + ~~~ r 1 2]. (4.53)

Similarly, for k > k’, the pole at
= (A’ + ir 23) /k ’, (4 .54)

corresponding to condition (4.35), contributes in the integration and leads to resonance conditions

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (4 .55)

A’ = ~-A + -~ s~ + s~ ± (r 23 + ~-r 12) ~ (4.56)

following from (4.34), (4.36). For each case (k > k’ or k < k’) there are two resonances with some-
what different central positions and widths. . 

-

On integrating (4.50) over v5, one obtains the TQ contribution

TQ — 
4it i/2 (XX~)2N exp [ — (A/ ku) 2]  (r5rb — AllAh) ®(c) (4 57)— 

y3ku [(F1)2 + (A.)2] [(Fb)2 + (Ab)2]
where

r5 =r 23 + -~-r 12; ~~~~~~~~~~~~~~~~~~~~~~~ 
- 

(4.58a)

rb = .~[4r 13 + 
k k’ t23] ~~k — k’) + [ r ~3 + IC ’ k r] E)(k’ — k), (4.58b)
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= -
~~~~ [A’ — ~~~

- A — 
~~~ sç’~ — 

~~~~~~~~~~~~ s~ ]e(k — k’)

+ [
A. — !~- A — — 

k’ — k s~ ]o(k’ — k), (4.58c)

= 
{

~~

‘ 
x > (4.59) 

•

This line shape possesses the resonance positions and widths predicted in eqs. (4.52—4.56).
To get some insight into this equation , one can multipl y by (72 + f’22)/(72 + F 22) and perform

algebraic manipulations to obtain

TQ — 
4x t12(~~’)2 N exp [ — (A / k u) 2]

— 

(y
~ + ~2, } 3kuF .

S (F’1,2 
F’.t’b + 

F’l~~öF~~~a F’b — AIAb) + (~S)(F’lAb + rbAJ)] ’~X — 
1 ) 2 + (F)2 + (At,)2 [(F3)2 + (A3)2] [(r b) 2 + (Ab)2] 1’

(4.60)
where

(of) = — (F~ + F~~ — I~~ — 1’22 ) 
[

~~~i 0(k — k ’) + 0(k’ — k) ] . (4.61a) 
-

( OS) = —(Sn + S~ — S
~~)[4K

-e(k — k ’) + €J (k’ — k)] . (4.6lb)

In this form, there are three contributions to the TQ contribution. The first term ju st cancels
that part of the SW arising from atoms which have not undergone velocity-changing collisions in
level 2 [first term of eq. (4.48)]. The second term is a Lorentzian with a narrower width than the
first term, owing to a partial cancellation of the Doppler phases in the resonance condition (4.34)
leading to this term. The third term results solely from collisions since (OF) and (OS) vanish in the
no-collision limit. By using eqs. (4.61, 3.41, 2.34) and the optical theorem, one can estimate that
the magnitude of this term is relatively small and that it vanishes exactly when level 2 experiences
the strongest collision interaction of the three levels, li the term is nonvanishing ly small, it adds
an asymmetry to the TQ contribution.

Line .shape. The line shape obtained by combining eqs. (4.48) and (4.60) is

IA’ A — 
4x i/2 (rx ’)2 N exp [_ (A/ku) 2 ]J’ (r 1)2 

— - — +— 

(72 + ‘~
‘22)V3 1~~

1’a j (r1)2 + (A1) (1’t,)2 + (At,)2

+ 
k(y 2 + 1’22Wa

J d V d V 
+ (A’ — ek’v5) 2 ~ 22(’O —‘ ‘)

_______________ I fi ~ +
X 

(luhii)2 + (A — ky 50) 2 CX~ 
[

~~~~~ 
u2

r.[(or) (raf t, — AlAt,) + (OS) (r5At, + A.rt,)~~ )l (462)+ [(r1)2 + (&)2] [(r t,)2 + (At,)2] £

_____ I.
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For counterpropagating waves (a = — 1), the TQ chain does not contribute and the line shape is
represented schematically in fig. 1 3c for various pressures. There is a Lorentzian contribution from
atoms which have not undergone velocity-changing collisions in level 2 plus a “shoulder” arising
from atoms which have been partially thermalized by velocity-changing collisions. Studies of the line -

shape as a function of pressure can provide values for S?~ and the characteristic kernel parameters
(Au) and <n>, assuming that f~~, f~~, f~~, S~ and S~ have been measured from large deluning
experiments. There has been recent experimental verification of these line profiles [15].

Assuming that the third term in (4.62) is small, the line shape for copropagating waves (a = I)
has the same general features as that for counterpropagating waves except that the copropagating
Lorentzian is narrower than the counterpropagating one, owing to a partial cancellation of
Doppler phases. The interpretation of the line shape is the same as that for the counterpropagating
case and fig. I 3c, with the Lorentzian components having somewhat narrower widths, again serves
to illustrate the line shape as a function of pressure. If the third term in eq. (4.62) is non-negligible,
there will be additional asymmetry added to the line shape. —

(As an aside, I can mention that the line shape takes on a qualitatively different form than that
shown in fig. l3c if velocity-changing collisions are “weak”. Velocity-changing collisions are
“weak” if the rms velocity change per collision (Au) and the collision rate f 22 are not suffi cient
to remove atoms from the velocity-profile (of width f~ 2/k) excited by field E. In this limit, which
can occur over a certain pressure range, the SW contribution remains Lorentzian with a width
equal to 11 (4.49) (as if velocity-changing collisions were absent) plus a small pressure independent
component owing to velocity-changing collisions. For counterpropagating waves, the line shape,
as given by the SW chain , is Lorentzian; the line width extrapolated to zero pressure will yield
an anomalously large value for the atomic state lifetimes, owing to the presence of the pressure
independent velocity-changing collision contribution to the width. For copropagating waves,
the line shape consists of a narrow Lorentzian given by the second term in the TQ contribution
(4.60) pIus line wings representing the effects of velocity-changing collisions in the SW chain.

For the counterpropagating case (or, equivalently , th e SW chain), it is also possible to measure
a line width that is a non-linear function of perturber density. To see how this effect arises, imagine
that at low pressures, (Au) > r 12 /k ~ y 12/ k. Velocity-changing collisions remove atoms from the
homogeneous width, but the total line shape remains nearly Lorentzian if (Au) / u 4 1. The width
of this low pressure pseudolorentzian is the sum of two pressure dependent components — one
from phase-interrupting collisions and one from velocity-changing collisions. However, as the -

pressure is increased, f~~ grows and collisions may become “weak” [ k(Au) < r , 2]. In that pressure
region, the only pressure dependent contribution to the line width comes from phase-inter-
rupting collisions. Consequently the slope of a line width versus perturber density graph will
be greater in the low pressure region than at higher pressures; i.e., the line width is a nonlinea r
function of perturber density [16, 2]. Such nonlinearities have been observed experimentally . -

~

4.4. Line shape — collision model 2
In collision model 2, the propagators G 12(i” -.‘ v) and G23(v ’ - v )  are still given by eq. (4.28)

and the SW contribution is unchanged from (4.29b). For equal collision interactions in states 1 and
V 3, collisions are velocity-changing in their effect on fl13(v) and the propagator G~ is obtained as

a solution of [see eq. (3.32)]

V
. 
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{v~ 3 + r;~ + i[A — A’ — (k — ak’)v5]} G~ (v’ -, v) — f dv”w~ (v ” -o r)G ~~(v ’ -. ,“) = O(, — v’)

(4.63)

with a real collision kernel W~ (v —o v) and rate f~ The line shape follows from (427) as

- I(A ’, A) = 
~~~~~~ + ~~~~~~~

, (4.64a) -

~
,, 44xx’) 2N f d d 

1k
23 ‘1i2 W— 

~ J 
V ‘O (f4 )2 + (A’ — ak’v5) 2 22 ( v0 .—* ‘z) (t )2 +(A — ky

50
)2 ~(“o),

(4.64b) -

= 
(Xx ) 2 Nj ’

d d  — i(A — a kv 5) -~

x G~~(v 0 ‘~ r k W0(r 0) + conjugate (4 64c)
12 + i( — v50) - -

Again the discussion is limited to the large detuning and near resonant tuning limits. Only the TQ
contribution and total line shape need be discussed since the SW contribution is the same as in

-

- collision model 1. -

I. JA f ~~“ ku. As for collision model 1, there are resonances near A’ = 0 and A’ = A. For Al >~ ku
and r1~ 4 I A~ the propagator G 1 3(v —o v) in the vicinity of the A’ = 0 resonance is independent
of collision model, owing to the large value of 

I A l ;  for either phase-interrupting (4.28) or velocity- - ~~
- 

-

changing (4 63) collisions, one obtains G 13(v —. v) ~ O(v — v ) / iA Thus, the line shape near
A’ = 0 is the same as in collision model I and is given again by eq. (4.41).

Near A’ = A, the TQ contribution dominates and, for I A I ~~> ku and ~~ ~ Al, (4.64) reduces to

I (A ’ A) —‘ 
X
~?~j d v d voGri (vo —. v) W0(v0) + conjugate A’ ~ A, (4 65)

73
which is similar in form to (3.38) with G~ replacing G~~. A discussion of the line shape parallels ~~ 

-

that of section 3.4. Collisions which are velocity-changing in their effect on P13 give rise to a narrow- ;- -

ing of the two-photon resonance. The narrowing becomes significant when (f~~)’ > 1k 
— ck’ I u,

where (1’~~ is the effective collision rate discussed in section 3.4. For copropagating waves (a = 1),

the onset of narrowing occurs at lower pressures than in linear spectroscopy while for counter-
propagating waves (C = —1) , higher pressures are required to see the narrowing.

At low pressures, the line shape (4.65) is the convolution of a Gaussian of width k — ek’ u (In 2)~ 2
with a Lorentzian of width 713. The line width decreases monotonically with increasing pressure.

- -

- 
For pressures where (f~~)’ > 1k 

— ak ’l2 u21y13, the line becomes a Lorentzian with width y~~.
f (Note that the assumption r 1~ 4 I Al probably fails at pressures where significant narrowing occurs;

the line shape is modified slightly by this effect.) At all pressures, the line is centered at A’ = A.
The large detuning limit in the region of A’ ~ A serves to test whether collisions are phase-

in terrupting or velocity-changing in their effect on P13’ If the two photon resonance narrows with
increasing pressure, collisions are velocity-changing in nature and one may determine the effective

— 
- 

- - collision effects have been properly subtracted out), collisions are phase-interrupting in nature and -

one may determine rç~ and S~~.

~~ collision rate (fl’~)’. If the line broadens and shifts with increasing pressure (after any inelastic

.— - . 
_

- - . 
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2. Al < ku. For near resonant tuning the line shape does depend on the specific form of the
collision kernel W~ (v ’ .-. v). However, it is still possible to obtain a semiquantitative picture of
the line profile without going into specific details of the kernel. The discussion is limited to “low”
and “high” pressure regions.

a. Low pressure ((rn)’ 4 1k 
— ak’ u; t ,, 4 ku). As in eqs. (4.46, 4.47) it is useful to write the

propagator G~ as

G~~(v ’ —, V) = 
(7 13 + F~~) + i[A A’ — (k — ak’)v 5] + ~~~fr ’ v) (4.66)

where

-. v) = 
1 

Jdv”W i~ (v ” —o v)G ~~(v ’ —o V”). (4.67)
~13(v 5)

The lead term in eq. (4.66) has the same form as the phase-interrupting collision propagator (4.28)
with the substitutions r~ ~-. r~~, s~ 4-0 0. Thus, taking into account only the contribution from
the first term of eq. (4.66), one obtains the same line shape as in collision model 1 [eq. (4.62)]
with f’~ replaced by f~ and S~ replaced by zero. There is however, an additional contribution
to the line profile arising from the second term of (4.66). The total line shape is given by

I A’ A — 
4ir ”2 (~~’) 2 N exp [ —(A/ ku) 2]  J (F’j2 

~ 
r3r~— (v~ + r22)y 3kur3 l(r )2 + (

~~~~~~T 
(—a)  + (F ’ )2 + (A~)2 0(c)

k72 + “i2)~
’a 1d d I

+ L 4ir 2u2 j ~ ~ O T23 — i(A’ — ck’/v5)

X ~7~~ (V o V) 
ex~~[_ (v~o + v ~~)/u 21 

+ con~u~ate]

k(y2 + 1~22)f’3 1d d r23+ 
~~~ j  

V P0 (r 23) 2 + (A’ — ak’v)2

r 12 
r

x G22(,’0 -. p) 
~
‘ 2 A k 2 exP [_ (  2( i2) + (  — v5~) u

r1[(or’) (F’.I”b — A.5A~,) + (OS’) (F’.Ab + f bAa) Ø( 468+ [(r1)2 + (A3)2] [(r~)2 + (A~)2] a) , ( . )
where

rb = -~~~~[-~~~~~ V13  + r;~ + 
IC IC’ t23] ek — k ’) + [713 + r~ + IC’ — IC r 12]e(k’ — k) ,

(4.69a)

= .
~~~ [A’ — -~~

. A — 
k — k’ sr ] e(k — k’) + [A’ — -

~~~ A — 
IC ’ — IC 

sr2] e(k’ — k),

(or’) = —(r fl + F’~ — r~ — r22) [-~- e(k — IC ’) + O(k’ — IC)]. (4.70a)
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(OS’) = —(Sy~ + S~ ) [-
~
- O(k — k’) + 0(k’ — k)] (4.70b)

and F’3 and A5 are defined by eq. (4.58a). The third term in eq. (4.68) represents the contribution
from collisions which are velocity-changing in their effect on P13 while the fourth term is the
SW velocity redistribution resulting from collisions in level 2. The fifth term is assumed to be
small.

The third term is the critical one for the present discussion. This term will take on a qualitatively
different form depending upon whether collisions are “weak” or “strong” (in the sense described

V in section 4.3).
Copropaga ting waves (a = 1). Any strong collision upsets the Doppler phase cancellation that

characterizes the a = I TQ chain. Thus, the third term in (4.68) is negligible for strong velocity-
changing collisions in the low pressure region. Strong collisions broaden the narrow resonance of
the TQ contribution [second term of eq. (4.68)] ; these collisions have, in effect, decreased the
coherence time associated with P13’ The narrow resonance is a Lorentzian centered near A’ = (k ’/ k)A
with a width

= [
~ 

+ I ’~ — k’1 v2 + (~~rr~ + !‘.j IC ’ r~ )ok  
— IC ’) + (r ~ + IC’ -

~~~ 
k r~~) e(k._ k)]

(4.71)

For weak collisions, the Doppler phase cancellation is not significantly disturbed to render the
third term in eq. (4.68) negligible. This term combines with the second to produce a non-Lorentzian
line shape that broadens with increasing pressure. The specific form of the line shape will depend
on the kernel W~ (v ’ —, v).

In addition to the narrow resonance of the TQ chain for either weak or strong collisions, there
is a background [fourth term in eq. (4.68)] resulting from velocity-changing collisions in level 2.

Counterpropagating waves (a = — I) . In the absence of collisions, the TQ chain contribution
vanishes. Mathematically, this result was obtained owing to the fact that all the poles in the
velocity integration were in the same half-plane (physically, one might say that a cancellation of
Doppler phase factors does not occur for counterpropagating waves). If weak velocity-changing
collisions are present, the TQ chain still vanishes to first approximation since the velocity change
is not sufficient to change the general nature of the solution. Even for strong collisions, the third
term in eq. (4.68) does not contribute appreciably, as may be verified by using an iterative solution
for c7~ to estimate the importance of the term. At low pressures, the TQ contribution for counter-
propagating waves remains small.
b. Hig h pressure (f l ~ ~ ku, F ’~ ~ IC’u, (rn)’ 

~~ 1k — ak’Iu , r’~2 ~ 72). In this limit the sample
is completely thermalized by velocity-changing collisions. The probability that an atom has not
undergone a velocity-changing collision in its lifetime is negligible and one can easily deduce from
eqs. (3.32, 4.46, 4.47) and (4.63, 4.66, 4.67) that

G22(v ’ —o i’) W0( r) /y2 ~~ (
~~

22 (P
’ -. ,), (4.72)

G~~(~’ -o ’~ 

W0 P) 
A’ ~ cr3(,’ p). (4.73)
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Moreover, at these high pressures, it follows from (4.28a) that
G12(r ’ —+ v) ~ O(v — v’)/t 12; G23(v ’ — v) ~ O(v — v’)/ t 23 . (4.74)

By substituting eqs. (4.72—4.74) in (4.27), one obtains the high pressure line shape

I(A’, A) 
~~ r~~~~~7~~13 [

~~~~~3 
+ 

(7 3)2 .f. (A’ — A)2]~ 
(4.75)

There is a nearly constant background from the SW chain plus a Lorentzian of width 713
centered at A’ = A from the TQ chain. Velocity-changing collisions have narrowed the line [it is
even narrower than the no-collision line width r, given by eq. (4.23b)] and moved its center from
A’ ~ c(k ’/k)A to A’ = A. The line profile is the same for copropagating or counterpropagating -~ 

-

waves (for r1~ ~ ku, the counterpropagating wave TQ chain begins to contribute) and is shown
schematically in fig. 14. Such a line profile has yet to be found experimentally.

Therefore, the line width of the narrow resonance for copropagating waves first broadens and . 
-

then narrows with increasing pressure while its center shifts from A’ = (k’/ k) A to A’ = A. For -

counterpropagating waves the Lorentzian contribution of the SW chain [first term of eq. (4.68)]
centered at A’ = —(k’/ k)A diminishes with increasing pressure while a new narrow resonance
arises from TQ chain [third term in eq. (4.68)], with the line shape ultimatel y reaching the form
(4.75) at high pressures.

C ~~
‘

Fig 14. High pressure limit of the collision line shape when collisions are velocity.changing in their effect on p, 
~
. The collision narrowed

prolile is a Lorentzia n of width y~, centered at ,t’ = ~ superimposed on a broad background from the SW chain.

~~~~~ 4.5. Alternative level schemes

The results of this section may be taken over directly to describe the alternative level schemes of
fi g. 8.

For the V. fig- !b, A —‘ —A ,(A — kv5) —. —(A — IC y 3).
For the upward cascade, fig. 8c, A’ —. —A ’, and (A’ — ek’v,) —. —(A ’ — ak’v2).

- - - J _  — - 
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5. Inelastic collisions, degeneracy, resonant collisions
.2.- - The modifications of the theory needed to account for inelastic collisions, level degeneracy,
-
~~~ 

and resonant excitation exchange collisions are discussed below. In some cases, there is no di ff icu lty
in extending the theory, in others, the generali zation of the t heory is by no means t ri vial .

5.1. Inelastic collisions
Inelastic collisions can be separated into two categories, external and internal.
External inelastic collisions . Quite often , levels 1 or 2 in fig. 5 or levels 1, 2 or 3 in fi g. 8 are

- collisionally coupled to stat es not shown in these diag rams. An external inelastic collision is one
that transfers population out of the two or three-level system under consideration. (Inelastic
col lisions that transfer population into the system can be incorporated into the problem by an
appropr iate generalization of the incoherent pumping terms A,(v), i 1, 2, 3.)

The effects of external inelastic collisions are easily calculated . In fact , the der ivation of
~p1,4v, t)/~t l~ presented in section 2.2 is unchang ed when external inelastic collisions are present.

- 
Eqs. (2.20—2.22), with elastic scatter ing amplitudes, are still valid. The forward elastic scattering V -

- amp litudes appearing in expression (2.22) for fl~(v)  imp lic i tl y contain the effects of inelastic
collisions, since these elastic amplit udes are related to the total (elastic + inelastic ) scattering
cross sect ion via the optical t heorem, 

~c.

- - cTOT
~~(v )  ~~~~~~~ Im [fi(Vr “r)]~ 

( 5.1)
~LV r

Since the form of F ’.,~v) is uncha nged from the purel y elast ic coll ision case, it is clear that inelastic
and elast ic col l isions affect the para meter r,~(v) in the same way. Thus, in elastic coll isions provide

- 
- additional channels for the decay of level popul ation densities p~(v) , with a decay rate given by

= Jdv ’W114v it’) + - ~ JdP W (V )t’ a9 (P ) (5.2) 
4

where Wa(r ’ —, i t)  is the elastic collision kernel and o? (v) is the inelastic (or quenching) cross section.
For off-diagonal density matr ix elements, i ne’astic collisions add a contribution

~~~ ~~

. f~vp~vp~ [0?(i’r) + a?(vr)J
J .1

to the real part of r1~v), providing a broadening mechanism in line shape formation. Since the
imaginary part of f’1~(r) is also affected by inelastic collisions, th ey give rise to a shift in line profiles.
Inelastic collision broadening can often obscure the collisional narrowing effect.

Inelastic collisions can be studied by the four-level system shown in fig. 15. The pump field E
with frequency LI velocity selects a population P22 (1 :). This population is transferred to level 3 by
inelastic collisions with a corresponding velocity redistribution and the velocity profile p33 (v~)

V -
~~ is probed by F as a function of LI’. This type of experiment provides information on the differential

and total inelastic 2—3 scattering cross section and can be used to study the collision induced
-
- relaxation of fine structure or rotational levels. Note that the atom-probe field interaction is -~~

negligible in the absence of collisions.

1 _
_ _  -- -~ - - V ~~~~~~ -V - V V~~~~~~~
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2
3

E —Ws— 4~A/~~~~~ E ’

________ 
4

Fig. is. A four-level system used to illustrate inelastic collision effects. Field E pumps the i—2 transition and field E probes any col-
lisional transfer to leveis 3 and 4.

Internal inelastic collisions. It may happen that the energy separations of the levels shown in
fig. 5 or 8 are small enough to permit inelastic collisions between levels within the system under
consideration. For the dipole allowed 1—2 and 2—3 transitions of figs. 5 and 8, inelastic collisions
play a role only for transition frequencies ~ 1O~ Hz. Inelastic collisions between levels 1 and 3
of figs. 8a and 8b are likel y to be importa nt if these levels lie closely spaced in the same electronic
subspace.

Incorporation of internal inelastic collision effects into the quantum mechanical transport
equation for t9p 1~/ c~t~ 011 is diffic ult, in general , owing to the collisional coupling of states with
di fferent total (internal plus center-of-mass) energy. I do not know of any treatment of this problem
for arbitrary level separations. However , if the coll isionally coupled states have frequency separa-
tions much less than ~~ 

1 (~~ = duration time of a collision), the impact approximation is still
valid and the problem is great ly simplified. In the impact limit, using the techni ques of section 2,
it is easy to derive [18]

i~p~(v , t) / ~tl ~011 = — ~~ f~”(v)p ~,,(v, t) + ~~~ Jdv’l3~”(v’ —‘ v)p ~5( it’, t), (5.3)

where

= 4~ W( v )  
(~~~‘)~ r [f ik ( ’r v1~)*5~ — fjnO ~r vr)** 1k1; (5.4)

it) is an inelastic “kernel” given by (2.21) with the inelastic amplitudes f 5 ( v’ —
~ i t)  and

f ~5(v ~
. v)’~ replacing the elastic amplitudesf,(v’ —. it) andfAv’ —~ ,) *, respectively, appearing in that

equation.
Inelastic collisions couple d~/fer ent density matrix elements, in contrast to elastic collisions.

I have not yet anal yzed the effects of internal elastic collisions on the line profiles deri’~ed in sec-
tions 3 and 4. The calculation is strai ghtforward to any order of perturbation theory in the external
fields. There may be some new line shape features introduced by the collision induced coupling
of different density matrix elements.

V The four level system of fi g. 15 may also be used to probe inelastic collision effects. Imagine
that levels I and 2 are collisionally coupled to levels 4 and 3, respectively. The field E’ can monitor
population transfer from levels I to 4 and 2 to 3 as well as any transfer of “coherence” from ~ 2(’)
tO p34(P) [19].

Vt 
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5.2. Degeneracy
Typically, each of the levels of the “two” or “th ree”-level systems contains several degenerate

magnetic substates, leading to a corresponding increase in the number of states in the system.
Inelastic collisions between magnetic substates of a given level are energetically al lowed so that
internal inelastic collisions can occur. For all but very strong external magnetic fields, the magnetic
sublevel spacing is small enough for the impact approximation to be valid and the collisional time
evoluation of density matrix elements is given by eq. (5.3).

Collisions result in the relaxation of both the populations and “coherences” (off-diagonal density
matrix elements) of the magnetic substates within a given level. Transfers of the type
Pi~ .i~’ —

~ P I m ~ .2m ,, are also possible, in princi ple. The various “rates” r~:~~
m ’ and “kernels”

are subject to certain selection rules and it is often useful to expand the density matrix
in terms of i ts i rreducible tensor components in order to exp loit any symmetries in the problem.

Information on the d~/f erentia ! as well as total cross sections associated with magnetic
relaxation can be obtained by the saturation spectroscopy scheme indicated in fig. 15, in which
levels 2 and 3 represent di fferent magnetic substates of a given level. By choosing the polarization
of fields E and E’ properly, one is able to deter mine the rate at which collisions transfer population
from level 2 to 3 and the associated change of velocity occurring in those collisions. It would be
inte resting to perform an analogous ex periment to study the velocity changes associated with
t ransfers of off-diagonal density matri x elements Pj m ,m~(~ ) P im .im ” (i t)  (m ~ in ’, m” ~ m”), since
there is as yet no simple physical picture to describe th is process.

V 5.3. Resonant collisions
For the active atom and perturber level schemes of fi g. 16 resonant exchange collisions may

occur in which the perturber and active atom exchange roles. It is possible to transfer level popula-
tion as well as off-diagonal density matrix elements from one atom to another.

3 3

2 2

A CT IV E PERTURBER
ATOM

Fig. i6. Active atom and perturber energy level schemes in which resonant excitation exchange is possible. Collisions can transfer
population or coherence (off-diagonal density matri x elements) from an active atom to a perturber.

The tra nsfer ~f population is easy to understand. A pump field produces some velocity selected
population in an active atom. Resonant exchange collisions can transfer this population to another
atom. However, since the atom receiving the population transfer has an arbitrary velocity, the
velocity selectivity created by the pump field is lost in the transfer process. In effect, each transfer
collision comp letely thermalizes the active atom velocity distribution. Thus, in addition to the

t
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probe absorption line shape features shown in fig. 13c arising from absorption from active atoms
that have not transferred population to other atoms, there will be an additional broad (Doppler
width) background signal owing to absorption from velocity thermalized atoms that have received V

population via excitation exchange collisions.
The transfer of off-diagonal density matrix elements is more difficult to analyze, since one is - 

-

again faced with the problem of associating a velocity with off-diagonal density matrix elements.
While I have not analyzed this process in any detail, I imagine that off-diagonal density matrix
elements can not be transferred in strong collisions, owing to both the large phase shifts and quan-
tum interference effects that characterize such collisions. There may be some possibility to observe
this type of exchange in weak collisions. It is an interesting effect since phase information is trans- - -

~

ferred in the coll ision.
There is a complication that very often obscures resonant excitation exchange. For levels

radiati vely connected to the ground state, the exchange of real photons (radiation trapping) is
possible. For example, an acti ve atom may sponta neously emi t a photon that is absorbed by
another atom in the sample. This process gives rise to the same type of line shape modifications
as does resonant excitation exchange. In practice, it is often impossible to distinguish the two
effects, since the resonant excitation and radiative trapping exchange rates are both proportional - 

V

to t he active atom density over a broad pressure range.

6. Conclusion
V 

I have descri bed in general ter ms t he way in which spectroscopic line shapes reflect the collisional
processes occu r ri ng in atomic and molecular systems. Additional experiments are required to test
the potential of these techniques and to determine whether or not linear and non-linear spectro- V

scopy can provide a practical method of probing atomic and molecular collisions.
With the risk of omitti ng a name or two, I should like to take this opportunity to thank the

following people who have provided me with information , encouragement and guidance (in
chronolog ical rathe r than al phabetical order): F. Zernike, M. Sargent, M. Scully, S. Stenholm ,
L. Menegozzi , S.P. Koutsoyannis, E.W. Smith , J. Cooper, B. Lippmann , R.G. Brewer, J. Hall ,
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Etlipsometry is a unique optical technique of great sensitivity for
in situ non-destructive characterization of surface (inter-facial)
phenomena (reactions) utilizing the change in the state of polar-

V ization of a light-wave probe. Although known for almost a century,
the use of etlipsometry has increased rapidly in the last two decades.
Among the most significant recent developments are new applica-
tions, novel and automated instrumentation and techniques for
error-free data analysis.
This book provides the necessary analytical and experimental tools
needed for competent understanding and use of these develop-
ments. It is directed to those who are already working in the field
and , more importantly, to the newcomer who would otherwise have
to sift through several hundred published papers. The authors first
present a comprehensive study of the different mathematical repre-
sentations of polarized light and how such light is processed by
optical systems, going on to show how these tools are applied to the
analysis of ellipsometer systems. To relate ellipsometric measure-

V 
, ments to surface properties, use is then made of electromagnetic

theory. Experimental techniques and apparatus are decribed and
the many interesting applications of ellipsometry to surface and
thin-film phenomena are reviewed.
This reference work is addressed to researchers and students with a
strong interest in surface and thin-film physics and optics and their
applications. The book should be on the shelf of any library in the
fields of solid state physics, physical chemistry, etectro-chemistry,
metallurgy and optical engineering.
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Effect of velocity-changing collisions upon optical coherences in a three-level system
J.-L.Le Gouët

Lakv.soi,, 4~nid Cation. C...,,. National del .  Rech.,ch. Sctenl(flqu. II. Bdsin,eiu 303. 91403 Oraop, France
V P. R. Berman 0

?* cs Dq.nm.ns~ New Yo.k Unive,sit ~t. 4 W.sl,it,gton Place. New York. New Yo,k 10003
(Received II  July (977)

In thts work, a theory of laser nonlinear spectroscOpy and its applicaticu to the study of atomic collisions is
debclu,.etL A three.ievel system (TLS) is considered in low-pressure gases The effect or weak velocity-
changing collisions (vcc) upon atomic coherences is introduced into thc TLS equations established by Hmnsch
and Toschek. It appean that a itS is suitable for the observation of the effect of vcc upon optical
coherence..

L INTRODUCTION In a three-level system , it is possible to have
a saturated absorption signal arising solely from

The fruitful development of nonlinear laser spec- terms related to optical coherences and not de-
troscopic techniques during the last few years l.~e pendent on populations - By examining the effect
provided new evidence for collision-induced homo- of collisions on these profiles , one eliminates any
geneous broaden ing, shifts , and even distortion problems arisi ng from velocity- changing collisions
of spectral lines In low-pressure gases. Saturated Ofl populations which would tend to mask their ef-
absorptIon~~ and two-photon5 spectroscopy have fects on ucoberences ~~~

been used for such studies . There exists a large literature of calculat ions of
The use of nonlinear spectroscopy to study col- velocity-chang ing collision effects in both linear

lisional effects represents a marked Improvement and nonlinear spectroscopy .~~° To our knowledge ,
over linear spectroscopy in measur ing the effects flO calculat ion exists in which the model of weak
of velocity-changing collisions (vcc). In linear velocity-changing collisions affecting internal co-
spectroscopy , one starts with a thermalized sam- herences in a three -level system (TLS) has been
pie. Consequently , elastic collisions do not alter fully explored . In this work , such a model is
the velocity distribution of the var ious level pop- adopted and may prove relevant to explain recent
ulations of the atom , which are already in equili- experimental results involving satur ation spectro-
br ium. Collisions will affect only the coherence scopy in a three -level system.”
or off-diagonal density -matrix elements , lead ing
to a disturbance of the phase of the atomic osdil II. TLS UNIDIRECT IONAL SPECTR OSCOPYlators. In general this phase distu rbance consists .
of an Insepara ble combination of velocity-changing In a typica l experiment , two cw monochromatic
and phase- interrupt ing effects , although , in cer- collinear laser beams interact with an atomic or
tam limits (see below) , one contribution can dom- molecular gas contained in a low-pressure cell
m ate . In linear spectroscopy , effects of vcc are (Fig. 1). The field E(w , k) is resonant with and
easily lost in the large widths of spectral profiles saturates the 1-2 transition alone , selectively cx-
arising from the Doppler effect. In some cases , citing optical dipoles with an axial velocity close

V the effect of vcc on atomic coher ences can be de- to zero. The field E’(w’,k’) with a fr equency w’‘ teeted by a narrowing of the Doppler profile , but , close to that of the 2-3 transit Ion monitors the
In general , vcc are difficult to detect in linear changes in the velocity distribution and phase co-
spectroscopy. herences of the system , induced by the pump field

Nonlinear Doppler-free spectroscopy provides in the presence or absence of collisions.
more promise for study ing subtle collisional pro- The parameter measured In typical exper iments” j

V ceases. In such experiments one excites a given is that part of the absorption coefficient of the
velocity group of atoms. By probing the system , probe beam containing saturation effects; the most
one can determine the reth erma lization of this interesting situat ion occurs with unidirectional
populat ion velocity group result ing from collisions, beams and k>k ’ .
Moreover , there are systems where one can at- A theoretical descript ion of this system was
tempt to study the effect of velocity-changing col- given by Hltnsch and Toschek.’5 Using perturba-
Ilsions on the atomic coherences. tion theory , neglecting collisions, and assuming

U 52
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h EATING OR COOLING USING COLLIS IONALL Y AIDED FLUORESCE NCE 
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~~~

V 
‘

P*uI R. BERMAN’
~‘*ysics Department, New York University, New York, N.Y. 10003, USA - -

-~

and - 
V

Stig STENHOLM 
-

Department of Technical Physics. Helsinki University of Technology. SF.02150 Espoo 13. Finland
and Research Institute f o r  TheorerlcalPln ’nc: University of Helsinki SF00170 HeIssn&s 17 Finland I

ReceIved 2 November 1977

Collislonally aided redistribution of scattered laser light is suggested ~s a method to cool or heat gaseous samples. The -
S

officlency is evaluated and restricting conditions arc considered. Some potential applications are given. -

V Many recent treatments of laser light scattering the upper level, 7 say. This effect we shall call colli- -

(e.g refs. [1 — SJ) Imply that the process can be uti- sionally aided fluorescence (CAF). Since each scatter- V V  
V 

V:

hzed to heat or cool an atomic sample. To our knowl- ing event transfers a photon from the frequency ~2 . -:
edge, there has been no explicit discussion of the to another frequency, the energy difference must be - 

V 
-

— phenomenon, hence we shall try to explain the mech- compensated by the translational energy of the col- V ‘
anism and estimate its potentialities. liding atoms, and we have to consider moving atoms, V 

- V

The effect Is easily explained with reference to with the Doppler width V

fig. 1. Weak monochromatic ligh t of frequency ii ~~~-: -~~~

acts on a two-level atomic system with a stable lower
level (I c. a zero width eigenstate). For the prelimi- 2 ________ V 

‘

~~~~ ~~~~nazy discussion the atoms are assumed stationaty , 
1 \ r -~~~~

and no Doppler shifts occur. Without collisions, ener- .~~~~~~._ .,. ~~~ 
‘ : -

~
gy conservation requires, that any fluorescence (or 

~ 
I ~~~~~~~~~~~~

Rayleigh scattering If you prefer) has to occur at the (a) - V

frequency Il 161. The scat tering process first absorbs ~
‘
.

energy to a specific position inside the frequency -:‘~
band of the natural line width , and reemission must I I - 

~~V

start from this point; the result is the delta function I J t’.. ~~~~~~~ 

:.~ V 
V

spcctrum offlg. Ib. A hR 0 A £9
With collision events present , the atoms can cx- -

change energy during excitation and fluorescence ac- (b) V (c)
quir es a new frequency component centered at the Fig. I. (a) Two-level system, with the energy difference 7j~~ 

V -:

atomic level spacing (1—S J w as shown In fig. Ic. coupled by the field at frequency 5). The lower level is sharp.
Collisions provide a mechan ism to redistribute the - the upper one has the natu r al width y. (b) Witho ut collisions V -

excited state population over the natural width of ener gy conscrvatlon requires the scattcrcd light to have the f~ . 
-

qusney, 5) U ~~~ + 65) , centered at (2. (C) Collision event pro . -~

elde Fourier components In the range v~~, allowing the popu - V~~ •~

- . ‘Suippoeled by usc 1) 3. Office of Naval Research under con- lesion to scltk on the excited tcvcl before decay. h ence there 
,

~ 
- 

V 
-

‘ 
~aet aumbcv N00014-77C-0S33. appcars a componcntccntcred at fl’~~s,,Mthe scat tcrcd light. ~~.
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MSume we havc a sample of N active atoms and N’ ibma perturbers per unit volume , and the lase r illuminates limit 01.
Tuning with f l  > ~~ produc es he ating and that a volume V1. which is less than the total volume V. 

~~j ’ 
-

with fZ <Ca cooling of the gas. The magnitude of the Then the tractional energy (temperature) change per 1effec t depends strongly on the ratio of the detun&ng unit time is4 n f l _ w t o the Doppler width wD, t tie total efle(. 
dl T ~

‘ NVL ~idW1/ d:~ Other !gy per particle 191 k8Tand the duration of a colli. 
!j .  = I~r+j ~r’~v)~ ~ —) wall COawn s-i; the Rab i frequency x = pE/2h, the upper ‘ ‘ T I VSSCI Pt

state lifetime r ’ and the collision rate r. Here p is 
~~ NV - Exp

the transitIon dipole and E is the field strength. We ~~~~~~~~~~~~ .. A!~~ (6~ tected I ,
- A 2  W ~~~~ V esccnc~

c,ply need to consider phase .tntcrruptmg collision ‘a I r - -effects. We want to choose l~ l large enough to have Eq. (6) is valid only when eq. (4) is satisfied. ~Vith dons o
ac~psiderable energy change per CAF event , but too typical values 1V1/h 1013 s 1 , i~

;

l 1012 ~ “1 and the pet -
large detunings will produce no upper state popula. J0~ s”~ , we can choose ~~ = 1011 ~~ 1 saris. efilcien-
tion ~o act as the source for the fluorescence. For tying eq. (1). With moderate power requirements (e.g. gy hl~ l~ -common values o(thc parameters of a gas sample, %V/cm2) one can achieve values of x2f1~

2 
~ 10-”~. For to the i~ .we can choose the tuning such that simplicity we can take the collision rate to be recoil, ’ -

(N+N ’)LI g O ~ (N+N ’) I0~~~ cm3 s~~, where u, is the ~ theeV ,I ! >r  >~~~~~ j >~~~, >r , . . , . AflO-~
- V ç D relative perturbcr .active atom velocity and a is thewhich also provides t h e  advantage that collisions can collision cross section. Setting VL ~ V we obtain that th~be treated by the impact approximation as I~ l ~ < 1. from eq. (6) an attainable value of of the

Each collision event which gives rise to CAF _
~~ 

- 
~ heatifli~changes the translatio n energy of the system by an 1T = 10 N (cm ~ ) (“) On ihe~amount #zI~s~. If we want spontaneous emission to subject to the restrict ion (eq. 4) non raI -~

- dominate we must assume a small population prob. 10—15 ‘N+N ” ~ ~ ~~~~~~ ‘8’ability for the upper state , n2 ( 1. The rate of CAF ~ ~ )‘ ~S cm ~ -events is then given by (4] An increase of foreign gas per urber s is seen to $ To a f l
leave the effect unchanged , sincef1 dcpcnds on the

U 
-
~~~ 2 ~ 2~

2P/Lt2. (2) active atoms only. The enhancement of the rate of 
Lt~~ 

-A + (I’ + i12) CAF events is counteracte d by the growth of the to-Hence the total rat e is the product of a collisional Sal energy reservoir to be cooled or heated. Totalrate and the excitation probability. The population compensation occurs.
of the upper level dccayt at the rate r and in steady- Eq. (7) suggests, that potential !)’ large heating orstate we have cooling effects may occur. At 1.0 tort the time scale
a ~ 2~~I’/-yA2. (3) In which the energy of the gas is removed or doubled2 

- Is 1.0 s(sic!). The condition (8) can , ho%vever, be quiteRequiring this to be much smaller than one we find restrictive when radiation trapping occurs. Then y V

the condition approaches zero for densities of the order of 1013
2~

2r’Lt2 
~ 

- 

f4~ cm—3 , giving an upper limit offT = 1O’~ S~~~~~. Even‘ ‘ ‘ in this case heating or cooling is bound to occur for ‘ V11th also implies that each excitation event will Im- long enough interaction times. To enhance the heat.mediately be followed by spontaneous emission, Ing or cooling one should try to avoid radiat lop trap- Iwhich Is necessary for optimum energy exchange. ping. If the upper state has a cascade decay branchThe fractional late of energy exchange per active back to the ground state no problem will arise. It mayMO!n Is be possible to depopulate the upper level to som e
dWT/ dI 1Ih~.’ 2 2r high lying state by optical pumping, and the atom

~
-j
~—J .~ j— . ‘ (5) would cascade back so the ground s ta te by different :T T 

~ routes. H, however, we empty the lower level, each4’
156 
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atom can be processed at most once and the upper If the colhsion process Is utilized to selectively -~~
- limit of the temperature change is restricted by channel energy in or out of a specific mechanical ener- t ‘-

V 

~ 7• N ~ 
gy mode, only the effective temperature of this mode

- 
T <N + N’ W 

V 

~9) Is changed immediately . In addition to the change of V
V V 4

T translational energy for a selected species , the vibra- - 

V V 
- V 

V

Other hmits to the heating or cooling attainable are tional energy of colliding molecules could be -tffect
wall collisions, and for long samples , deple t ing of the ed. Thus the process may be utilized to enhance se- :~ 

V~~~
4

~

laser pump beam. lective chemical reactions in the sample. One could - - 

Experimentally the heating or cooling may be de- also envisage using two lasers to heat and cool dif- - 
‘

V

V tected by observing the Doppler pro file of any fluo- ferent spatial regions of a gas in order to study the - : —
resccncc which is not radiati vely trapped. All transi- subsequent mixing and turbulence of the system. The

V tions of the sample can be used , including those of two lasers could also act on different species to pro- V V 
V

•
~ • 

-
.

the perturber atoms. The mechanism ought to be very duce phenomena of energy exchange and reactions. V~~•

efficient because each CAF event exchanges the cner- 
V 

- -

gy hl~ l di rectly with the thermal reservoir , in contrast - 
-

- to the recently proposed schemes (7J using photon References ~: . -
V 

recoil , which can cool or heat only one component V ~ .. 
‘~~ :•

of the velocity in each scattering event. (1j D.L. Huber , Phys . Rev. 178 (1969)93 V; : , .:~
V
V:~

Another interesting feature of CAF processes is, P1 A. O,nont , E.tV. Sm ith and L Cooper , Astrophys. J. 175 
V 

-
~ V

;

that the collision rate usually depends on some power 972~~ 85. .~ 

V 

-
- . - - - . . (31 V.5. Lisitsa and S.l. Yakov ienko , Sovie t Phys. 31.TP 41 V ’ 

- 
V -of the atomic v~locities - Thus in collisionally aided (19 75) 233. 

V
, V

heating, the rate increases and the effect escalates. (4) P.R. Bcr man , Phys. Rev . A 13 (1976) 2191. ~
- 

V

On the other hand , in the cooling process , the colli - (SI i.L. Ca rl st cn . A. Sz &kc and M G . Rayiner , Phys. Rev. I,
zion rate decreases and the cooling efficiency detcrio- AI S (1977) 1029. V
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V 

V ,1 
-
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* To a first approximation resona nt collision rate s do not dc (1975) 68. - 
-

pend on relati ve velocities. For cooling this provides the op- V V - 
-

timum conditions. For heating foreign gas perturber s should :
V

V 
- 

- - 
~~‘ V

• be used .
V ‘1 ~~~~~~
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