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INTRCDUCTION

The advent of the laser has brought abrut a revolutiom in the
kinds of experimental phencmena that can de !ave.itiguted. !n particular,
ultra-high pewer rorochromatic, collimated sources have intensities
of sufficient magnitude to enable studies tc be carried out in the
resime where “non-linear® effects are important, even domirant., Importart
amcng these are procecsses which are characterised by the sicultaneous
ab: rption of two or more optical photons. While multiple photon
pricesses are not completely new, (they are,in fact, fairly routine in

ra jnetlc resornance work,/and knowz to be the primary mechanism for e*-

e

e~ annihilation),™hose in the optical part of the sprotrum, like Razan

scuttering, have, until the advent of the laser, been thousht of as
lincar in the incldent intensity, or, like the two-quantum decay of
the metastable 2s states of hydrogen-like atoms and ions, been crnfined

¥

tc theory.y (Recently, of course, these decays have been otzerved.)

%

ionization 1s cne of the more fruitful for detailed, quantitative mecasure-

Of the multliple photon, non-linear optical processes, multiquantum

rcnts, and for conparison with theory, since (1) one does not require
pr-cise coircldence detween the laser light and an absorption line (2)
the icnizations can be detected ugambizuously ° with 100£ efficlency
(3) atomic wave functions are simple, -nnANMﬂMMﬂmﬂww»=Nn»o».unw« accurate
tc enable cre to make reas nable precise calculations, <<

In this project, we produced beams of alkali atcms, cross-fired
the atoms with z»nvw»unounnau electromagnetic radlation, arnd collected
lonization products. While we were prevented by experimerntal consider-
ations frcr making absolute mcasurerents of ionlzation rates (frequency-
dcpondent and irtensity-depenient ¢ross-sections),we demonstrated that

those loniraticn rates were a function of the polarization atate of

tt- inclidert nau»-nnonuwnuun had not been previously apnreclated) and

zcasured the relative trarsition probabilities for the different,
indepercent polarization states with sufficient precision to demonstrate
trat tre effect wur there and wus real, snd presert some calculations

to indicate good agreement between theory and exvcriment.
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Theory

A. Introduction

In reviewing the literature pertaining to
multiple quantum transitions in atomic u«o«ol-.
one is struck immediately by the absence of any
treatment of other than linearly polarized
radiation fields. Wnile the treatment of cir-
cular polarization does not present any essential
difficulties, it would seem that its importance nas
been overlooked.

Tnis chapter, then, will serve several pur-
poses. Pirst, it will introducé the higher order
perturbation theory appropriste to a treatment of
multiphoton tranaitions. Second, it will
briefly review several of the attempts whicn have
been made to solve the resultant equations. Finally,
the chapter will indicate tne difference wnich one
should expect between tne linearly polarized and
circularly polarized cases and how this difference aignt

be exploited as a source of polarized electrons.

B. The Perturbation Equation

The transition rate W 1s expressed by "Fermi's

Page &
Golden Rule” -

v = (2u/0)|uy |%p(E)

where W is the probability of transition per unit
time from an initial state LN to a final state ¢,
p(E) 1s the density of the final states and _umo_
is n»<m= by

e <oltloy > oo <o lHr |0 <0, (10 >
fo' 31 (E-E -sw)(E B -200])- [y )-E -(N-1}e]

for a iransition of order N with E, E,, uu and E, L
the energles of the initial, the first intermediate,

the second intermediate and the final states -.!.voou.

tively and w the frequency of the incident radiation.
Assuming the dipole interacticn we may write H' as

R = -e .M..H

. wnere E' 1s the electric field associated witn that part

of the incident radiation corresponding to absorption.
We can express H' abeve in terms of the photon
flux P by noting that the energy density n can be

written in either of two forms:

S nnnu!-onwno “ah
Ay
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where n is the number of photons per unit volume and
E is the total electric field. Solving “this ' for
the amplitude of the cleetric ficld and kcoping only
those terms relating to absorption, we can combine

the result with the earlier equations and obtainm
B(r) = -/2melsw 9°' X,

where q is a unit vector in the direction of polar-
ization and may be considered to stand for either
1inear or circular polarization at this point.

Noting that the photon flux is equal to (nl{c]

where ¢ is the speed of 1ight and inserting 3his forgula

for B' may be inserged into Permi's Golden Rule to yield

g l= Corman®lt (a2 ¥ g,

where ano»\.o 18 the fine structure constant, N
]

43 the order to which the perturbation theory »-
carried and Ky is defined as

-0

lmmon—w.m_ozlwv ..Aou_w..ﬁ_owXOﬂ_m..M_oov
Ji HGP.OCGUHI .Qmiu. -H.Julﬂlazlwwlu

o
The ®, , frequencies " are simply defined as nnw-uou\,.
Tne final states (of momentum p=Ak) may be
represented by the corresponding ket vectors |k> wnien

Page 6
obey the orthogonality and closure relations <k|| k'>=
(2r)%8(k-k?) and [|k>(dk/Br)<k| = 1. In the space
of k vectors, the density of states is, therefore,constant
and equal to (2r)’. Using the relation E=p°/2m, we
obtain the energy density of final states (of energy o?...

ple) = (m/al)k
(2r)?

By combining the density of states with the for-going, we
obtain the expression which must be solved:

(a/2)(2mmel¥ x |k )2
ﬁ?vu e "‘ . ﬂﬂlHM\..

-

W=

By noting that the ionization potential of the target
atoms is greater than twice the energy of a ruby photon,
we may begin by considering Eq. (T-I) only for N = 3.
The expansion parameter upon which the perturbation
calculation is based may be represented as tne ratio of
the radiation field to the coulomdb field of the atom.

Under the conditions of the experiment wom

watts were
focused typically into 60 - The resultant value of
the expansion parameter (for these experimental conditions)
4s approximately 0%, we may, therefore, specialize

Bqs (2-I) to the case of three quantum interactions:

:-Jv«

-\

e ————
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where &y 1s defined in EQ. (p-3)- The theoretical
problem reduces to an evaluation of the infinite
summations and a choice of wavefunctions.

C. Average Energy Denominators

Bebdb and Gold L have generalized Hammerling's o

method of average energy denominators to solve fer s ¥
for hydrogen and the rare gases. Following tneir
notation and assuming lignt polarized in the z-direction,
we £ind that the rate’ Dbecomes (for the third order case)

Ke~TE aglzla>aglzla e lzle® (o
Ty lngw Hay g0l

where a_, 3,, 85, and a, are the ground,first inter-
mediate, second intermediate and final states respec-
tively. The summations are eliminated by using an
“gverage” frequency W(v) independent of the states. '
Tnen EQ. (@-1f) Ay be collapsed to glve

<a 2’| >

. e AT s ¢
5 wheeee - @ 4

One may observe that W(v) is defined by

th_-uue_}.v m}._u.e_-L_v- én_nuumvl . (2-17)
: (W{v)-ve)

.. >
a,

| ?)..-aéﬂ.v
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This result is obtained by defining W(v) in each

.-conou-:o order v by equating the right hand sides

of Eqs. (T-1I) and {-III). Additional reduction is

made possible by assuming that there exists a single
"average" frequency for the virtual states .ﬂ< independent
of the order v. This new average frequency is

V=2 v=2
g \.D\.a B(v)-vw u.l\tﬁm { &,-vo ). (2-¥) “%

The third order matrix element then becomes
<a,|z’|a >
£ g i
av - A ﬁﬂl‘ﬂv 7 - y

hﬂ<osv nﬂcowsv

In this form the problem of evaluating uu becomes

one of determining the “average frequency" which 1s,

in principle, well defined by Eqs. %-V)', and »oﬁ.m;. -
Bebb and Gold make use of the existance of "near
resonances” in the excitation spectrum to determine
those states which make dominant contributions to ﬂ<.

The hydrogenic wavefunctions used by Bebb and Gold are
alsac applicable to cesium. In «.vp next section, however,

’r
a more accurate procedure used by Bebd ' to solve

tor Oy ! 1s described.

D. Explicit Summation

uovcmouvnﬂn»o: perforns the summations in Eq(?-II)

without resort to the average frequency approach. He proceeds by




T

- s i T

using the quantum-defect method for matrix elements.
These are calculated with coulomb functions whose
principal quantum number is adjusted to conform to

the observed energy levels of the atom in question:

The effective quantum number v, 1s defined by Hilnm\.c N
where H_ﬁ is the energy in Rydbergs and Z is the
residual charge on the ion. The quantum defect is then
simply v,-n. This adjustment results in radial wave-
functions R,(k,r) which asymptotically ..vv—.o-o:

_..?.3... :n.unu-»iu‘. 2:»: G&:v.
ey
x =l + (k)" nl2kr] - v + Ny - (TevIID) -
This §(k°) 1s the "quantum defect” and can be analytically
continued deyond the ionization potential.
Bebd writes the integrated transition E.ov-v»u»..n«
in terms of an "ionization strength" given by

CW-NI Nﬂ»ﬂguw mmuvﬁknﬂv (2-1X) i o

where s

50)(x;g) = 2{Ertn) o l<l< Ol

&

~

(2-x)

e R S R R R SRR Bt

PRI

Page 10
In Eq. (T-X) the ground state is denoted by g and the
continuum states are specified by the electron propa-
gation vector k. The degeneracy of the ground state
is 8, and ._.cv is given by

ve=2

z]a >
o . : T zla,>a,| z  (7-X1)
vel a, (w -vu)

"sn .

One notices in Eq. (2-VI) ‘that, once again, the
assumption of linearly poiarized incident radiation
has been introduced. As indicated above, Bebb takes
as final state wavefunctions the expression
¥
o= vz £ L 60 % 00) litmgm?] G

where
Ie,4,m ,m,> = R, (k;r) V34 (6,0) x(m,) , (2-x117):

and wnere R(k;r) is given in Eq. (yy1 )- By restrict-
ing attention to one-electron atoms with s ground
states, incorporating selection rules appropriate to
dipolar matrix elements and using Clebsh-Gordan
coefficients to express mQ ) in terms of elements
involving m,,m, functions, Bebd obtains the result
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B (im0, 4)mp(Bgy )42 T T

" £ ¥l o 4 ’
Fussl, mﬁ.ﬁ» wfw _..A.u t,m-m, | 3o,

|
Ah».*s.lc- v| hﬂn.xv~*~ll¢‘<— huvuiv u
<P, 1,0, 3, 0%k, 80 ,mem 2] (ns ) 5, m-m 0>

Aa-‘hu”-.)(- u_ nguuvs'lchﬂvmeH.O—u—arov —»

D?‘uvn Daguvﬁ
(z-x19
where the energy denominators are defined dy
.

M(nd)), = E(nd J,) - E(nb]) - ot . (z-xv)

In Eq. ( %V ) the summation over first-order intermediste
states is dominated by the lowest lying configuration
due simultaneously a.o the large value of the corresponding
matrix element and the occurance of & near resonance

of the photon energy (for all frequencies s I/3) with
the ?n&& configuration. The sum over the second-order
s and d states is well approximated by keeping only the
near resonant terms indicated in Fig. 1. The figure
represents the results of Betds's o-wn..—u-o»oao. plotted
on a Calcomp digital plotter driven by an IBY TOTY
computer. We observe that, for radiation at the rudby-
laser frequency, Bebb's method n»<o.u the result

zOPN. 5

'.1°~71

Photon Energy (ev)
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8, =6 x vonﬂo o-mu-oo»

3

for linearly polarized incident radiation.

E. Implicit Summation

In general, the method of implicit summation

conéists of the replacement of sums of matrix elements

with a single element between the initial or the final
state and a state obtained from a solution of one or

more innomogenous Schrodinger's equations.
Robinson® applied a form of this technique to the

case in question using a numerical form of the atomic

potential and the unperturbed cesium wavefunctions.

with the definitions

m ez 19> <ylzle> ' (g-xv1)

?u.o..mlu =
and
Y —:NV al —*V Aﬂ—“—mv
{ -a) (2=-xVII)
. “%;0
becomes
Ky = <Mylz[M;> - (2-xvIII)

(#,> and ?mv satisfy the equations

#The calculation is discussed in detall in a lszter

T SR RS R S i

sectione

)

e e i e L e e cip o T
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(Hy-Eg-2hullmy> = 2> (g.x100)

To outline the method we may confine ourselves
to the solution of EqQ. (XIX-p). We will employ atomic
units in which e=A=m =3 =1. By evaluating the angular

e O

(B,-E,- tw)lny> = z]g> (2-xIXD)

part of _:mv immediately and employing the explicit form

of :o we can write

—.. Tam\nu.muc.ﬁu\nunn\nnu.fnn\u.»u

.F\&S»-e n?.v = ru,(r) (r-x1x-c)

where u(r) is the radial part of |M,>,

electron energy and where use has been made of the
following asymptotic forms of the atomic potential

and the unperturbed wavefunction::

for large r:
 w(r)~ -

u(r) ~ r°exp( -ar ) m vxu...w. . (exx)

In Eq. (?-xx) s 1s a non-integer "effective Quantum

nuaber" similar to v, as defined in section D of this

chapter. Solution of mn.annucwv is accomplished by
~

S, R G by, Euet

AR R
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expressing J?V in the form F(r)exp(-ar). Once
this asymptotic form of cp?.v has been found Eq.
(XIX-g)4is transformed from a differential equation
to a finite difference equation which is solved
numerically. The results of this implicit solution
as applied to a one-electron atomic model (for the
cesium atom in linearly polarized radiation at the

ruby-laser frequency) are:
8y = 3 x 1077 olmnnoo».

F. Polarization Effects i

As has been previously indicated, we have been
unable to find previous discussions of circularly
polarized light and multiple Quantum processes. It
is possible that circularly polarized lignht was ignored
because of the natural, but erroneous, assumption
that the unpolarized nature of the atomic systems zo.cua
cause the transition probabilities to be independent of
.«ao polarization of the incident radiation. Indeed, it
is ..25 that transition rates for unpolarized targets
interacting with either membder of an orthogonally
polarized pair will be ‘the same.

This experiment is the first to present evidence
contrary to this -ouén»o—m. As we shall show ins later sec~
tiom, there is a distinct difference in the transition
probadbilities under the influence of circularly, as
compared «o linearly, polarized 1ight. It is the purpose

LS SR F S TR Ny - e RN b . Sy T RO SRR,
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of this section to discuss qualitatively wny this 1s so.

In addition, we indicate the possibility that such
differences can be exploited as a source of polarized

electrons.
Fig. 2 represents those virtual states of tne cesium

atom (treated as a single active electron with an inert
core) which are accessable to an electron, initlally in
the ground state, which absorbs three -:.ooouu:o linearly
vou-n.»noo photons. The appropriate selection rules are

then

o =% ]
) =%1,0
am=0 (T-XXI)

The notation used to indicate energy levels in the figure

is

g | s(my). (T-XX11)

Each level in the figure represents the infinite set of
levels which have angular momentum Quantum numbers as
given by Eq. (IXII). Those states whose my values
render them inaccessable from the initial s.»!.‘- have been
omitted. In addition, the transitions starting from the
the l..-om have also been omitted for clarity.(They may

R etk

IR 7 A s A W 0 T (7 A D

e e T e R
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m. be obtained by interchanging + and - signs on all m elements of the form . ” M
§ values). i |
? Fig. 3 considers the transition channels open A:.p.u._n_iuv = : ,
s under the influence of right circularly polarized
light propagating along the reference axis. Under : thereby permitting comparison. |
h these circumstances the selection rule is E_J.r_.p. A comparison involving n»m:»a.ownsw less com-
§ Since the open transition channels are different for putation may be made by ignoring the effect of spin. 3

the my+g ground state and the my=-} ground state, they Such § comparison serves the dual purpose of illus-

are exhibited separately. The difference in the number trating that the effect is not dependent upon spin-
i and the character of the open transition channels between orbit coupling and providing a model for calculation in

Figs. 2 and 3 is striking. One should note in passing ) the more complicated case. 1

that the effect of the rignt circularly polarized light In this approximation Eq. (r<1x) reduces to

on the m=-% and the m=+s ground states is identical witn

the effect of left circularly polarized light on the mﬁuvu?x_—im ﬁ |zz 1 <kp0|z|n's0>

m=+g and m=-} ground states respectively. Thus, for ant q(nis)a(np) . :

an unpolarized target beam such as ours, we find no Av.uo_u_svoX:vgn?nuov +IT 1

g-
difference in the transition rates when the "sense" of b?.nvoﬁavv

the polarization is reversed. vao_u_s.noxn.no_ L svosto_ u_an.-ov _w &

'

A quantitative comparison o.». the linearly and

m»aozpunuq polarized cases awaits the evaluation | == 1 <kfo|z]|nt*da0>
of the appropriate matrix element sums. Briefly, nat g (nvd)a(np)
the procedure would be to define a second ionization A:.no_n_nvox—pvo?_:nuov _mu (2-XXI111)
: strength for circularly polarized light similar to the
one in Eq. (7T-IX). By explicitly writing the individual and 612} (the lonization atrength for circularly
eu.u.so in the summations of Eq. (T-1X) and 1ts analog polarized 1ight) becomes :
: and applying the Wigner-Eckart theorem ~ both . .. :

ionization strengths could be expressed as sums mn matrix 4 : ik

o, .

Eo P it oo
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¢3) w (p)am)? | T A <kr3| XY niq2>
an' a(nrd)a(np) z

A:.nm*x+»<_=uFVAsvw_x+»<_=muov |2

/3 e (T-xX1IV)

Applying the Wigner-Eckart theorem to Eqs(xxirr) and
{X1v ) and dividing, we obtain:

2.5]c|? g
lel2+ (1/90)|avsp|?, (2-TXV)

B3l 503 .

where
A=zt ——2 _  _<ip| r|l nrs><nrsl| rl) np>=<npll rl| ngs>
na! Q(n's)R(np)

B=If — 2 <l rinta>narall rll np><ngllrll ngs >
nt g(ntd)a(np)

‘c =z 1 <kt|| rll nra=nrdlx llnp >ngllxll ngs >
mA' g (n'd)a(np) i
(T-XXVI) ,J

G. A Polarized Electron Source

The use of this effect as a source of polarized
electrons is suggested by examination of the difference
in open transitlonchannels between the left and the
right sides of Fig. 3. The operative principle 1s that
polarization 1is «dnnumnnamw to the target atoms during

virtual transitions. >hno«.«so.bcmonun»oa of the first

Page 22

photon, the interaction takes place between a polarized f |
atom and successive polarized photons. Each successive |
absorption increases the degree of polarization of |

the target.
In a procedure similar to the one followeéd in

the last section, we can define lonization strengtns

n+ and C_ for the effect of right circularly polarized

i)

IR RN

1ight incident on an atom in the m=+% and m=-%

waocam states respectively. If q=x+1iy:
3

c = (sm8) Iz __1
B oﬁa.au\mvoAsvwv

<kflalntay ,xnrds jolalnp, > :

. w ..
Sy lalngagt + w.m. a(n'dy )0 (05 /) i o i

<n'd, ,,|a|nps ;,>0ps pplaln s,> + T 1

<kelalniag ,>ntds plalmps ;><mps fplalngsy> 12

81/160) | = 1 _<kf|qln'd, ;>

Aﬂ.nm\m_n—ﬂ.ﬁu\mxsﬂvu\m_D—bwuwv —M (T-XXVII) p
and
c, = (45/16) | == 2 —<kt|qlnrdg >
* & nn' 8(n'dg )0 (np3 /5) lale'dsze ."
<ntds plalnpy /by pplalagsy> I, &
(T-x2VIII) i

i
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¢,=(45/26) |al?
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_
“ Chapter IV: The Experimental Technique

c_=(5/48) [Bscsal® + (81/260) [al%. (r-mxmx) A._Introduction

Dividing C_ by C_ we obtain Under “Theory," it was shown that, in tne realam to
5 » : which v.onnEéw«»o: theory applies, the usuno»g»nva»oa
ol\n... = (1/21) “.u + (B/A) + (C/A) _m + (9/50) . vuogu»u»««.. per atom and per unit time is proportional
: ¢ (T-xXXX) ¥ to F* where F 18 the incident photon flux (in uao«o:u\namonnov

By a proper choice of frequencies, the terms in- and where n is the order to which the perturbation

volving s?vu \mv can be made to dominate over the theory is carried out. It is the purpose of this chapter
4 . terms involving o?vmv. For example, in the case : to show that the value of the coefficient of propor-

of cesium, the quu /2 and the Tp; /2 states 1lie 4594.39 & : tionality in the third order ?uv can be obtained by

and 4556.50 % above the ground state u.ouvon«:ow«.ﬁmd measuring the incident light flux, the incident &tomic

This corresponds to a frequency difference of 543 x Spo Hz. current, the temperature of the atomic beam, the

Incident light of the appropriate frequency can, by this 3 number of photoionized atoms and the interaction geometry.

process, selectively photolonize atoms and, theredy,

produce polarized electrons. . s B. Calculation of the Coefficient

The calculation is based on the interaction

geometry depicted in w.»m. 4. The diameter of the

laser spot is given by d and the height and widtn

0 & of the atomfc beam by :.... nt and 44, respectively.

The number N of atoms which will be photolionized is
glven by ’ :

Tuie 7 . .
s .

N=[pwadtav
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where W is the photoionization probability per atom

and per unit time, p is the density of atoms in the
interaction region, V is the volume of intersection
of the laser and atomic beams, and where the time
integral is performed over the period during which
the laser is on.

If only a small fraction of the atoms in the beam

are photoionized during the time that the laser 1s on,

p may be considered constant and removed from the time

integral. As was mentioned earlier, the incident laser
flux was typically wom watts into 0.6 cm? for a period

of approximately 20 =mon.. Using these values and

the largest estimate for ou results in the estimate

that only 0.01% of the atoms are photolonized. Under

these circumstances, then, we consider p constant.

The photolionization probability W (as presented

Pigure 4

in “Theory") . 4s gilven by

Wby P(.2) - (B-11) .

(The »ar over the flux is used to emphasize tnat the
observed flux 1s averaged over many periods of the

AR NI R T AN TN o S R AR A

laser oscillation but over a time short compared to

the width of the laser pulse.). The atom nosxupﬁu is
given by

g X)L

<v> ST s (ReTRE)
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where J(x,y) 1s the atomic current density and <v>
is the average speed of an atom in the beam. Combining
EQs. (B-1I) and (E-III)with Eq.(EeI), and introducing
the assumption that J(x,y) is constant within the

interactiocn volume, one obtains

I(x, «.vou..»nn
<v> ! P R (B-IV)

N=

where A is the area of the laser spot as it intersects
the atomic beam.

ﬂ‘ may be replaced by u;u where 31! 1s a mnavou.ww
coherence correction u.ou.cwﬁ.:m from the simultaneous
oscillation of different laser modes, . t. 5
The result is

_ 3(xa)b58y (1a2/4)(6)
<y>

I Pat aa.

(E-v)
By inverting Eq. (E-V) we obtain our initial expression
for ou in terms of the experimental parameters

C Nev> :

63(x,¥)8 4, (7a%/8)[ Pat aa (2-v1)

C. Average Velocity of the Atoms

Since the atomic beam _source is a vapor in
equilibrium J»ns the walls of an alkali oven, the
number density velocity distribution n(v) is given
by the Maxwell-Boltzmann expression i
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n(v) = cvlexp( -2uve/k ) (E-VII)
where C 1s (for these purposes) a constant, v 1s tne
atomic velocity, w is the atomc mass, k 1s Boltzmann's
constant and T is the absolute temperature of the
vapor. The average velocity is, then,

<v> = B R ol o 0 (&xz/um)¥.  (B-vIID) &

I” n(v) av

The average atomic velocity may, therefore, be written

<v> = 1,449 x 10t 3\5* cm/sec (B-IX)

where M is the mass of the atom in a.m.u..

D. The Laser Spot Size

The laser spot size n is not measured directly

but is obtained from the relationship

a = [ellr), (x-x)

where 6 is the divergence of the laser beam and T
is the focal length of the lens used to focus the
laser beam (originally w\ww in. in diameter) down to
the spot diameter. EQ. (E-X) 1s readily Justified

by reference to Fig. 5. The phenomenon of beam
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divergence has its source in the fact that the light
rays are emanating from a variety of points within
the laser rod and are propagating at a variety of
angles with respect to the optical axis. As indicated
in Fig 5 those rays which are propagated parallel to
the optical axis are focused to & point on the axis
at a distance from the principal plane of the lens equal to
its no.."pw length. A group of rays hitting the lens at
an angle $6 from the axis 1s focused to a point in the
same focal plane but at a distance d/2 from the axis.
One observes that, since those u.ww.-.ts»ov pass through
the center of the lens are undeflected, triangle ABC
1s a right triangle with AB =T and BC = d/2 and angle
CAB = 6/2. If 6/2 represents half the beam divergence
angle then d/2 represents the radius of the minimum
spot size into which the beam may be focused. For
small angles (in our case 6 is on the order of

milliradians)
d = (riltan(2e]] ~ (rilie] (B-x1)

E. Determination of the Beam Current

1. Effective Height of the I ector
‘J(x,y) as it appears in Eq. (E-TIY)represents

the number of atoms per second which pass across

"~ "a unit area perpendicular to the atomic beam axis and

located at the point of the interaction. This para-

" meter may be indirectly measured.by a beam v—.oauo.

e o g S T e e =
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analysis combined with a knowledge of the appropriate
beam dimensions. Fig. 6 displays the relative
positions and sizes of the oven exit slit, the

‘beam collimating slit and the hot-wire detector. The

presence of the collimating slit gives rise to an
atomic beam whose intensity as a function of the
distance off-axis is trapezoidal in -geo.. Fig. 7
shows this function as it would be measured by an
ideal (zero width) detector and as it would be measured
by a detector of finite width.

In view of the intensity fallkoff in the penumbra,
an "effective detector height" must be defined to ad just
for the uneven contributions to the detector current
made by that part of the detector height within the
umbra and that part which is in the penumbra. If,
as in Fig. 6§, one defines H to be the height of the
umbra, H' to be the height of the umbra-plus-penumbdbra
and h to be the height of the detector then

Byge =H+ (h+ H' - 26)(h-H)/ 20" - 2H).
. (2-x11)

It should be noted that the values given in Fig. 6 for
the beam umbra and penumbra are obtained by direct

. calculation from the known values of the beam geometry.
" The values used in the calculations presented in this
section are, instead, those obtained D.on. uam.ucnuna:n-..on

the atomic beam profile. - : i Lo
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Although at large atomic beam current tnere is ap-

preciable broadening, the profile parameters were
stable o<=.A the range of currents obtained during the
data-taking. In this range the full width of the
umbra 4 was found to be 44.0 mils and the full width
of the base of the profile trapezoid £' was found to
be 224.0 mils. Inserting these values for tne para-
meters into Eq.(B-XII) we obtain

Bype = 0.441 in = 11.201 um. ~ (B-XI1I)

m.. Mapping the Beam Profile

Since the laser passes through the entire
width of the atomic beam, it 15 necessary to determine
how the current density behaves as a function of x
(see Fig. 4 for a definition of x). This is done by
translating the hot-wire detector along the x-direction
and then "mapping backwards" to the interaction region.
By the use of similar triangles, one may readily <3..»Q
that . ; .

( bu.bnlto<¢§ A “Woven v l,ﬂ = (BE-XIV)

. : : i  (B-XV)
Anw:n...to.‘os.v}:...toﬁ:vln.. .

( Bype=Noven )V ?unn.xwo<obv =-a (B-xvI) < =

553». u... so.<a= and W, .. &re nongt:ﬂnm.

Slasion o
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a is defined as u»an\unon and is equal to 0.461 in
and s»ﬂ«. swu«. and hy¢ 8Te the interaction region

analogs of 4, 4', and wonn respectively.

Inserting the actual parameters of the apparatus

into Eq.(EB-XIV) and (B-XV),one obtains

4 = 0,040 in = 1.016 mm (B-xVII)

int

bloe = 0.083 in = 2.108 mm. (B-XVIII)

In a manner similar to that used in Section III E 1,
we define the effective interaction region beam width

bope to e
bope = Syny + ¥ 8050-840¢)

= #( e * 41nt )

= 0.062 in = 1.575 mm . (B-XIX) -

3. Mapping the Current Density

If I, 1s the atomic beam current (in amps)
in the umbra of the beam as read by a detector
of heignt vo»n and width Yaet? then the current
density in the umbdra is £

Jo = Io/(Rert¥et) ; nunwu.v

RN S S RO R 0 S

EREAVABAW.
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i . ,. : ,u»s.x.?.ﬁ - m.mm.n. 102 ¥4 ?hn..«\uuon..
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Taking into account the loss of beam intensity in
the vuu...ag». we find that the total number of atoms
which pass the detector plane to a height uonn in

each second 1s

(T/Mgee)( & + Bl41-2)) = (T/2w30 ) (414). (g ryry
This same number of particles passes an analog area in
tne interaction region which is given by Jba.ﬁonnu»an. i
With the 'use of EqQs. (E-XII),(B-XIV),(E-XV), (E-XVI), and
(B-XIX), we can write

Apne = (abgpet{l=aln o) ( Bals+t1]).  (E-XXIT)

Using EQs. (XXI) - and (xxII), we can write the current

" density in the interaction region as

- I,

Hgﬁﬁﬂsqv i

2
Wget( (Bepe-Bovenl*atoven)
(B-xxIIX)

Inserting the experimental parameters for Wiet? aonn.

vo<o= and g we obtain

o
(B-xx1v)

7 T eogrx0?xy (part/sec-ca’).
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P. Relationship Between Laser Flux and Laser Power

The spatial average flux <F> rE.os appears implicitly
in Eq.(E-VI) is expressed in units of v:onosu\oaw.-on.
Physically what takes place is that the full power of
the laser is focused down so that it intersects the
atomic beam in a spot of diameter d (see Eq. (B-X): ).
e average flux is indirectly measured by monitoring
the laser power and dividing it by the area into whicn
the laser is focused. If P is the instantaneous power
of the incident lignt (in watts) and if Aw 1s the
energy contained in a single photon, then

< = LP/M) __ pnotons/cn®-sec.  (3-xxv) <
v(a/2)?

Comdining EqQs.(p-x) and(E-XXV),we may write <P> as

<p> = —L (4/7%)  onotons/em®-sec  (E~XXVI) _3

wo?r? :

from which it follows that

{ . 3 :
<p> = 7.08 x 1099 4 vvo«osuu\oam--uo
vebré

(E-XXVII)

3

where v=uw/27.
Finally R may be replaced by S\svnmv where

.
S RO MR S = - o

2 L » b AR R i o A AN A S i 5 S A TS L L S il o e U AR
- a6 2 T R NS LT TN
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h 18 a correction factor dependent upon the spatial
profile of the flux. While the relative nature of
the experiment renders h unimportant, it is, in principle,
obtained from the divergence measurement in Section VI B.

G. Conclusion

Eq.(E-VI) expresses by in terms of N, <v>, J(x,¥),

d, n and F. Of these seven quantities, five are not
directly measured but are, rather, obtained tarough

the measurement of other experimental parameters (the
measurement of N.1s obtained frox the: gain of the electron
multiplier,® ;.). It has been the purpose of this chapter
to rewrite Eq.(E-VI) so that we obtain an expression for
ou as a function only of directly measured quantities.
Combining Eqs. (E-VI), (E-IX), (E-Xj, (E-XIV),.(E-XV), (E-XIX),
(BE-XXIV), and (E-XXVII), -and inserting into the
result those values of the parameters which remain

constant throughout the experiment, we can finally t.n»ﬂu

334t
by = 2.44 x 207117 N(IM)Z v 6 T o gec?
: nI, <Pt ¥

. (B-xxvIII)
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MEASUREMENTS

The actual measurements were performed by cross-firing
the atomic beam with the laser, and recording the trace of
electron multiplier and photodiode output signals. The time=-
evolution of the photodiode signal is most important, because of
the non-linearity of the process and the lack of pulse-to-pulse
reproducibility for the laser., The overall rise time of the
photodliode and its associate circuitry was about 1 nsec, quite
sufficient to record the varlation in the experiment. (This
ircludes tke 1 GHz traveling wave oscilloscope, which we used to
record the photodliode output signal.) From the photographed trace
of the traveling wave CRT, we obtain the laser power P as a function
of time, Prom P(t) we can obtain muﬁnv. where N is the order of
the process. /

In the experiment, a quarter wave plate was rotated to produce
circular and linear polarized 1light as desired. (A random <
sequence was used to eliminate the effect of any periodic variation
in the laser output.) Both states of circularly polarized light
were examired, and, as expected, showad no measurable difference.

4 sizeable difference between linearly and circularly polarized
was observed. This discovery was the outstanding achievement of
the project.

The experimental results are as follows.

Cesium: R 3= 1.71 +.33, at ruby laser frequency; Ry = 1.28 +.21,
at ruby second harmonic.
Potassium: -u = 0.904 +.229, at ruby laser frequency.

(Ry = ﬁn?»nocw-nw« voubu.puo._ w»nwi\m N(1linearly polarized 1light).)

R L
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DETAILED CALCULATICN

As we indicated earlier, detailed calculations for the three
quantum icnization of cesium have been performed. Similar results
for the two-quantum process have also been completed. In this section,
we will outline the procedures by which these calculations have been
done.

We make use of a model in which the cesium atoms are treated in
a single-electron approximation, For this purpose, the valence eleciron
moves under the influence of a potential which accurately reproduces
the ground, lowest p-, and lowest d-state energies. (For L # O, the
potential reproduces the weighted average of the doubletenerzy.) The
potential behaves like =Z/r for small r, arnd like -1/r for r going to
infinity. The effect of the 54 core electrons is igrored, except insofar
as they contribute to the potential for the valence electron. For the

two quantum process, we must solve the diffrrential equation

»
..mmue +V(r) + r:‘_.‘w & l\v_..u ﬁ_ﬂ T4, . (o0

= \msmms. W

The final state partial wave function is fW“ Lwahv < i A 2)

The unperturbed wave function nﬁ.

For the three quantum process we solve

[-2 4 VO + LiL oD & hul b= s |

{c-11)

®)

~ Y Ae ()

m? AVED & ko ket

rt

Unlike previous work, we solved the differential equations by means

4
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of numerical forms of the Green's function. The Green's function
satisflies the inhomogeneous differential equation with the delta-
function irhomogeneity

!

ﬁ rv
s 22 4w - & 4 hw'] G )

(c-111)

= Mnﬂaﬂ&

The solution of the desired inhomogeneous equation is obtained by

the quadratures
- X
! ]
&u mm. eyt A dr
\ Y )
)
N g, (Le)

?- mo & ) ¢ Mg (hde'

W

& 2
& = Au(AH(R), h-.mv +.~yW“., VOES L1

= 0. (c-1v)

.
In general, no-&t. etc, are not eigenvalues of the differential
equation, so that the solutioms, u(r), v(r), which are regular for
small and large values of r, are rot the same function, i.e., u goes
no.»:n—u»o« for r going tc infinity, and v goes to infinity (or to
a pon-zero value for L=0) as r goes to zero. The Green's function

is ther of the form Au(r, ) v(r, ), where the constant 4 is chosen to
make the coefficlent of the delta function on the left side of the top

Sk ad Bk e b AE
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equation equal to unity, in accord with the right side.

The functions u, v are obtained numerically. We assume
the asymptotic expansiocn for v at large values of r that is ap-
propriate for a Coulomb potential, This is integrated inward. Ve
take a power series for u near the origin, and then integrate outward.
In general, u will diverge exponentially at large r, and v gocs &S
r-l at small r. Quadratures are obtained by Simpson's rule, and
the differential equations for u and v are solved by Numerov's
mwethod, r»unn the first derivative has a vanishing coefficiert.

Calculated results for the two and three quantum transition
rates in cesium are tabulated below. Our result for the ratio
of the linearly polarized transition rate to the circularly polar-
ized transition rate is in good agreement with experiment, as is
the second harmonic two-quantum u.n!z..». Hpsvn.ovo:wo% has also
obtained good agreement in the two quantum case, although he used
zmuch simpler (hydrogenic 2s) wave functiones. This seeming succecs
of this very crude aprroximation can be understocd as follows. W¥e
see that our table gives practically a constart relative transition
probability over a substantial frequency range. (The relative
transition probability measures awo,n-n»o of the p to s ard p
to d radial integrals.) As long as resorances are not important,
we may aprroximate the interrediate summation by the same one or
two terms, which, in this case, hap-en t~ yileld intermediate to
final state radial integrals of the same relative maznitudes in
hydrogen and cesium. The situation changes as a state goes through
a resonance, especially where we must consider both the resonant
and non-resonant terms as irnterfering. In short, it appears that
the relative two photon rate terds systematically to be near 1.3,
but that wide divergences occur in the vicinity of intermediate

state near-resonances.
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TWO-PHCTON IONIZATION OF CESIUM (THEORY)

H
i
3
¥
E:
|
m

Photon Energy H»uowﬂha«wsm»anos Rate THREE~PHOTON IONIZATICN OF CESIUM (THECRY)
mavanmw cm™t-sec

S wl Pnoton Energy Linear Trangltion Kate Relative Transition Rate
161 %56 ~{Rydberg) (em6-sec?)
.16 &5 »
.Sw wuw u 0.100 2.18 x 10776
175 1,43 ® 0.102 5.60 x 10-77
179 9.06 x 10-59 0.103 1.66 x 10
.18% 5.06 " 0.105 1.26 x 10775
.189 2.00 " 0.107 2.20 x 10-74
.193 1.11 x10-21 0.108 1.98 x 10-7%
.198 3.27 310799 0.110 5.03 x 10-76
.203 1.54 31048 0.111 7.69 x 10-71
.207 .39 " 0.113 . 5.19 x po.«o
212 2.75 x10-49 0.11% 2,19 x 10
«217 1.25 ¢ 0.116 5.42 x 10-79
221 6.82 x10-50 0.118 2.32 x 10-76
226 3.58 " 0.119 4,94 x wo'q.ﬂ
«231 1.0 * 0.121 1.54 1 10~
.235 9.6 " 0.122 5.33 x 10-78
240 1.58 x10-49 1.39 0.124 1.05 x Hon««
245 8.83 x10-50 1.3 0,126 9.79 x 10771
-249 2.37 x10-49 0.906 0.127 1.53 x 10772
«254 3.44 x 10-48 0,220 0.129 2,05 x 10771
.259 6.02 x 10-42 0.0130 0.130 9.70 x 10778
.264 2.95 x 1048 1.39 0.132 2.40 x 1077
.258 7.97 * 0.562 0.134 2.39 x How«
273 1.63 " 0.577 0.135 2.33 x 1077
e 2 - 1% ez i
. . . . . X

» e 0.140 1.38 x po.«

0.242 3.38 x 10~
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