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ABSTRACT

Yin, Y i-Y ian . Ph .D ., Purdue  U nivers ity , M ay 1992. Pho toe lec tron  
angu lar d is tr ibu tions and phase  in te rference  in alkali a tom s. M ajor 
Professor: Dr. Daniel S. Elliott.

In this thesis we report an experim ental study o f  the in terference 
betw een  one- and tw o-pho ton  ion ization  p rocesses  from  the ground 
state o f rub id ium  atom . This in terference is observed  by m easuring 
the  p h o to e le c t ro n  a n g u la r  d i s t r ib u t io n  u n d e r  the  in f lu e n c e  o f  
fundam ental and second harm onic laser fields. E xternally  controlling 
the re la tive  phase  and am plitude  betw een these tw o laser fields, we 
ob ta in ed  in te r fe re n ce  in the an g u la r  d is t r ib u t io n  pa tte rn s .  This 
study rep resen ts  the firs t  observation  o f  the phase  in te rfe rence  in 
p h o to io n iza tion  angu la r  d is tr ibu tions .

The pho toelec tron  angular d is tr ibu tions resu lting  from  the s ing le ­
photon  ion ization  o f  cesium  and rub id ium  from  its ground sta te  to 
the continuum  were m easured. This is the first set o f  m easurem ents 
of the single photon  photoelec tron  angu la r  d is tr ibu tions at a variety 
of energ ies in v icin ity  o f the C ooper m in im um  from  a single initial 
s ta te  o f  a lka li  m eta ls . T he  resu lts  show  a strong  va ria tio n  o f  
a sy m m e try  p a ra m e te r  p from  its non re la tiv is t ic  value o f  2. Spin- 
o rb i t  co u p lin g  d isp lac es  the  m in im um  in the  c ross  sec tion  for 
excitation to the e P i /2  and e P 3 /2  and results in a rapid variation of the 
angular d istribution with photon  energy in this region.

T h ro u g h  the  m e a su re m e n t  o f  tw o -p h o to n  io n iz a t io n  an g u la r  
d is t r ib u t io n s  th e  q u a n tu m  d e fe c ts  and  sp in -o rb i t  c o u p lin g  w ere 
in v e s t ig a te d .  T h ese  s tu d ies  h e lp  us to  u n d e rs ta n d  the  p hase  
in terference  in teraction , and the data  in those studies would be used 
to analyze the in te rference  processes.
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CHAPTER 1 
INTRODUCTION

1.1 I n t r o d u c t io n
In this thesis we d iscuss  m easurem ents  o f  pho toelec tron  angular 

d is tr ibu tions  for a lkali a tom s, the  e ffec ts  o f  sp in -o rb it  coup ling  in 
a lkali a tom s and an optical in te rfe rence  phenom eno n  be tw een  one- 
pho ton  and tw o-photon  ionization  processes.

In m odern  p h y s ic s ,  m ea su re m e n ts  o f  c o l l is io n  p ro c e sse s  can 
p rov ide  a grea t deal o f  inform ation  concern ing  the s truc tu re  o f  the 
co ll id ing  pa rt ic les . E xperim en ta l  m easu rem en ts  o f  the  to ta l cross 
s e c t io n  a n d  c o r r e s p o n d in g  th e o r e t i c a l  c a l c u l a t i o n s  g iv e  us 
in fo rm a tio n  about the pa rtic le  s truc tu re  and the ir  in te rac tion . In 
ad d it ion  to m easu rem en ts  o f  the  to ta l c ro ss  sec tion , the  an gu la r  
d is tr ibu tion  o f  sca ttered  partic les  can  be ex trem ely  useful. These 
d is tr ibu tions  are sensitive  to no t only  the trans it ion  am plitudes o f 
various in teractions, but a lso  their rela tive  phases. These data let us 
und ers tand  the in it ia l  and f ina l s ta tes  o f  the  ta rge t  as w ell as 
d y n a m ic  in fo rm a t io n  on the  c o l l i s io n  p ro c e s s  i t s e l f .  T he  
m ea su re m e n t o f  p ho toe lec tro n  angu la r  d is tr ib u tio n s  as one  o f  the 
basic tools fo r  the  explora tion  o f atom ic and m olecu la r  struc ture  is 
a ttrac ting  m ore and  m ore a ttention. M easurem ents  o f such angular 
d is t r ib u t io n s  h ave  been  in c re a s in g ly  used  fo r  the  p u rp o se  o f  
s tudy ing  a tom ic structure  as well as the fundam en ta l p roperties  o f 
the interaction o f light with atom s or m olecules.

E arly  in  1924, B othe [1.1] f irst observed  the e lec tron  angu lar 
d is t r ib u t io n  for o n e -p h o to n  io n iz a t io n  u s in g  x - ray s  to  i r ra d ia te  
various m olecules such as CHCI3 and C 2 H 5 Br. For such high energy 
photons the m om entum  of the photon is no t neg lig ib le  w ith respect 
to  the m om entum  of the bound electron. This results  in a distortion
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o f  the photoelec tron  angu lar distribution due to m om entum  transfer. 
W entze l [1.2, 1.3] in 1926 first show ed experim ently  the e lectrons 
e jec ted  from  K -shells  w ould  exh ib it  a  s in20 a n g u la r  d e p en d e n ce ,  
where 0  is the angle between the incident light beam and the ejected 
electron path. Bethe [1.4] proved that within the lim itations o f  using 
s ing le  e le c tro n  w ave  fu n c t io n s  in a cen tra l  f ie ld , the  an g u la r  
d is t r ib u t io n  o f  e le c tro n s  from  any  she ll o f  a rb i t ra ry  q u an tu m  
num bers  n, I is o f  the form a + P s i n 2 0 .  O ther early  stud ies o f 

photoelec tron  angu la r  d istr ibu tions include that o f  C haffee  in 1931 
[1.5].

In 1966 the angu la r  d is tr ibu tion  o f  pho toe lec trons  from  argon 
and xenon  p rod uced  by the 58 .4  nm helium  resonance  line was 
m easured  by B erkow itz  and Ehrhard t [1.6]. They found that the 
p h o to e lec tro n  an g u la r  d is tr ib u tio n  has a m ax im um  at 90° to the 
in c id en t  l ig h t  beam . T h is  w as the  f i r s t  m e a su re m e n t  o f  a 
photoelectron  angular distribution with photon energies less than 1 0  

eV. At this energy  o f  the photon, the m om entum  transfer can be 
neg lected . Several theore tical analyses o f  angu la r  d is tr ibu tions  in 
a tom ic  and m o lecu la r  pho to ion iza tion  w ere  ca rr ied  out fo r  m any 
face ts  o f  the  su b je c t  [1 .7 -1 .19 ] ,  B ebb  d e te rm in e d  tw o -pho ton  
ion iza tion  ra tes  fo r a lka li a tom s th eo re tica lly  and suggested  that 
cesium , exc ited  by a f requency  doubled  ru b y - la se r  beam , w ould 
exhib it a non-resonant process in which a single in te rm edia te  state 
would dom inate the process. Tully, Berry, and Dalton [1.12] in 1968 
studied re laxation  processes betw een m agnetic  substa tes induced  by 
collisions. They derived nonrelativistic  d ifferential cross sections for 
photoionization o f  m olecular systems with random  orientation. Their 
w ork  he lped  our u n d e rs tan d in g  o f  the  p rocess  o f  v ib ra t io n a l ly  
in du ced  a u to io n iza tio n  and  the  in te rp re ta t io n  o f  som e  an g u la r  
d istr ibu tion  experim ents in m olecules.

In 1974 E delste in , L am bropou los , D uncanson , and B erry  [1 .2 0 ]  
f irs t repo rted  the  m ultipho ton  ion iza tion  ang u la r  d is tr ib u t io n s  o f 
electrons. In their experim ent, t itanium  atom s were ionized by the 
light o f  a nitrogen laser from the low-lying excited a 3 F 4 state. The 
m easured  angu la r  d is tr ib u tio n  o f p h o toe lec tro ns  from  the p rocess
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g ives l im its  on the ra t io  o f  am p litud es  fo r tran s it ions  from  the 
in te rm edia te  sta te  to the  final con tinuum  S and D channels . The 
photoion ization  cross section  for titanium  from the excited state was 
de te rm ined  as 1 x 1 0 ' 18 cm 2 by m easurem ent o f  the total num ber o f  
p h o to e le c t r o n s .

From  that time people began to use angular distributions to study 
various  fea tu res  o f  a tom ic  e lec tron ic  s truc ture . In 1979 L euchs, 
Sm ith , K haw aja , and W alther [1.21] studied  a quan tum  in terference  
effect. They m easured the quantum  beats o f  the hyperfine levels o f 
the 3 2 P 3/ 2  state o f  sodium in photoionization. In this experim ent the

atom s w ere ionized  stepwise by tw o pulsed lasers with a time delay 
between them . T he photoelec tron  angular d istribution  as a function 
o f tim e delay  exhibits a periodic  variation due to  the quantum  beat 
effec t.  T h is  resu lt  p rov ided  a good m easu rem en t for hyperfine  
splitting o f  the in term ediate  state.

K am inski, Kessler, and Kollath [1.22] and Strand, Hansen, Chen, 
and B erry  [1.23] stud ied  the  phase  shifts  be tw een con tinuum  state 
w ave functions separately . A ngular d istributions may be profoundly 
a ffec ted  by in te r fe re n ce  be tw een  f ina l-s ta te  pa rtia l  w aves o f  the 
outgoing e lectrons and can be used to obtain  inform ation about the 
ratio  o f the allow ed transition amplitudes. In the Kam inski, Kessler, 
and K o lla th  experim ent, a m easurem ent o f  the angu la r  d istribu tion  
and spin p o la r iza tio n  o f  the p h o to e lec trons  p ro d u ced  by linearly  
polarized light from 72P  excited states o f cesium  was performed. The 
re su l t  w as used to  de te rm ine  the re la tive  phase  d ifference

f o r  e 2S 1/2 a n d  e 2D 3/2 c o n tin u u m  sta tes  and the  tran s it io n  m atrix  

e le m e n ts  d e sc r ib in g  the  p h o to io n iz a t io n  p ro ce ss  fo r  the  cesium  
excited  state.

F e ld m a n n  and  W e lg e  [1 .2 4 , 1 .25] in 1982 s tu d ie d  the
charac ter is tics  o f  au to ion iz ing  states. U sing  tunable  laser radiation 
betw een 555 and 557 nm, they show ed that the angular d istribution 
o f  p h o to e lec tro n s  sen sitive ly  reflec ts  the in fluence  o f  bound two- 
p h o to n  re s o n a n c e s  and  a u to io n iz in g  th ree -p h o to n  re so n an c es  for 
se lec ted  w aveleng ths  fo r  strontium .
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A n gula r  d is tr ibu tions  o f pho toelec trons from  ground  or excited  
sta tes o f  a tom s through resonant excita tion  usually  depend strongly  
on the  p ro p e r t ie s  o f  re so n an t  in te rm ed ia te  sta tes  and  the  final 
co n tinu um  states. Pho toe lec tron  an gu la r  d is tr ibu tions  m ay re f lec t  
the m ixture  and the in teraction o f  in term ediate  state w ave functions. 
F rom  1980 to 1984 the ac-Stark effect on angular d istributions was 
studied by D ixit, L am bropoulos, and Z o lle r  [1.26-1.28] theoretically . 
T hey p resen ted  the  theory o f  photoelec tron  angu la r  d istr ibu tions in 
reson an t m u ltipho ton  ion iza tion  that r igo rous ly  takes in to  accoun t 
sa turation , the ac-Stark  shift, and the laser linew idth  effects . The 
theory shows that the influence o f  these effects on the distribution is 
in co rp o ra te d  th roug h  the  c o u p lin g  e q u a t io n s  be tw een  the ang le- 
reso lved  ion iza tion  probab ility  and  the  bound sta te  density  m atrix  
elem ents. In 1984 Ohnesorge, Diedrich, L euchs, E lliott, and W alther 
[1.29] reported  m easurem ents  o f the effect o f the ac-Stark  shift on 
the angu lar d istr ibu tion . In the ir  experim ent the influence  o f the 
dynam ic Stark e ffec t on photoelec tron  angular d istr ibu tion  for two- 
p ho to n  re so n a n t  th ree -p h o to n  io n iza t io n  o f  sod ium  w as s tud ied  
carefully. Owing to the dynamic Stark shift of the atomic transition 
frequency , the  angu la r  d is tr ibu tions  w ere  m odified  w ith  increas ing  
in tens ity  as d if fe ren t  a tom ic  sta tes w ere  tuned in to  and  ou t o f  
re so n a n c e  w ith  th e  la se r  f req u e n cy . T hese  e x p e r im e n ta l  and 
th eo re tic a l  s tu d ies  p rov ided  a good u n d e rs tan d in g  o f  d y n am ica l  
Stark effects.

In 1985 M atthias, Zoller, Elliott, Piltch, Smith, and Leuchs [1 .3 0 ]  
reported  the ir  inves tiga tion  o f  resonan t th ree -pho ton  ion iza tion  o f  
b a riu m  to  a s tru c tu re le s s  c o n tin u u m  v ia  6 snd R y dberg  s ta te s  
1 9 ^ n ^ 3 0 .  T h e ir  ex p e r im en t  show ed  th a t  s ta te  m ix ing  in the 
Rydberg states strongly affects the photoion and photoelectron yields 
as well as the angular d istributions o f  photoelectrons.

In  add ition  to those studies m entioned above, i t  is possib le  to 
o b ta in  d e ta i l e d  in f o r m a t io n  a b o u t  p h a se  in te r f e r e n c e  f ro m  
photoelec tron  angu lar d istr ibu tions. In recen t years a new  type o f  
in te ra c t io n  b e tw e e n  an  a to m ic  sy s tem  and a m u lt i - f re q u e n c y  
radia tion  field has attracted a lot of attention [1.31-1.36]. This new
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type o f  in te rference  represen ts  ano ther k ind  o f  in te rac tion  betw een 
an a to m ic  sy s tem  and a m u lt i - f re q u e n cy  rad ia t io n  f ie ld . The 
fo l lo w in g  p ro c e sse s  are  som e  e x am p le s :  a m p li f ie d  sp o n ta n eo u s  
em iss ion  and four-w ave  m ix ing  [1.37], m u ltipho ton  ion iza tion  and 
th ird -h a rm o n ic  gen era tio n  [1 .38 -1 .4 0 ] ,  m u lt ip h o to n  ion iza tion  and 
s tim ula ted  R am an scattering  [1.41], tw o-photon  absorp tion  and two- 
photon  resonant sum frequency generation  [1.42].

A no ther in te rference  in terac tion  was reported  as an exam ple  of 
this type o f  process [1.43, 1.44]. This process involves the interaction 
o f  th ird -ha rm on ic  genera tion  and m u ltipho ton  ion iza tion  in w hich 
th re e -p h o to n  a b so rp t io n  and  o n e -p h o to n  a b so rp t io n  are  in d uced  
sim ultaneously . If  the a tom  is a llow ed to  in te rac t with both the 
th ird -harm on ic  fie ld  and the fundam enta l fie ld  sim ultaneously , the 
atom can be excited to the upper state by a linear interaction or by a 
th re e -p h o to n  in te ra c t io n .  As a p ro p e r  w ay  to  t rea t  c o h e ren t  
processes , the total transition rate depends not only on the intensity 
o f these two fields, but also on the in terference o f  these two fields, 
i.e. the relative phase.

E lk , L am bropou los , and Tang [1.45] investiga ted  the  theory  of 
c a n c e l la t io n  by in te r fe re n c e  b e tw ee n  th e  a b so rp t io n  o f  th ree  
fundam ental laser photons and one th ird-harm onic  photon. In terms 
o f the density  matrix, and taking account of detuning, dephasing, and 
laser bandw id th , they expla ined  how four-photon  resonances can be 
canceled  by a three-photon m echanism , if  there is an atomic level at 
near  th ree -pho ton  resonance . T he q u an ti ta t ive  cond it ions  fo r  the 
ex istence o f  the effect were obtained. Their  calculation showed that 
ev en  fo r  fa i r ly  la rg e  d e tu n in g s ,  th re e -p h o to n  c a n c e l la t io n  is 
responsib le  for the observed cancella tion o f  four plus one resonantly  
en h an ced  m u ltip h o to n  ion iza tio n  peaks . A t the  sam e tim e, the 
re su l ts  fo r  fo cu sed  beam s w ill  lead  to a m uch  m ore  d e ta iled  
u n d e r s t a n d i n g  o f  th e  i n t e r p l a y  b e tw e e n  p h a s e - m a tc h in g ,  
enh an cem en t and cancella tion .

B aranova , C hud inov , S hu lg inov , and Z e l ’dov ich  [1.46] studied  
in te r fe re n ce  o f  e lec trons  e jec ted  from  a p h o to m u lt ip l ie r  ca thode. 
They found that the ionization rate depends not only on intensity  but
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also  on the rela tive  phase between the laser field Ea> and its second 
h a rm o n ic  E 2 ©. O ther  in te rfe rence  p henom ena  be tw een  s ix -pho ton  
and seven-pho ton  above th reshold  ionization  w ere  repo rted  in 1990 
by M uller, Bucksbaum , Schum acher, and Zaviyev [1.47]. Fairly  large 
varia tion s  w ere  found  in  the ir  experim en ta l  s tudy  o f  m u lt ip ho to n  
ion ization  o f  k ryp ton , irrad iated  sim ultaneously  by an infrared  laser 
beam  and its second harm onic. N e ither  o f  these  experim ents  were 
sen s it iv e  to  the  to ta l  io n iz a t io n  ra te ,  bu t  ra th e r  m easu red  the  
electron flux in the direction o f  polarization.

P h o to e lec tro n  angu la r  d is tr ib u tio n s  p ro v id e  a pow erfu l tool to 
study  the phase  in te rfe rence , but until now  no  resea rch  w ork  o f  
in terference  has been reported using this m ethod. In this thesis we 
will d iscuss in terference  o f  pho to ion iza tion  angu lar d istr ibu tions and 
report our experim ental results. The studies in one- and two-photon 
io n iza tio n  are  very  he lp fu l to  un d ers tan d  the  phase  in te r fe ren ce  
interaction, and the data from  those studies would be used to analyze 
the in terference  o f  angular d istributions. F rom  this p rocesses much 
inform ation  about alkali atoms* structure would be determ ined.

1 .2  P rinc ip les  o f  pho toelec tron  angu lar d is tr ibu tions
In s tudying  pho toelec tron  angular d is tr ibu tions  w e co ns id er  that 

the w hole  system  consists  o f  the iso trop ic  a tom  and the incom ing
photons. The interaction is treated in the dipole  approxim ation , and 
the photon has linear or circular polarization. Since the interaction of 
the photon and the atom  has d ipolar character, the total system  has 
d ip o la r  an iso tropy , w h ich  is a lso  d isp lay ed  in the p h o to e lec tro n  
angu la r  d is tr ibu tion . U nder  the  in te rac tion  o f  the a tom  and the 
pho tons , the angu lar d is tr ibu tion  o f  the pho toelec tron  is defined  in 
term s o f  the ang le  0  b e tw een  p o la r iza tion  o f  the  fie ld  and  the 
d irec tion  o f  p ro p aga tion  o f  the e jec ted  e lec tron . In one-pho ton  
ion iza tion  w e expec t the angu lar d is tr ibu tion  to  have  the  form  o f  
c o s 2 8 . In N -pho ton  ion iza tion  p rocesses ,  the N th o rd er  d ipo le
in te ra c t io n  w ith  the  p h o to n s  lea d s  to  an a n g u la r  d is t r ib u t io n  
con ta in ing  pow ers  o f  cos© to 2N. The physical interpretation is that
in each  absorption step the spatial anisotropy o f  the initially  isotropic
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atom  can be increased because o f the d ipole  character o f  the photon- 
a tom  in te rac tion .

As a genera l s i tua tion , w e consid er  an angu lar d is tr ibu tion  for 
m u lt i-ph o ton  ion iza tion  w hen the fie ld  is no t re so n an t  w ith any 
in te rm e d ia te  s ta te s .  In  re s o n a n t  m u lt i -p h o to n  io n iz a t io n ,  the  
resonan t in te rm ed ia te  sta tes induce  an an iso tropy  in to  the process  
w hich  can  m ake th ings com plex . T he an gu la r  d is tr ibu tion  o f  the 
p h o to e lec tro n s  is p ro po rtio na l  to the d iffe ren tia l  c ross  section  o f  
pho to ion iza tion  under the  condition  that the pho ton  energy  is less 
th an  a few  e le c t ro n  V o lts .  T o  c a lc u la te  the  d i f f e r e n t ia l  
photo ionization  cross section, one evaluates the electric dipole matrix 
e le m e n t  fo r  the  t ran s it io n  from  the in it ia l  g round  s ta te  to the 
con tinuum  state. For sim plicity  we neg lect the effec t o f  spin-orbit 
coupling and hyperfine coupling. W e will consider these in chapters 
3 and 4.

A no ther fac to r com plica ting  the ca lcu la tion  o f  the photoelec tron  
angular distribution is that the rem aining ion m ay carry  som e o f  the 
anisotropy. This, how ever, does not apply to the ionization o f alkali 
atom s with photons having an energy o f a few electron  Volts. The 
ground state o f  singly  ionized  alkali a tom s is a ‘ So sta te  and the 
excited  states o f  the ions lie  so high in energy  that they  are not 
accessible  by photoionization with visible laser light.

F o r  a bound  a tom , the w ave func tion  is ch a rac te r ized  by a 
p rinc ipa l ,  angu la r  m om en tum  and m agnetic  quan tum  num bers . In 
in v e rs io n  sym m etry  the w ave func tio n  can  be  ex p re ssed  as the 
p roduct o f  a radial and an angular part:

'• '„ 1,<7> = R - <r)Y 1. ( M ) i ( U )

w h e re  R ni(r) is the rad ial fac tor and Y im( 0 , <|>) is th e  sp herica l 
harm onic angular factor. The argum ent r  o f Rni(r) is the m agnitude 
o f  the radius vector of the electron and 0 , describes the direction of 
F . The n, 1, and m are the principal, angular and m agnetic  quantum  

n u m b ers  re sp e c t iv e ly .
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T he co n tin u u m  sta te  w ave func tion  is a  su p e rp o s it io n  o f  an
incom ing spherical and an outgoing plane wave [1.48]:

r
X  Y.. (e,<K)Y ( 6 , * )

i n  i in
I ' - O  m -  -  f , ( 1 - 2 )

where 0  and describe the direction of the electron w ave vector f t .
In the  in te rac tion  o f  an atom ic system  with an e lec trom agnetic

field, we consider the total Ham iltonian as:

H = H °  + H ,  ( 1 . 3 )

= X 1 e ' m

w h ere  H° is the unpertu rbed  a tom ic  H am ilton ian , and  h " is the 
in te rac t io n  H am ilto n ian  be tw een  the  a tom ic  sys tem  and l inear ly  
po larized  light which results in the em ission and absorp tion  o f  light 
by the atom . In the  d ipo le  approxim ation  the in te rac tion  term  for
linearly polarized light is given by

H = - e S  • r  = -eE r cosO, ( 1.4 )

where  e ?  is the dipole moment o f the electron. The differential cross 
sec tion  is d e fin ed  as the  ab so lu te  squa re  o f the d ip o le  m atrix  
e le m e n t :

The correspond ing  selection rules are  A / - ± 1 .  W ith  th ese  se lec tio n  

ru les  only  tw o term s in the in fin ite  sum  in eq u a tio n  (1 .5 ) tha t 
describes the continuum  state have to be considered.

T hen  d a / d Q  is the abso lu te  square  o f  the am p litu d e  o f  tw o

outgoing  partial w aves / ' =  l + l and / '  = / - l .  The absolute  square 
con ta ins  an in te rference  term  that depends on the d ifference  o f  the 
co rrespond ing  scattering  phases 8 /+1 -8 /-1 . The inform ation about the 
scattering  phase  is availab le  only in the angular d is tr ibu tion  [1.32].
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W hen m easuring  the total cross section a-rot* the angular d istribution 
has to be integrated over 0  and O . In this case, the interference term 
vanishes owing to the orthogonality  o f  the spherical harm onics.

C o nsid e r in g  eq ua tions  (1 .1 ) and (1 .2 )  and n eg lec ting  the / - I  
p a r t ia l  w av e , ( th is  s im p lif ica tio n  is u se fu l  fo r  the  p u rp o se  o f  
de te rm in ing  the h ighest order o f  an iso tropy  to be expected  for the 
angu la r  d istribution) one finds that the d ifferential cross section can 
be expressed  as:

rep re sen ts  the rad ia l  factor. The angu la r  p a rt  o f  e lec tr ic  d ipo le  
m atrix  e lem ent o f  the a tom  in equation  ( 1 .6 ) is found using  the 
i d e n t i ty :

Yr (0 , 0 )| r e p r e s e n t s  th e  a n g u la r  d i s t r ib u t i o n  f u n c t io n  o f

p h o to e lec tro n s  w ith 8 , 0  d esc r ib in g  the  d irec tio n  o f  the  e jec ted  
e le c t ro n s .

I f  all m agnetic  sub levels , m, o f  the bound sta te  are equally

|2 (1  + l ) 2 -  m 2 . 2

I (21  + 1 ) ( 2 1  + 3 )  *♦* ( 1.6 )

w h e r e

( 1-7)

£  d0  s in  0  d<|> c o s 0  Y*| + 1 m(e,<l>)Ylm(e,<l>) =
(21 + l ) ( 2 1 + 3 )

(1 +  1 ) 2 -  m  2

( 1-8 )

popu la ted , o f equation (1.6) has to be sum m ed over m. Using

the form ula:
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2  = 5 > j  s i n Ji(0 )
m - - I j >o

1 ,  M

( 1 .9 )

one ob tains  for the m -averaged angular d istribution  o f  equation (1.5) 
a constant plus sin^j© terms. The coefficients aj in equation (1.9) can 
be ca lcu la ted  by d if fe ren tia t ing  the add ition  theo rem  for spherica l 
harm onics w ith respect to $  [1.48]. Follow ing sim ilar argum ents , it 
can be show n that the general fo rm ula  describ ing  the pho toelec tron  
angu lar d is tr ibu tion  for m ulti-photon ionization  can be expressed  as:

T he a tom  from  an  in it ia l ly  iso tro p ic  sta te  m ay  in c rease  its 
an iso tropy  in each absorption  o f a photon by the in terac tion  o f  the 
photon  and atom.

In one-photon  absorption (N = l) ,  the above form ula  becom es:

The angu la r  d is tr ibu tion  can also  be expressed  as a  pow er series in 
cos©,

( 1. 1 0 )

( 1.11 )

w here  P 2( c o s © )  is the second order Legendre polynom ial:

P 2( c o s © )  = y ( 3  c o s 2© -  1)
( 1.1 2 )

-rzr- = A (( l  + a  COS2© )
( 1 .13 )

w h e r e :
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a =

( 1.14)

3p
( 2 " P ) .  ( 1 . 1 5 )

In the case  o f  two-photon absorption (N=2), we have the form:

157T = + ^ pi(cos e) + P.p .(cos 0)1, ( U 6 )

w here the  L egendre polynom ial P 4( c o s 0 )  is

P 4( c o s 0 ) =  ^-(3 5 c o s 4 0 - 3 O cos20  + 3 )  ( l 17 )

W hen expressed  as a pow er series in c o s 0 ,  the angu la r  d istr ibu tion  
for two-photon absorption is o f  the form:

d o  2 /  2 4 \
- g j j - = A , ( l  + d j  cos e  + a 4 cos e )  ( 1 1 8 )

where the coefficient A 2, a 2, 0 4  a re

A 2= - ^ 1 - T P* + i W

12P2 - 3 0 P 4

( 1 .19)

2 8 - 4 P 2 + 3 P 4 ( 1 . 2 0 )

3 5 p 4

a 4 =  8 - 4 P 2 +  3 P 4 L 2
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By m easurem ent o f photoelec tron  angu lar d istr ibu tions, one m ay get 
the  c o e f f ic ie n ts  a ,  a i  and c u ,  or (3, p 2 and P 4 . F rom  these da ta

in fo rm ation  about the  a tom ic  struc ture  and a tom ic  tran s it io ns  m ay 
be obtained .

1.3 Scope of this thesis
The thesis is organized as follows. Som e survey w ork related to 

ph o to e lec tro n  an gu la r  d is tr ibu tions  by o ther  resea rch e rs  have been 
discussed  in C hapter 1. A lso  fundam enta l form ulas were in troduced 
in this chapter.

E xperim enta l se tups and  experim en ta l m ethods are described  in 
deta il  in C hapter 2. T hese  include: the dye laser system  and the 
op tica l sys tem , the  a tom ic beam  genera tion  ap para tu s ,  the signal 
analysis instrum entation  and process, and the high vacuum  system.

In C hap ter  3 we will derive a m athem atica l express ion  fo r  the 
on e -p h o to n  ion iza tio n  an g u la r  d is tr ib u tio n  under the in f lu ence  o f  
sp in -o rb it  e ffec ts .  The ex perim en ta l  resu lts  o f  m easu rem en ts  o f  
p h o to e le c tro n  a n g u la r  d is t r ib u t io n s  o f  c e s iu m  and ru b id iu m  are  
p resen ted  here. A nalysis  o f these results  and com parison  betw een 
our labora tory  resu lts  and o ther a u th o rs ’ theore tical and experim ent 
reports  are  also  presented.

C h a p te r  4 is d ev o te d  to  n o n re so n a n t  tw o -p h o to n  io n iz a t io n  
processes  and their angu lar d istributions. In this chap ter  we report 
th e  t h e o r e t i c a l  d e s c r ip t io n  o f  tw o - p h o to n  i o n i z a t i o n ,  o u r  
experim enta l results , and the experim ental resu lt analysis .

In C hapter 5, the  requ irem ent and conditions which a llow  us to 
observe  in te rfe rence  betw een one-pho ton  and tw o-pho ton  ion iza tion  
are d iscussed in detail. The in terference resu lts  are  reported in this 
chap ter. Fu rther  app lica tion  o f  the in te rference  p rocesses  are also 
d is c u s s e d .

C o n c lu s io n s  fo r  a ll th e se  e x p e r im e n ta l  in v e s t ig a t io n s  and  
theoretical d iscussions are presented in C hapter 6 .
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CHAPTER 2 
EXPERIMENTAL EQUIPMENT

2 . 1  I n t r o d u c t i o n
The m a jo r  goa l o f  this ex p e r im en t  is to  m ea su re  the e ffec t  of 

i n t e r f e r e n c e  b e tw e e n  o n e - p h o t o n  io n iz a t i o n  a n d  tw o - p h o to n  
ion iza tion  on  the p h o to e lec tro n  angu la r  d is tr ib u t io n .  In the sam e 
t im e  we h av e  m ad e  p re c is io n  m e a su re m e n ts  o f  th e se  in d iv id u a l  
p ro c e s s e s ,  in o rd e r  to s tu d y  fu n d a m e n ta l  a to m ic  p ro p e r t i e s  o f 
r u b id iu m  and  c e s iu m . In th is  s e c t io n  w e w ill  d e s c r ib e  the 
experim en ta l  se tup  for these  m easu rem en ts ,  w hich  in c lu d es  the dye 
la s e r  sy s tem , the  op tica l  sy s te m , the h ig h  v a c u u m  sy s te m , the 
p h o to e le c t ro n  s ig n a l  d e te c t io n  e le c t ro n ic s ,  and  the  d a ta  a n a ly s is  
i n s t r u m e n t a t i o n .

In o rd e r  to  d e te rm in e  the  p h o to e le c tro n  a n g u la r  d is t r ib u t io n s  
o ver  a w ide  range  o f  photon energies , we used N d :Y A G -lase r-pum ped  
dye laser. T he  w aveleng ths o f  the fundam enta l la se r  fie lds used in 
these  ex perim en ts  were in the range  from  55 0  to 628 nm  and the 
second  harm onic  ligh t was from  275 to 314 nm. Severa l d iffe ren t 
k inds  of dye  w ere  used to ob ta in  in tense  w a v e le n g th -v a r ia b le  dye 
laser output. A P - B a B 2 C>4  (B B O ) crysta l w ere  used to e ff ic ien tly  
doub le  the frequency  o f  the laser  output.

The p h o to e lec tro n  de tec tion  system  was a ssem b led  by ou rse lves .
It includes an e lectron  lens, an electron  m ultip lie r , an e lec trica l field 
sh ie ld , and th ree  H elm holtz  pa irs  o f  m agnetic  co ils . D a ta  analysis  
in s t ru m e n ta t io n  and a m in i -c o m p u te r  w ere  u sed  to  a n a ly z e  and 
record  the ph o to e lec tron  an g u la r  d is tr ibu tion  signal.

A high vacuum  cham ber w as required fo r  these  m easu rem en ts  in 
o rder  to red u ce  the noise s igna l due to uv ion iza tion  o f  background  
gas and to reduce  the probab ility  o f co llis ions o f  the a tom ic  beam  or
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photoe lec trons  w ith  a ir  m olecules. A d ifferen tia lly  pum ped  system  
includ ing  a h igh speed c ryopum p, a d iffusion  pum p, and a turbo- 
m olecu lar pum p were used to satisfy this requirem ent.

In th is chap ter , we are rep o rt  the setup  for the pho toelec tron
a n g u la r  d i s t r ib u t io n  m e a s u re m e n ts  o f  a lk a l i  m e ta ls  and  the  
in te r fe re n c e  e x p e r im e n t .

2 . 2  Dye laser system  and optical system
The hom em ade dye laser system  in this experim ent is show n in 

figure  2.1. It consists  o f a tunable  o sc illa to r  and th ree  stages of 
amplification which are pumped by the second harm onic o f  a Nd:YAG 
laser. T he N d:Y A G  laser (L aser P ho ton ics  M Y 35) has m axim um  
output o f 1J per pulse at 1.06 p m  with pulse to  pulse stability o f 2%. 
The repetition rate of the pulses used in our experim ent was 10 Hz. 
Using a KD P crystal, one can get up to  350 m j per  pulse second- 
harm onic  o u tpu t at 532 nm . The pu lse  dura tion  is 12-15 ns for
second harmonic laser light. The energy stability (90%  o f  the pulses) 
at 532 nm is ± 4% .

The dye o sc illa to r  is a L ittm an  [2.1] type  w ith  lo ng itud in a l  
pum ping. The purpose o f  using longitudinal pum ping is to get good 
transverse  m ode structure . In a longitud inal pum ping  situation the 
excited  area  o f  the dye  m edium  is round and un ifo rm , p rov id ing  
favorable  conditions for the production o f  a TEMoo transverse  mode. 
The ra tio  o f  am plified  spontaneous em ission, which was produced by 
s ingle-pass am plifica tion  with low  gain, to total ou tpu t was sm all. 
The laser  cav ity  was very short ( » 5  cm ) and the  tim e averaged  
linewidth was narrow, so it was easy to keep this laser operating in a 
single longitudinal mode. This Littman laser provides a T EM 0 0  m ode 
and m uch m ore s tab le  pu lses than a conventiona l pu lsed  dye laser. 
All these characteristics m ake it  an excellent laser oscillator.

Several dyes w ere  used to obtain  dye  laser outputs in the range 
from  553 to  637 nm. F o r  th e  w ave leng th  ran g e  553-571 nm
rhod am ine  6 G dye  in a m ethano l so lu tion  was used. The dye
co n cen tra t io n  w as 2 x l 0 - 4  m olar  for the o sc illa to r  and  0 . 8  x i o *4 

m olar for the amplifier. In this situation the peak  output is at 560



P u m p  
light in

D ye laser
s y s t e m
o u t p u t

F igure  2.1 D ye la se r  system . (A) apertu res, (C ) dye  cells , 
(L) lens, (M ) m irrors , (O) L ittm an dye  lase r  osc illa tor, (s) 
beam  sp li t te rs .
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nm, and the output at 565 nm falls down to one half  that at the peak. 
W ith the 532 nm pump energy of 0 . 6  mJ per pulse, a 2 0 0  | iJ  TEMoo 
m ode dye laser ou tpu t was obtained. For laser w avelengths from 
571 to 610 nm, the dye was rhodam ine 610, also in methanol. The 
c o n c e n tr a t io n s  w e re  2 x 1  O ' 4  and  0 .5 x 1  O ’ 4 fo r  o sc i l la to r  and 
am plifier, respectively . For w avelengths from  610 to 628 the dye 
was rhodam ine 640 in m ethanol, at a concentra tion  of I x l O ^ a n d  
0 . 5 x 1  O’4 respective ly . For w avelengths from  628 to 637 nm  we 
used D CM  dye in ethyl alcohol. The concentra tions were 4.4 x l O - 4 

and 1.1 x l O - 4.
The dye solution was pum ped through a square quartz  flow tube. 

W e found that the vibration o f  the dye solution from  the dye pump 
was one of the main factors causing laser in tensity  fluctuations and 
m ode instability . In order to suppress this vibration, we installed an 
air m uffler to absorb the vibration efficiently.

Three dye am plifier  stages were used to am plify the light from 
the laser oscillator. These amplifiers were pum ped by the same Nd: 
YAG laser. A tem poral delay  of about 3 ns betw een the pum ping 
o sc illa to r  and  f irs t  am p lif ie r  s tage  and be tw een  the ne ighboring  
am plifiers  was in troduced to m atch the arrival time o f  the dye and 
pum p pulses. This delay is im portant because it not only increases 
the e f f ic ie n c y  o f  a m p li f ic a t io n ,  but a lso  re d u c e s  the loss  o f 
f lu o re sc e n c e  in the  a m p lif ie rs  and  the  a m p li f ie d  sp o n ta n eo u s
em ission background. Before the first am plifier stage, a polarizer is
fixed  to keep  the laser po la riza tion  in the vertica l d irec tion  and 
e n s u re  the  l in e a r i ty  o f  p o la r iz a t io n .  T h e  a m p l i f ie r s  are  
longitud inally -pum ped flow dye laser cells having 1.5 inch d iam eter 
apertu res , 1 cm  ins ide  th ickness  and B rew ster-ang led  w indow s to 
reduce  the re flec tion  losses. In order to save space and optical 
com ponents , the first and second stages o f am plifiers are set in the
sam e dye cell. Tw o ap ertu res  are in s ta lled , one be tw een  the
o sc illa to r  and the  first am plifier , and ano ther betw een the second 
and th ird  am p lif ie rs ,  to m ain tain  good m ode s truc tu re  and beam 
u n i fo rm i ty .
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In our experim ent, the laser energy  is d is tr ibu ted  such that the 
first stage pum p has an energy o f  6.5 m J/pulse, the second stage has 
65 m J/p u lse ,  and  the  th ird  stage has 168 m J/pu lse . A fte r  three  
stages o f  am plifiers the m axim um  output energy  at 560 nm  is 60 mJ 
per pulse  at the pum p energy o f  240 mJ pe r  pulse. By blocking the 
p u m p in g  b eam  o f  the  o sc i l la to r  w e fo un d  th a t  th e  a m p lif ie d  
spontaneous em ission is so weak that we can disregard  it  safely.

T he op tica l system  and the  pho toe lec tron  de tec tion  sys tem  are 
show n in f igu re  2.2. A h igh  qua lity  p o la r ize r  ( type: a ir-spaced  
p o la r ize r ,  G la n -F o u ca u lt)  is in se r ted  a fte r  the  las t  s tage  o f  the 
am p lifie r  to  ensu re  the l inearity  o f  the laser  beam  po la r iza tion  to 
better than 1000:1. In order to get a tunable u ltrav io le t laser beam 
in the range from 275 nm  to 285 nm, the dye laser beam  is focused 
by a 1 0 0  cm  focal length lens into a p - B a B 2 C>4 f re q u e n c y -d o u b l in g  
crystal [2.2, 2.3]. This crystal has a 48° cut angle and a high damage 
threshold  o f  5 G W /cm 2. By rotating the BBO crystal it is not difficult 
to get phase m atching for the wavelength range from  540 to 630 nm. 
P ro p e r  la se r  fo cu ss in g  is im p o rtan t  to  g e t  h igh  seco n d -h a rm o n ic  
output, and at the same tim e prevent dam age o f  the crystal. After 
the P - B a B 2 0 4  crystal we pu t a  uv filter to b lock  the fundam ental 
laser beam.

A half w ave Fresnel rhom b was chosen  to ro tate  the polarization 
d irec tion  of laser beam , because o f  its wide w avelength  range. All 
the  optical e lem en ts  m ust have good optical surfaces and exce llen t 
fla tness to  m in im ize  the laser light w ave front d is to rtion . This is 
e spec ia lly  im portan t fo r in te rference  experim ent. In fact, w avefront 
d is to rtion  lim its  fo r  the in te rference  experim en t w ere  so  res tric tive  
th a t  w e  c h o se  n o t  to  ro ta te  the  l igh t  p o la r iz a t io n  fo r  these
m easurem ents . W e will d iscuss the m easurem ent techn ique  fo r  the
interference work in m ore detail in Chapter 5.

2 .3  G enera tion  o f  a tom ic beam  of a lkali m etal and de tec tion  of
p h o to e le c t r o n s

In this experim en t a reasonab ly  dense, w e ll-co llim ated  rub id ium  
a tom ic  beam  is requ ired . A deta iled  construc tion  d iagram  o f  the
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tw o-stage oven is shown in figure 2.3. The oven is a combination of 
two parts: a reservoir o f  alkali-m etals and a nozzle. The cylindrical 
re se rv o ir  is used to  p rodu ce  an a lka li-m eta l  vapor and has four 
heating  cavities. The heaters are m ade o f  N ichrom e wire, which is 
passed  th ro ugh  ceram ic  tubes  w ith  fou r holes . . A ll hea te rs  are 
in se r te d  in turn  in to  the c av it ie s  fo r  co n v en ien t  assem b ly  and 
efficiency. A nozzle is used to dissociate the alkali dimers. Under the 
tube o f  the nozzle  a  baffle is used to prevent lumps o f alkali metal 
from  en tering  the nozzle  tube. Four sim ilar but longer heaters are 
inserted  into  nozzle body to heat the nozzle. This requires a higher 
tem perature than the oven. Both oven and nozzle bodies are made of 
sta in less steel.

The nozzle is necessary for an alkali atomic vapor, because of the 
large num ber o f  alkali dimers produced in an effusive oven [2.4-2.7J. 
W hen the tem perature  o f  the oven increases, the d im er density  in 
a lka li  v apors  in the rm al eq u il ib r iu m  w ith  l iqu id  in c reases  very 
strongly. The dim ers will d issociate  if  they undergo collisions in a 
relatively  hot area, so the nozzle  tube is long and thin. This nozzle 
m ust be separated from  the oven reservoir, so that the vapor in the 
hot d issociating  nozzle area  is isolated  from  the equilibra ted  liquid- 
vapor region. The nozzle tube has a circular cross section, and its size 
and length is carefully chosen to dissolve as many dimers as possible. 
W hen the d im ers  pass through the tube, they m ay undergo  many 
wall co llis ions but few gas collisions. Therefore , the vapor in the 
nozzle  is not in a therm al equilib rium  state as it is in the vapor- 
liquid equilibrium  system  o f  the oven.

The ratio  o f  the d im er density  to atom density  can be expressed 
roughly as [2 .8 ]:

where  Pmoi and Patom are the partial pressures o f  the d im er and atom 
o f  a lkali separately. In equilibrium , if  no processes other than dimer
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to atom  conversion are present, Kp only depends on the tem perature 
o f the oven.

T w o therm ocoup les inserted  in to  holes d rilled  in the oven and 
nozzle  bodies are  used to m easure the tem perature  o f  the oven and 
nozzle  separa te ly . In our experim en t a heater  pow er o f  15W is 
typ ica lly  requ ired  to  opera te  the  oven a t  a tem p era tu re  o f about 
1 6 0 °C . The tem perature of nozzle is 190 °C , w hich requ ires  about 
20W  pow er.

T w o  a p e r tu re s  w ith  d iam e te r  1 m m  form  an a to m ic  beam  
co llim ating  system  (figure  2.3). The d istance  from  oven to second 
a p e r tu re  is 280  m m . T he  f i r s t  a p e r tu re  se p a ra te s  the  tw o 
d ifferen tia lly  pum ped  cham bers o f  the vacuum  system , and prevents 
m ost o f the atom ic vapor from  entering  the in terac tion  area. This 
red u c es  the m eta l a to m  v a p o r  c o n c e n tra t io n  e f f ic ie n t ly  in the 
interaction area. This extra metal vapor is one o f  the m ost important 
contributions to the background noise. The crossing  angle betw een 
the atomic beam and the laser beam is 108°.

T he in te n s i ty  f low  o f  the a tom ic  beam  o r  the n u m b er  o f  
m olecules in the interaction area per second is [2.9]

w here A j  is the area of the interaction region. The interaction region 
is defined by the intersection of the atomic beam and the laser beam 
which has a d iam eter o f  approximately 1 mm. lo is the length o f the 
appara tus  from  source  to  de tector, v  is the average speed of the 
atoms in the oven, As is the output area o f the vapor in oven, n is the 
density  o f  atoms in the oven, and g is a geometrical coupling factor. 
The geom etrical coupling factor g depends on the aperture areas and 
length of the oven and nozzle. By simple calculation, the intensity in 
the in teraction  area is 2 . 2 x l O 9 a tom s/second, y ield ing  a density  o f 
atoms at 7 . 4 x l O 6 a tom s/cm 3.
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The collim ated atom ic beam travels between a pair  o f electrically 
g rounded  para lle l  p la tes  separa ted  by 2.75 cm w hich  sh ie ld  the
interaction region from  outside electric fields. In order to cancel the 
e a r th ’s m agne tic  fie ld  in the  in te rac tio n  reg io n ,  th ree  pa irs  o f 
H elm holtz  m agnetic coils with d iam eter 900 m m  are installed outside 
the vacuum  system. The currents o f the coils are carefully  adjusted 
to assure  that the to ta l m agnetic  field is less than 10 mG in the
in terac tion  area. T he low er ground p la te  is constructed  o f  a fine
sta in less steel m esh (82%  transm itting, 50 threads per cm ), so that 
the interaction area can be efficiently  shielded and at the sam e time 
the scattered  a lkali-m etal a tom s m ay be evacuated  from  interaction 
area. The upper p la te  has a  2.2 mm aperture, through which the
m easured photoelectrons pass. The size o f this aperture  and that of 
the  in te ra c t io n  re g io n  d e f in e  the  a n g u la r  re s o lu t io n  o f  our 
m easurem ent, which we estim ate to be approxim ately  1 0  degrees.

The detector consists o f  an electron lens and a channel electron
m ultip lier which are m ounted above the aperture. T he  e lectron lens
is constructed  from  a pa ir  o f a lum inum  cy lindrica l r ings w ith  the 
inside  d iam ete r  o f  14.2 mm and he igh t o f  34.1 m m. The gap 
betw een two cylinders is 1.1 mm. These two cy linders have bias 
voltages o f  10 V and 60  V, respectively . F o r this size and bias
voltage, the  focal poin t is calculated  to be 23 m m  behind the rear
cylinder. A channel electron  m ultip lier (type: C D E M , #407N ) was
installed ju s t  at this position. A voltage o f 1800-2300 Volts is used 
to get a gain o f  about 5 x 1 0 6. A t this gain an electron may produce a 
2-5 mV pulse into 50 Q load. A 100 pF  capacitor was used to connect 
the output pulse to  the pre-am plifier and isolate  the high voltage. A 
sta inless steel box is used to shield the e lectron  lens and channel
e lec tron  m ultip lie r  to p reven t scattered  e lec trons from  en tering  the
elec tron  m ultip lie r . B ecause  o f  the high vo ltage  o f  the  channel
e lectron  m ultip lie r  the shield m ust be very tight. The background 
noise can thus be reduced dram atically . For laser w avelengths from 
275 to 314 nm  the background noise is less than ten electrons for
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600  lase r  sho ts , and for la se r  w av e len g th  from  553 to 628 the 
background noise is less than one electron per  600 laser shots.

2 .4  Signal analysis o f  the  pho toelec tron  angu la r  d istr ibu tions
A d i a g r a m  o f  th e  s ig n a l  a m p l i f i c a t i o n  a n d  a n a ly s i s  

instrum entation  is show n in figure 2.4.
T he  p h o to e le c t ro n  s igna l  p ro d u ce d  by th e  c h an n e l  e le c tro n  

m ultip lie r  is very w eak, in general, only 2-5 mV. A p re-am plif ier  
consisting o f  2-3 stages ( x  10/stage) w as set to  am plify  the signal to 
approxim ate ly  1 Volt.

A fraction  o f  the electron  pu lses are unfortunate ly  due to  noise 
rather than ionization o f  the rubidium  in the a tom  beam. One source 
o f  noise  is related to  the reflections from  the tw o vacuum  cham ber 
windows. W hen this scattered light hits m etallic  m ateria ls w ithin the 
c h am b er  o r a ir  m o lecu les  o r a lka li-m eta l  a to m s, it  m ay  p ro duce  
m any pho toelec trons w hich  can be de tected  by the e lectron  detector. 
Another source o f  noise is the alkali m etal vapor accum ulated  on the 
ch am b er  co m p o n en ts .  B ecau se  the a lka li  a tom  has a very  low  
ion iza tion  p o ten tia l ,  even  low  co ncen tra tions  o f  a lka li vapors  may 
p roduce  strong background noise levels.

In o rder  to reduce  the in fluence  o f  these  no ise  pu lses  a gated 
e lectron ics system  is used. M ost noise pulses appear la ter  than the 
rea l p h o to e lec tro n  s igna ls  b ecau se  they  have  lo n g er  op tica l and 
e lec tron  paths. A tr igger  signal de rived  from  the N d:Y A G  laser 
Pockels cell is used to trigger the gate source and produce a variable 
width gate signal. The gate signal is delayed by a variable delay line 
and applied to  the linear gate. The position o f the gate is adjusted to 
match the photoelectron signal, and the width o f  the gate is set to 30 
ns. A fter  carefu l ad justm ent the background  no ise  m ay be reduced 
to the m inim al levels quoted above. F inally , the photoelectron  signal 
is sent to a scalar and a m ini-com puter for accum ulation o f  the data.

T he  la se r  in ten s ity  is m on ito red  by a ph o to d io d e . A pu lse  
in tegrator receives the e lectrical signal from  photod iode, in tegrates it 
and sends the results to the com puter fo r analysis. I f  the in tensity  of
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the  dye la se r  is  ou t o f  ran ge  ( to o  s trong  o r  too  w eak), the 
photoelec tron  signal to  that shot will be d iscounted . This in tensity  
range  m ust be set properly . I f  this range is too  large, the laser 
in ten s i ty  va ria tions  w ill in f lu en ce  the  p rec is io n  o f  the  m easured  
photoelectron  signal. If  the range is too small, too  m any laser shots 
w ill be out o f  range , in c reas ing  the m easu rem en t tim e and the 
experim ent instability . Typical w indow  size is ± 5 %  o f  the average 
laser power.

2 .5  V acuum  system  estab lishm ent and inspection
T h e  o ven , n o z z le ,  in te ra c t io n  a re a ,  and  the  p h o to e le c tro n

detec tion  system  are housed inside the high vacuum  system . The 
schematic o f the vacuum system is shown in figure 2.5. It consists of 
a h igh  vacuum  cham ber, a cryopum p, a tu rb o -m o lecu la r  pum p, a 
d iffusion pum p and a cold trap. The vacuum  cham ber is the critical
part in w hich  the in terac tion  region  and the pho toelec tron  detector
are m ounted . A c ry op um p  (type: C S A -102 , p u m p  speed: 1500
liter/second) is m ounted ju s t  under the interaction area, so the alkali 
m etal atoms may be evacuated efficiently. There are two reason for 
us to choose  a cryopum p. One reason is that the c ryopum p can 
condense  the a lka li m etal a tom s m uch be tte r  than o ther  k inds o f 
pum ps. The second reason is that cryopum p prevents deposits o f  oil 
v ap o r  on the m esh and p lane , w hich  w ould  cau se  the  e lec trica l 
p o ten t ia ls  and  in f lu en ce  the  m easu rem en t o f  resu lts .  A tu rbo- 
m o lecu la r  pum p (type: T urb-V 80 , pum p speed: 75 l i te r/second) is 
m ounted  opposite  to  the atom ic beam , so that the a tom ic  beam , 
p a ss in g  thoug h  the  ch am b er ,  m ay be pum ped  ou t  im m ed ia te ly .  
U sing  these  two pum ps sim ultaneously , a h igh v acuum  deg ree  o f 
1 x l O -8 torr is achieved.

T he  oven ch am ber is in s ta lled  in a separa te  ch am b er  o f  the 
system , which is pumped by a 4” diffusion pum p (type: CVI, PM CS- 
4B , p u m p  speed: 70 0  l i te r /seco n d ) .  T h ese  tw o  ch am b ers  are 
separa ted , and only a  1 mm d iam ete r  hole  connec ts  them . This 
p rev e n ts  m ost a lka li  m eta l a tom s from  e n te r in g  the in te rac tion
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ch am b er  and  keeps the ch am ber c lear. The oven cell p ressure  is 
typ ica lly  2 x l 0 * 7 torr.
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CHAPTER 3
PHOTOELECTRON ANGULAR DISTRIBUTIONS FOR ONE-PHOTON 

IONIZATION: SPIN-ORBIT EFFECT

3.1 I n t r o d u c t io n
T he sp in -o rb it  in te rac tion  has a v a rie ty  o f  e ffec ts  on op tical 

trans it ions  in the  a lkali m etal a tom s. In 1930, Ferm i [3.1] first 
in d ic a te d  th a t  the  s p in -o rb i t  p e r tu rb a t io n  o f  th e  a lk a l i  w ave  
func tions  was re sp o n s ib le  fo r  the anom alous  dou b le t  line -s treng th  
ra tio  o f  d iscrete  P states. Ferm i used pertu rbation  theory  to show

3
that the sp in-orb it in te rac tion  is repu ls ive  in the j - y  s ta te  and

attractive in the j = y  state, thus leading to d ifferences be tw een  the

P 3/ 2  and P ] / 2  radial wave function for the excited  e lectron. Seaton
[3.2] in 1951 calculated  atomic photo ionization  cross sections o f the 
a lka li m etals . He show ed that the sp in -o rb it  in te rac tio n  in the 
continuum  state  shifts  the Cooper m in im um  for the E P 3 / 2  and e P i / 2  

states, resu lting  in a non-zero  m inim um  o f  the photo ion ization  cross 
sec tion .

Fano [3.3 3.4] in 1969 predicted theoretically  that the sp in-orbit 
coupling in atom s results in an im portant and in teresting property  of 
e jec ted  e lec tro n s , i.e. tha t po larized  e lec tron s  w ould  re su l t  from  
photoionzation  o f  unpolarized  atom s by c ircu larly  po larized  photons. 
T his m ay  be revea led  by exam in in g  the d if fe ren ce  be tw een  the

1 3rad ia l m atr ix  e lem en ts  fo r  the  j - y  an£* j = y  c o n tin u u m  fo r  an 

electric  dipole transition from the ground state to P-sta te  continuum .

T h e  p e r tu rb e d  ra d ia l  m a tr ix  e le m e n ts  a re  R i / 2 = R ( e » y )  a nd
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3 1 3R 3/2=R(e, y ) ,  which correspond  to j = y  and j =~2 respec tive ly . In

order to com pare  the various spin-orbit effects o f  alkali a tom s for a 
w ide  range  o f  w aveleng ths o f  light, a pe rtu rb a tion  p a ram ete r  x(e) 
w as in tro d u c e d  to  d e sc r ib e  the  p e r tu rb a t io n  o f  the  sp in -o rb i t

2 R , ,  2 + R w 2
in teraction. x ( e ) = -= —  -----=—L— , serves as the m ain pa ram ete r  that

3 / 2 — 1 / 2

charac terizes  the asym m etry  in the radial m atrix  e lem ents. A series 
of experim ents  w ere  done to verify  the Fano  effect [3 .5 -3 .8 ]. Fano  
suggested  the  m easu rem en t o f  P (e )  which is an energy  dependen t 
p o la r iza t io n  param eter . The P (e )  averaged over all d irec tions  o f 
p h o to e lec tro n  em iss ion  can be expressed  in term s o f  pertu rba tion

p a ram ete r  x (e) as P(e) = (2x + 1} + 4 ( x + 1l **— A - c o s 5) /  9  ̂ where g
x + 2

is the phase  d ifference between and e P i / 2  states.
A n o th e r  im p o r ta n t  p o la r iz a t io n  p a ra m e te r ,  Q (e ) ,  w h ich  was 

m easu red  by B aum , L u bell,  and R aith  [3.6, 3.9], is related to the 
p e r tu rb a t io n  fu n c t io n  x (e ) .  T his  po la r iza tio n  p a ra m ete r  Q (e )  is 
o b ta in ed  by m e a su re m e n t  o f  the  ion  c o u n t in g - ra te  a sy m m e try

I + - 1 “A = —;----- 3  where I+ and I* are the counting  ra tes  co rrespond ing  to
I + 1 ,

the left-  and the right-c ircular photon polarization , respectively . The 
ion coun ting -ra te  A is given as A = Q ( e ) P PhPat where Ppb is the circle 
po la r iza tio n  and P at is the e lectronic  polarization o f  the atom. This 
p o la r iz a t io n  p a ra m e te r  Q (e )  can be expressed  in term s o f  x (e)  by

\ 2x -  1
q (e) _ 7 > + T -

A m ea su re m e n t  w as p e rfo rm ed  by B aum  et a l. w ho used a 
m ercu ry  arc lam p as a ligh t source. A p o la r iza tion  f i l te r  and a 
q u a rte r  w ave  p la te  transfe rred  the light to r igh t or le f t-c ircu la r ly  
po larized  light. A polarized atomic beam was obtained by an oven 
and a p e rm an en t s ix -po le  m agnet. T hree  d if fe ren t  a lkali a tom s, 
po tassium , rub id ium , and cesium , w ere  m easured.
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The best o f  sem i-em pirica l ca lcu la tions  are those  o f  W eishe it
[3.10] and N orcross [3.11], who achieved very close agreem ent with 
experim ent. C onsidering  the various sp in-orb it effects  based F a n o ’s 
analysis  and  the  effects  o f  core  po lariza tion , they  ca lcu la ted  the 
d ip o le  t ran s it io n  m o m en t and  o b ta in ed  the  a sy m m e try  o f  the  
osc illa tor strengths for bound state transitions, photo ion iza tion  cross 
sections, and spin orientation o f  photoelectrons.

T h e  sp in -o rb it  e ffec t  has a g rea t in f lu ence  on p h o toe lec tron  
a n g u la r  d i s t r ib u t io n s .  In e q u a t io n  (1 .9 )  o f  c h a p te r  1, the 
pho toelec tron  angular d is tr ibu tion  o f  one-photon  absorp tion  depends 
on only two dynam ica l param eters: the  total pho to ion iza tion  cross 
section a Tol w hich de te rm ines the in tensity  o f  the  pho toelec trons ,

and the asym m etry  param eter (3 [3.12, 3.13, 1.18] which determ ines 
the  a n g u la r  d is t r ib u t io n  o f  p h o to e le c t ro n s .  In g e n e ra l ,  the 
a Tol d e p en d s  on the  p h o to n  en e rg y ; h o w ev er ,  p is e x p re ssed

theore tica lly  as a ra tio  which is independen t o f  energy , when the 
scattering process under study has only a single a llow ed final-state  
channel due to geom etrical considerations.

O f  course  such energy-independence  never occurs in rea lity  due 
to the ex istence o f d ifferent channels and their couplings. W e may 
expect that the deviation o f p from  the predicted constan t value will 
p ro v id e  in fo rm a tio n  o f  a d d it io n a l  c h an n e ls  and  th e ir  co u p lin g  
strengths. In one-photon ionization from the single S-subshell to an 
e P  f ina l  s ta te  c h an n e l,  the  p h o to e le c t ro n  a n g u la r  d is t r ib u t io n  
pa ram eter  p will equal two and will be independent o f  the energy of 
the inc iden t photon i f  sp in-orb it effects  are not im portant. But a 
num ber o f experim ents and theoretical s tudies have found that the 
param eter  P for S -»P transition is not always a constant value two.

Cooper and Zare [1.18, 3.14] proved that the angular distribution 
o f  p h o to e lec tro n s  e jec ted  in an e lec tr ic  d ipo le  p ro cess  can  be 
expressed  as:

(3 .1  )
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w here p is the asym m etry  param eter and 8  is the angle between the 
m om entum  d irec tion  o f  the e jected  e lectron  and the po lariza tion  of 
light. p depends on the tw o radial d ipo le  m atrix  e lem ents R /.j and 
R f + i ,  co rre spond ing  to the tw o possib le  e lec tron  partia l  waves of 
angu la r  m om entum  I-1 and /+1. A nother factor which influences the 
p va lue  is the  re la tive  phase  d ifference  8  = 8 /+ i - 6 m  o f  these  two 
partial waves. Obviously P is dependent on incident photon energy e:

and 5  is  the phase  sh ift  d ifference  associated  with the asym ptotic  
wave functions of the continuum  states, 8  = 8 1 +1 - 6 1 - 1 .

In a c lo sed -sh e l l  sys tem  the  s itua tion  is so m ew h a t  s im p le r , 
becau se  the  e le c tro s ta t ic  in te rac t io n s  a re  sp h e r ica lly  sy m m etr ic .  
Thus it would  seem  that for s e lectrons, the pho toelec tron  angular 
d i s t r ib u t io n  sh o u ld  b e  in d e p e n d e n t  o f  e n e rg y .  I f  o n ly  the  
nonrelativistic  Ham iltonian is considered, this is indeed the case. The 
inclusion of re la tiv is tic  in terac tions, how ever, devia tes this point o f  
view since the sp in-orb it in terac tion  is inheren tly  aniso tropic. For 
exam ple , the pho to ion iza tion  of the ou ter  s e lec tron  in an alkali-  
m etal a tom  can  go  via S - » P i / 2  or S —»P3 / 2  transitions. Thus the 
a lte rna te  channels  a llow  fo r  an in te rfe rence . T he a lka li  m eta ls , 
th e re fo re ,  o f fe r  an e x ce llen t  c ase  fo r  the  s tudy  o f  an iso trop ic  
in te rac tions due  to the sp in-orb it e ffect since the  core  is ^ 0  and 
en tire ly  spherical. T here  w ere  a series o f  theore tica l ca lcu la tions 
about alkali atom photoionization [3.11, 3.12, 3.15-3.22].

P(e) =
1(1- 1)R,_1 + (1 + 1)(1 + 2 ) R ^ , - 6 1 ( 1 +  1)R,_ 1R,_, cos 8 

(21+ 1)[1R;_1 + (1+ 1)R’+1]

( 3 . 2 )
w here R is a radial matrix element:

0 ( 3 . 3 )
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These anisotropic effects are also in evidence in the noble gases, 
but the situation is far more com plicated in the noble gases ow ing to 
the extensive in terchannel coupling present. The im portance o f spin- 
o rb it in te rac tio ns  fo r the 5s subshell o f  xenon has been pred ic ted  
ear l ie r  by W alk er  and W aber [3 .23], w ho  p resen ted  a theore tica l 
calculation  in jj  coupling  using D irac-S la ter  w ave functions. The p 
pa ram ete r  was p red ic ted  to be  nearly  0.9 at th reshold , to increase  
rap id ly  to 1.5 at an energy 13.6 eV above threshold , and thereafter 
to  r ise  s low ly  tow ard  the value  2.0 at an energy  81.6  eV  above 
th resho ld . O ng and M anson  [3 .24, 3 .25] used  D irac -F o ck  wave 
fu n c t io n s  to c a lc u la te  p h o to e le c t ro n  a n g u la r  d i s t r ib u t io n s  and 
obtained results sim ilar to those o f  W alker and W aber. Johnson and 
Cheng [3.26, 3.27] have carried  out the m ost deta iled  calculation of 
the 5S -»eP photoionization  o f  Xenon. They found theoretically  that 
u n d e r  s u i ta b le  c o n d i t io n s ,  the  r e la t iv i s t ic  c o r r e c t io n s  to  the  
in terac tion  of a photoelec tron  w ith its paren t ion are enhanced  and 
large aniso tropic  final state effects appear, so the angular asym m etry  
param eter is reduced by a factor of 9 from its nonrelativistic  value of 
two near the Cooper m inim um . They predic t a m inim um  value of p 
for Xenon o f  about zero near the m in im um  in the 5S cross section. 
O ther theoretical calculations include Huang and Starace [3.28].

On the experim ental side, D ehm er and D il l ’s m easurem ent [3.29] 
o f  th e  a n g u la r  d is t r ib u t io n  a sy m m e try  p a ra m e te r  P for the 5S 
subshell o f  xenon was a striking dem onstra tion  o f  the im portance of 
re la tiv is t ic  in te rac tions  to  ph o toabso rp tion  p rocesses . O ther  w ork  
includes W hite  et al. [3.30] who used three d ifferent photon energies 
(26.8 , 30 and 32 eV ) to p rove that the asym m etry  param ete r  p is 
d ifferen t from  the nonrela tiv istic  value o f  tw o, particu larly  near the 
C ooper m inim um .

R e c e n t ly ,  C u e l la r  et al. [3 .31]  r e p o r te d  m e a s u re m e n ts  o f 
ph o to e lec tro n  an g u la r  d is tr ib u t io n s  fo r  re son an tly  enh an ced  th ree- 
photon ionization of cesium  via the excited ns (n=8-12) states. The 
in te rm edia te  state, ns 2 S 1/ 2 , was selected by tuning the w avelength  
of the dye laser output. Since the ns 2 S 1/2  s ta te  w as iso trop ica lly  
popu la ted  by the linearly  po larized  laser, the p rob lem  is essentia lly
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reduced to a single-photon ionization o f  the excited  s-state, with one 
da ta  po in t per s-state. S ince the  photo-elec tron  energy  is near  the 
Cooper m inim um  in each o f  these cases, f) shows a strong wavelength 
d e p e n d e n c e .

3 .2  P r in c ip le  o f  the  p h o to e lec tro n  a n g u la r  d is t r ib u t io n  fo r  one- 
pho ton  absorp tion  with sp in -o rb it  in terac tion

The alkali a tom s are especially  a ttractive  fo r  the investigation  of 
photo ionization  processes. The alkali a to m s’ ionization  potentials are 
small, so that only one u ltrav io le t photon or tw o  v isib le  photons are 
sufficien t to ionize  the atom s. Therefore , the second harm onic  o f  a 
v isible  laser can be used for the experim ent w hich m akes it possible  
to in v es tig a te  the  w av e len g th  d e p en d en ce  o f  the  p h o to io n iza t io n  
cross sections and angular d istributions. In addition, because of the 
s im plic ity  o f  the a lkali m etal energy  level schem e, the  theore tical 
u n d e rs ta n d in g  and  in te rp re ta t io n  o f  the  e x p e r im e n t  re s u l ts  are  
re la tive ly  eas ie r  than for o ther m ore com plex  atom s. The energy  
level d iagram  (figure  3 .1) show s the transition  from  ground S-state  
to P 3 / 2  and P 1/2 con tinuum  states.

As m en tio ned  in C h a p te r  1 the an g u la r  d is tr ib u t io n  m ay  be 
expressed  as:

The m atrix  e lem ent represents  a  transition o f  the a tom  from  the 5S 
ground sta te  to the P-continuum  states through the absorp tion  o f  a 
s ing le  photon.

O bv io u s ly  sp in -o rb it  co u p ling  is a b sen t  in the  in it ia l  S -s ta te  
b e c a u se  i ts  o rb i ta l  m o m e n tu m  q u a n tu m  n u m b e r  e q u a ls  ze ro . 
H ow ever, sp in -orb it  coup ling  in the con tinuu m  leads to  degenera te

1 3e igen s ta te s  w ith j = y  and j=  y .  The d ipo le  selec tion  ru les fo r  an 

optical transition with linearly polarized light are:

( 1 .6 )

Al =  ±  1 ( 3 . 4 )
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m

3 / 2
3 / 2

1 / 21/2

1 / 21/2

F igure . 3.1 P h o to io n iz a t io n  t r a n s i t io n  fo r  c e s iu m  a to m  
f ro m  g r o u n d  s t a te  to  e 2P l/2  a n d  e 2 P3 / 2

c o n t in u u m  s ta te s .
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( 3 . 5 )

( 3 . 6 )

W e res tr ic t  ourse lves to pho to ion iza tion  from  the ground state. 
For the a lka li m etal a tom s, the  ground  sta te  is n 2 S 1 / 2  or m ore

explicitly  |n ljm  j ) « |n 0 y7  > and ( n O y - T ) ,  where n=2 for Li, n=3 for Na, 

n=4 for K, n=5 for Rb, and n = 6  for Cs. The final state is composed of

one or more o f  the following: jKp | K ^ 2  t ) '  a n ( *

3
Kp—

* 2 -4) So in this interaction o f a rubidium atom in the ground 5s

sta te  w ith  l inearly  p o larized  rad ia tion , the  transit ion  channe ls  are 
limited to (for simplicity we use rubidium as an example):

The angular d istribution may be expressed as:

d o  
d Cl = E2“e *  ( 4 ^ (7 )  | j 'm ' ^ ( j 'm ' | r c o s 6  I j m )

( 3. 7 ).
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U sing equation (1.6) and setting the 1=0, m=0, as well as considering 
the C lebsch-G ordan coefficients [3.32], one gets:

d a  _ r j 2a> »♦
d n  e

!- t - ( ’ ■H v>l j  i  ) t t

'■'H y - y )t t+Vf K H  i  - y)ts | j
( 3 . 8 )

The projections o f the excited e igenstates |im J  the outgoing plane 

wave are given by:

(*,^>1 H ) -  *ei8" ■ r ./ * [ V f v * o) - V F v *  •> ]

{ I  2 ) - - :iei8''' R3 /* [ V F  V * * 1 + 7 f Y1o(e- • )  ]

( V ' > |  y -  y ) - r , / 2  ]

( 1 1  -  y ) = - 1 e“ ’ ' '  R3 / 2 [ V i Y. - ,<e- + V F  V e - .
( 3 . 9 )

w here  R 1/2 and R 3 /2  are the radial matrix element:

eo

R W3 = Jdr* t ep2 >rM 5s2 ’r)
0 (3.10)
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R3 / 2 = / dr'P' ( EPf - r ) r , '(5 4 ’ r )
(3.11 )

The spherical harm onic  functions Y,o(0 ,  <I>) Y n(0 ,<J>) and Yl _ J( 0 , 0 ) 

are given by:

c o s 0

Yn (0,<D) = -

Yi - . ( e ’ 4>) = V ^ s i n e e ' i*

( 3 . 1 2 )

( 3 . 1 3 )

( 3.14 )

Putting these form s inside equation (3.9), and using the Clebsch- 
Gordan coefficients and equation (1.8), and considering

Y ^ O .  O) Y 1O( 0 , <D) + Yj_ t( 0 , f t )  Yjo(0 ,O )  = 0 ( 3.15 )

at last we get:

|r 3 , - R , , f  | Y „ (e ,  4.)f

+ P R3,*®, , ' , + R., ’ Y.o<e - ( 3 . 1 6 )

R eplacing  the spherical harm onic  functions (3 .12 -3 .14 ) in equation
(3.16) and using the form

• W “ , ' ’ - R. , / ‘i  = R2, / 2 + R U 2 - 2 R 3 , 2 R . / 2 C° s 5 ( 3.17.)
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2R. , + R ,/ 1 “  4 R 3 , 2 + Rl  2 + 4 R 3, 2R , , 2 C° S 5
( 3.18 )

we get:

d o  -
dJj_ = AI(l + acos 0) (3.19)

where a  and Ai equal

„ R 3 /  2 +  ^ R 3 / 2*^1/ 2 c o s ( 5 3 /  2 ^ 1 / 2 )
a  “  3 — --------- 2 --------------------------------------------

R3 / 2 + R l/2  '2 R 3 /2 R l / 2 COS^ 3 / 2  ^1/2^ (3.20)

E2“e i2#A = 11 e
^ reCR 3 /  2 H" R 1 /  2 ^ R 3 / 2 R 1 / 2 COS^ 3 / 2 ^ 1 / 2 ^ ) .  ( 3 . 2 1  )

C orrespond ing ly  the asym m etry  pa ram ete r  p has form:

2 a
m = 3 + a

2 ^ 3 /2  + ^ R l/ 2R 3/2 COS^ 3 /  2~  ^1/ 2̂
2R2 + R2

3 / 2 1 / 2 . ( 3 . 2 2 )

In m any situations the phase shift d ifference is approx im ate ly  equal 
to zero, i.e. cos(5 3 / 2 -5 j / 2 ) * 1 [33, 34]. T his  m ay be exp la ined  as 
following. Because the spin-orbit effects in the P continuum  state are 
re la tive ly  sm all, the e P 3/ 2  and e P i / 2  w ave functions are sim ilar, and 
the phase  shift d ifference  is sm all and approx im ate ly  constan t over 
the en tire  energy  range.
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3 .3  E x p e r i m e n t a l  d e t e r m i n a t i o n  o f  p h o t o e l e c t r o n  a n g u la r  
d is tr ib u t io n s  fo r  6 2 S i / 2 - > e P j  p h o to io n iza t io n  o f  ces ium  near the 
C oop er  m in im um

C esium  is the a tom  o f  cho ice  fo r  m any  s tud ies  o f  sp in -o rb it  
effects, both theoretical and experimental. O ne reason for this is that 
cesium  is the m ost 'm assive  non-radioactive  alkali metal and thus the 
sp in -o rb it  pertu rba tion  is re la tive ly  large.

Ong and M anson in 1979 [3.15] calcu lated  photo ion ization  cross 
section of the outer ns electron in alkali m etals, N a, K, Rb, and Cs, 
u s ing  D irac -F o c k  w ave  fu n c tio ns . T h e ir  re su l ts  sh ow ed  strong  
varia tions o f  the photoelec tron  angular d is tr ibu tion  param ete r  p with 
photon energy. This deviation is due to the spin-orbit interaction of 
the continuum  electron which gives rise to tw o final states e P 3/2 a n d  
e P i / 2 - Their matrix elem ents for the transitions to the e P 3 / 2  and e P i / 2  

d iffe r  from  each other, thereby resu lting  in an energy-dependen t p. 
T heir  ca lcu la tion  show ed that the phase  sh ifts  fo r  E P 3 / 2  and e P i / 2  

con tinuum  w aves have several ou ts tand ing  charac ter is tics :  in all the 
alkali m etals over the energy range o f  4 to 5 eV above threshold the 
phase  shifts  6 3 / 2  and 5 1 /2  are very  s low ly  vary ing  and the phase- 
shift d ifferences are alm ost constant. T he value of the d ifference for 
cesium  is approxim ate ly  0.031 jc .

In 1979 H uang and S tarace [3 .16], considering  the experim ent 
resu lts  o f  B aum  et al. [3.6], reported  the ir  ca lcu la tio n s  o f cesium  
p h o to io n iz a t io n  and  p h o to e lec tron  spin  p o la r iza t io n , tak ing  p ro per  
account o f  the f inal-sta te  sp in-orb it in te rac tion . In addition  to the 
sp in-orb it in teraction o f  the photoelectron in the field  o f  the nucleus, 
they  evaluated  exactly  the m atrix  e lem ents  o f  the m utual sp in-orb it 
opera to r. T he  final state pertu rba tion  m atrix  e lem en ts  w ere  then

used to obtain  im proved final state  w ave functions in the j = y  and

j = y  p h o to e le c t ro n  c h an n e ls .  T h e ir  r e su l ts  a re  in q u a l i ta t iv e

ag re em e n t w ith  p rev iou s  D irac -F o ck  c a lcu la t io n s ,  bu t  ag ree  m ore 
c lose ly  w ith experim en t near th resho ld  than all p rev ious  ab in itio  
c a lc u la t io n s .
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Since the energy at which the cross section for the j = y  channel

van ishes  occurs  very  c lose  to  the ion iza tion  th resho ld , the cross 
section  fo r  ion ization  rem ains re la tive ly  large th roughout the reg ion  
abou t the C ooper m in im um  m aking cesium  a good source o f  spin 
polarized electrons. By [3.22, 3.23, 3.35] the polarization is 100% at 
about X=295 nm. This property  allows us to observe a wide variation 
of ph o toe lec tron  angu lar d istr ibu tions.

The p h o to io n iza t io n  tran s it io n  fo r  the  ces iu m  a tom  from  the 
6 2S i/2  ground state to  eP  1/2 and e P 3/2 con tinuum  sta tes is show n in 
figure 3.1. For cesium  ionization from  6 2 S i / 2 - » e P j ,  the asym m etry  
param eter may be expressed as in equation (3.22). In the absence of 
s p in -o rb i t  c o u p l in g ,  R 3 / 2 = R i / 2  and  the  asym m etry  p a ram ete r  p 
red uces  to  2 . R 3 / 2  and  R 1 / 2  a re  a f fe c te d  by the  sp in -o rb i t
pertu rbation , how ever, and as the photon  energy  is varied  near the 
C o o p e r  m in im u m , R 3 / 2  and R 1 /2  each pass  through  zero , but at 
so m ew hat w ith  d if fe ren t  energ ies . B ecause  o f  the  s l igh t rad ial 
con trac tion  o f j = l / 2  channel, the n S i / 2 “* e P i / 2  am p litu d e  van ishes  
first. The p is expected to  decrease  rapid ly  from its norm al value of 
two. From  equation (3.18) we see that when R i / 2 ->0 , p —>1. Beyond 
this zero  poin t, R 1 / 2  changes sign and increases  again  w hile  R 3 / 2  

decreases . p=0  at R 3 / 2 = - 2 R i / 2 - In this range the m axim um  emitted 
photoelectron flux is parallel to the polarization o f light. In figure 3.2 
we see that w hen  p app roaches  0 (P = 0 .06 26  at X = 2 9 4 .4 ) ,  the
photoelec tron  angu lar d istribution becom es nearly  spherical. Beyond
this point, as the laser w avelength continues to decrease, p becom es
n e g a tiv e  so  th a t  the  m ax im u m  e m it te d  e le c tro n  flux  d irec tio n
changes to  8 = 9 0 ° .  P reaches a  m in im um  value , approx im ate ly  -1

( R 3 / 2  = - y R  1/2 ), and then begins to increase again as R 3 / 2 —>0. Our

experim ental results c learly  show  the change in angular d istributions 
and the existence of the Cooper minimum.

W e m easured  the  cesium  an gu la r  d is tr ibu tion  at e ight d ifferen t 
w avelengths near the Cooper m in im um  [3.36]. O ur work represents 
the f irs t  m easu rem en ts  o f  ph o to e lec tro n  angu la r  d is tr ib u tio n s  for
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differen t photon energies in an alkali metal atom with initial ground 
state. The data  c learly  show s the im portance o f sp in-orbit effects in 
the p h o to io n iza t io n  con tinuum  and support the p rev ious  theore tica l 
p redictions o f a Cooper m inimum.

T he ex p erim en ta l  pho toe lec tron  an g u la r  d is tr ibu tion s  are  show n 
in figure  3.2. The degree  o f  l inear polarization o f  the rotated beam 
w as m ea su re d  to  be b e tte r  than  1000:1. T he  p h o to io n iz a t io n  
th reshold  corresponds to a laser excita tion  w avelength  o f 318.4  nm 
for cesium . O ur m easurem ents were m ade in the w avelength  range 
from  X=266.0 nm  to X=313.5 nm. The data  at 266  nm  were taken 
using the fourth harm onic o f  the N d:Y A G  laser. The polarization of 
the uv light ro tated  by m eans o f  optical Fresnel rhom b. The laser 
polarization rotates by tw ice the rotation angle o f Fresnel rhom b. No 
d isparity  w as observab le  be tw een  the da ta  in the f irst ha lf  o f  the 
rhom b rotation and the data in the second half. Taking advantage o f  
the sym m etry  o f  geom etry, the da ta  at angle 0  is the average of data 
at © and 0 + 1 8 0 ° .

In  figu re  3 .2 the crosses show  the experim ental data , each data 
p o in t  rep re sen tin g  2400 lase r  pu lses . E ach  da ta  p o in t  has been 
ad ju s ted  to  co rre c t  fo r  co in c idence  e rro rs ,  a ssum ing  the e lec tron  
de tec tion  is governed  by Poisson  statistics. The pow er o f  the uv 
beam  and the density  o f  the a tom ic beam  w ere  adjusted  to a level 
such that the m axim um  probability  of detecting an electron per laser 
shot was approx im ate ly  30% . T he background  was m easured  at a 
variety o f  angles 0  by b locking the atom ic beam, but no asym m etry  
was observab le  w ith in  the accuracy  o f  these  m easurem ents . Thus 
the signal was de term ined by subtracting  the background from  each 
da ta  p o in t  in the angu la r  d is tr ibu tions . T he  so lid  l ine  fo r  each  
d istribution is the result o f  a least mean squares fit o f  equation (3.1) 
to  the da ta . T he  s tandard  dev ia tion  of each  d a ta  p o in t is qu ite  
consistent with the shot noise lim it o  * V n ~ ( where n is the num ber 
o f  de tec ted  e lectrons.

S pace  ch an g e  e ffec ts  a re  a lso  m in im al. T h is  is e sp ec ia l ly  
im portan t  fo r  m easurem ents  o f  angu la r  d is tr ibu tions  o f  low kinetic  
e n e rg y  e le c t ro n s ,  w h e re  s t ra y  re s id u a l  f ie ld s  c an  in f lu e n c e
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m easurem ents  significantly . The e lectric  fie lds in our m easurem ents 
o f  a n g u la r  d is tr ib u t io n s  w ould  c au se  a ch an g e  in the e ffec tiv e  
aperture  size, thus influencing  the angu lar reso lu tion . S ince a n o n ­
zero  e ffec tiv e  aper tu re  size  resu lts  in a re la tive  inc rease  o f  the 
iso trop ic  part o f  the angular d istribution , any stray fields which are 
p resen t cou ld  cause  a  system atic  e rro r  to  our data . In the  next 
c h a p te r ,  d e a l in g  w ith  the  m e a su re m e n t  o f  tw o -p h o to n  a n g u la r  
d istributions we will show that the residual fields are very  weak in 
the in te rac t io n  reg ion . A t th is  fie ld  our ca lcu la t io n  show ed  a 
n e g lig ib le  e f fe c t  o f  a sy m m e try  p a ra m e te r  p ,  even  at the low est
pho toe lec tron  k inetic  energ ies .

The m easu red  asym m etry  pa ram eters  p de te rm ined  by equation  
(3.1) are given in table 3.1. These values have been adjusted for the 
e ffect o f  the fin ite  apertu re  size and in te rac tion  vo lum e. This is 
determ ined by averaging the square o f  the cosine o f  the angle © over 
both these  reg ions . O ur ca lcu la tion  show s the 0 .9%  decrease  for 
asym m etry  p a ram ete r  p. A p s is purely statistical, and represents one 
s tandard  dev ia tion  o f  the m ean. C onsidering  the background  noise 
coun t ra te  w e g ive  ano th e r  u ncerta in ty , A P t ,  in table  3.1. These 
va lues  w ere  ob ta in ed  by sca ling  A P s by a fac to r  ( 1 +r), w here r 
rep resen ts  the ra tio  o f  the  standard  dev ia tion  o f  the no ise  to the 
standard deviation  o f the signal data.
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T ab le  3.1 E xperim enta l resu lts  o f  m easu rem en t o f  cesium , including  
a sym m etry  pa ram ete r ,  p ,  the Fano  param eter, x(e). The uncertainties 
o f  each  represen t one standard deviation o f  the m ean.

A (nm ) £(eV ) P Aps APt X Ax

3 1 3 .5 0 .0 6 1 0 .8 1 7 0 .0 3 9 0 .0 3 9 1 .7 5 0 .0 5

3 0 3 .3 0 .1 9 4 0 .4 5 2 0 .0 2 5 0 .0 3 2 1 .3 7 0 .0 3
2 9 4 .4 0 .3 1 7 - 0 .0 6 8 0 .0 1 4 0 .0 3 1 0 .9 5 0 . 0 2

2 9 0 .8 0 .3 7 0 - 0 .2 8 9 0 .0 3 3 0 .0 4 6 0 .7 9 0 .0 3
2 8 2 .3 0 .4 9 8 - 0 .7 2 7 0 . 0 2 0 0 .0 6 8 0 .4 5 0 .0 6
1 7 8 .4 0 .5 5 9 - 0 .8 4 8 0 .0 1 8 0 .0 5 3 0 .3 3 0 .0 6
2 7 5 .4 0 .6 0 8 - 0 .8 8 9 0 .0 5 0 0 .0 8 6 0 .2 8 + 0 .1 0 / - 0 .1 5
2 6 6 .0 0 .7 6 7 - 0 .8 8 2 0 .0 3 0 0 .0 5 7 - 0 .3 6 0 .0 6

From  table 3.1 we note that the (3 values decrease  as the Cooper 
m in im um  is app ro ached  and increase  again  a f te r  the m in im u m  is 
pa ssed . T he a sy m m etry  p a ra m e te r  pa sse s  th roug h  zero  n e a r  A 
=294 .4  nm , at which po in t the  pho toelec tron  angu la r  d is tr ibu tion  is 
nearly  spherica l. O ur  experim en t c learly  show s the rap id  varia tion
o f  the p h o to e le c tro n  an g u la r  d is tr ib u t io n  o v e r  a w ide  ran g e  of 
w avelengths near the C ooper m inim um . The data  for the asym m etry  
p a ram ete r  p appear to  have a  m inim um  value greater than -1. There 
are  severa l  fac to rs  such  as the  f in ite  ap e r tu re  size and  res idua l 
e lec tr ic  fie ld  e ffec ts  w h ich  w ou ld  re su l t  in Pmin>-1- But these 
in fluences are very  small. In figure  3.3 we com pare  the m easured 
a sy m m etry  pa ram ete rs  P w ith  o ther a u th o r’s results . W e have also 
show n N o rc ro ss ’s ca lcu la ted  resu lts  o f  the asym m etry  p a ram eter  for 
cesium  as the dot-dashed line in figure 3.3 [3.12]. F rom  figure 3.3 
the  p a ra m e te r  p f ro m  ou r  m e a su re m e n ts  o f  the  p h o to e le c t ro n
angu la r  d is tr ibu tions  and the p through  m easu rem en ts  o f  the Fano  
p a ra m ete r  x (e) show alm ost the sam e values. The theoretical results 
o f  O ng and M anson [3.15] (dashed line), and o f  H uang  and Starace
[3.16] (solid lines) are also shown in figure 3.3.
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Figure  3.3 A s y m m e t r y  P a r a m e t e r  (3 o f ces iu m  6 2 S i / 2 - » e P j  
p h o to io n iz a t io n  vs . p h o to e le c t ro n  e n e rg y  e . T he  da ta  po in ts  
represent the  results o f  this work. R esults  o f  ab in itio  calculations 
o f O ng an d  M anson  [3.27], dashed  line , and  H uang  and S tarace  
[3.28], so lid  lines, are also shown. The latter were carried  out in 
length (L) and velocity  (V) gauges, the results o f  which are show n 
here. T he  d o t-d ashed  line rep resen ts  the resu lts  o f  ca lcu la tions  
by N o rc ro ss  [3 .26] fo r  the  F a n o  p a ra m e te r ,  w h ich  w e have  
converted to  p.
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As m en tioned  before  the sp in-orb it e ffec ts  not only  cause  the 
change o f  asym m etry  param eter p, but also cause the change o f  Fano 
pa ram ete r  x(e), which is a  measure o f  the difference o f the transition 
m o m e n ts  R 1/2 and R 3/2 . Table  3.1 also  shows the Fano  param eter
x (e)  o f our results. Clearly the sign o f x(e) cannot be determ ined from 
our m easurem ents, but we can get it from this table. The phase shift 
d i f f e re n c e  8 = 6 3 / 2 - 8 1 / 2  is ve ry  sm all, so the  an g u la r  d is tr ib u tio n  
asym m etry  param eter  (3 is a very good approxim ation determ ined by 
Fano  p a ram ete r  x(e). The asym m etry  param eter p m ay be deduced 

b y

2 _ 3 ( x 2 -  l ) - 2 ( x +  l ) (x  -  2) (1 -  c o s 8 )
3  (x 2 + 2 )  ( 3 . 2 4 )

The x(e), as a function of the electron kinetic energy, e, are shown 
in figure 3.4. W e have also shown in figure 3.4 the results o f  the two 
o th e r  e x p e r im e n ta l  r e s u l ts  o f  x (e )  and  tw o  s e m i- e m p i r ic a l  
calculations for com parison. The data  points from B aum  e t al. [3.6, 
3.8, 3.9] shown as open circles in figure 3.4 are derived  from  the 
m easurem ents  o f  the asym m etry  Q (e) in  the pho to ion ization  current 
from  a polarized  cesium  beam  for left o r  r igh t c ircu larly  polarized 
light [3.6]. A nother set o f data  points, represented by x(e) in figure 
3.4, com e from  H einzm ann, Kessler, and Lorenz [3.7], who measured 
the spin polarization o f  the e jected electron, P(e), and obtained x(e) 
using P(e)=(2x+1 ) / ( x 2 +2). The uncertainties fo r our da ta  are much 
sm aller than the others fo r lower electron kinetic  energies, w hile  for 
h igher electron energies they are com parable. The solid lines on the 
figure 3 .4 are results  o f  the sem i-em pirical calcula tions o f  W eisheit
[3.11]. The dashed line is from the results o f  Norcross [3.12]. From 
figure  3.4 our data  is in good agreem ent with the N orcross  curve. 
O ther resu lts  o f  the Fano param eter  ca lcu la tions [3.18, 3 .19, 3.37, 
3.38] in cesium  are not shown in this figure.
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Figure  3 .4 T he  Fano  param eter, x, as a function  o f  pho toelec tron  
energy. The present data is show n by the square data points. The 
uncertainties o f our data in the range 0.19 <  e < 0 . 4  are less than the 
size o f  the squares. The results o f H einzm ann, K essler and Lorenz 
are show n as x ’s, and those o f  Baum  Lubell and R aith  as circles. 
A lso  show n  arc  the  re su l ts  o f  se m i-e m p ir ica l  c a lc u la t io n s  by 
W eisheit [3.7], dashed line, and N orcross [3.26], solid line.
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3 .4  E x p e r im e n ta l  r e s u l ts  o f  ru b id iu m  p h o to e le c t r o n  a n g u la r  
d is tr ibu tions for 5 2 S i / 2 -> e P j

A n o th e r  a to m  w h ose  p h o to e le c tro n  a n g u la r  d is t r ib u t io n s  we 
m easu red  is rub id ium , w hose  in it ia l  sta te  is the  g round  5s state. 
A b so rb in g  an u ltrav io le t  pho ton , the  ru b id iu m  a tom  m ay transfe r  
from the ground 5S to  the e P 3 / 2  and e P i / 2  con tinuum  states. The 
photoionization transition is shown in figure 3.5.

Som e ca lcu la tio ns  w ere  done  [3 .15, 3 .18 , 3 .20 , 3 .39] fo r  the 
ru b id iu m  p h o to e lec tro n  an g u la r  d is tr ib u t io n .  O ng and M a n so n ’s 
ca lcu la tion  o f rub id ium  show ed that the C ooper m in im um  occurs in 
the threshold region. The phase shifts for e P 3 / 2  and e P ] / 2  co n tin uum  
wave function o f  rub id ium  is 0.013ti and nearly constant in the near 

th resho ld  range .
T he  exp erim en ta l  re su l ts  are  show n in figu re  3.6 in a po lar  

d iagram  [3.40]. The experim ental condition  was s im ila r  to that o f 
cesium  experim ent. The laser in tensity  at 280 nm  was 40 p J .  For 
each da ta  point, 1000-1800 laser pulses were used. The crosses are 
the experim en ta l da ta  po in ts , and the solid line was obtained  in a 
leas t  m ean  sq u a res  f i t  o f  the an a ly tica l  fu n c t io n  (3 .1 )  o f  the 
e x p e r im e n ta l  p o in ts .  The error bars in som e da ta  po in ts  represent 
the typ ica l s tandard  dev ia tion  o f  these  data . T he  e rro rs  in our 
experim ent are  very  small. T he  an gu la r  d is tr ib u tio n  w as m easured  
for five d ifferent w avelengths in the range from  266 nm  to 286 nm. 
From  the diagram  the shapes can be seen to change with increasing 
photon energy. The P values for the d ifferent laser w avelengths are 
com piled  in tab le  3 .2. T he  ex perim en ta l  e rro rs  rep resen ting  the 
standard deviation o f the fit are shown in the table 3.2 too.
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F igu re . 3.5 P h o to io n iz a t io n  t r a n s i t i o n  fo r  r u b i d iu m  a to m  
f ro m  52P 1 / 2  g ro u n d  s t a te  to  e 2 P 1 / 2  a n d  e 2 P3 / 2  

c o n t in u u m  s ta te s .



5 6

i

-r

Fi
gu

re
 

3.6
 

Ph
ot

oe
le

ct
ro

n 
an

gu
la

r 
di

st
ri

bu
ti

on
s 

of
 

ru
bi

di
um

 
wi

th
 

lig
ht

 
of

 
w

av
el

en
gt

h 
fro

m 
26

6 
to 

28
5.

3 
nm

. 
Th

e 
la

se
r 

po
la

ri
za

tio
n 

is 
in 

the
 

ve
rt

ic
al

 
di

re
ct

io
n,

 
(a)

 
X

=2
85

.3
 

nm
, 

(b
) 

X
=2

84
.0

 
nm

, 
(c)

 
X

=2
80

.3
 

nm
, 

(d
) 

JU
27

5.
3 

nm
, 

(e
) 

X
=2

66
.0

 
nm

.



57

T a b le  3 .2  E x p e r im e n ta l  r e s u l ts  o f  m e a s u re m e n t  o f  
rub id ium  for asym m etry  param eter, P, the Fano param eter, 
x(e), and uncertainties o f Af3.

X n m a P Ap x( e )

266.0 3.913 1.132 0.023 2.204

275.3 6.913 1.395 0.036 2.794

280.3 12.072 1.602 0.031 3.362

283.5 17.251 1.704 0 .0 2 1 4.204

285.3 19.992 1.759 0.036 4.497

Figure 3.7 shows our P-value vs. energy o f  the incident photons. For 
com parison the experim ental curve o f  Baum , Lubell, and Raith who 
m easured  the ion iza tion  in tensity  a sym m etries  for po la rized  a tom s 
using right or left circularly  polarized light, and theoretical curves of 
W eisheit, and Ong and M anson are drawn on the same diagram . The 
results of the Baum, Lubell, and Raith, and W eisheit were reported in 
terms of the Fano param eter, x (e )= ( 2 R 3/2 + R i / 2 ) / ( R 3 /2 - R i / 2 ), but these 
are easily  converted  to  p . Both the theoretical resu lts  show rapid 
variation o f  p from  a value close to two for low electron energies to 
*1, and then an increase  again to 2 for large electron energy. The 
data  in this w ork  is in good agreem ent w ith W eish e it’s calcu lated  
results  and B au m ’s experim ental data.
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Figure 3.7 A s y m m e tr y  p a r a m e te r  p o f  ru b id iu m  5 2 S i / 2 - + e P j  
ph o to ion iza tion  vs. pho toe lec tron  energy  c. D ata  points represent 
the results  o f  this work. Results o f  W eish e it’s calculation [3.11], 
solid line, and Baum  et al. experim ental data [3.6], dashed line are 
a lso  sho w n . D o t and  d ash ed  line  rep re se n ts  the  re su l ts  o f  
calculations by Ong and M anson [3.15].
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CHAPTER 4
PHOTOELECTRON ANGULAR DISTRIBUTION IN TWO-PHOTON 

IONIZATION AND SPIN-ORBIT INTERACTION

4.1  I n t r o d u c t io n
In C hapter 3 we discussed the process o f  single-photon ionization

and the effec t that the sp in-orb it in terac tion  has on it. M ultiphoton
io n iza t io n  by the in te rac t io n  be tw een  the  la se r  f ie ld  and a tom ic
sys tem s has a lso  a ttrac ted  co n s id e rab le  in te res t  ex perim en ta lly  and 
theoretically  in the last decade.

In th is  ch ap te r  w e in tro d u c e  p rec is io n  m ea su re m e n ts  o f  the 
p h o to e le c t ro n  an g u la r  d is t r ib u t io n  o f  ru b id iu m  u n d e r  tw o -p h o to n  
absorption  conditions from  the ground s-state  to s and d continuum  
sta tes , and d iscu ss  the  a sy m m etry  p a ram ete rs  de rived  from  these 
d is t r ib u t io n s .  T h ro u g h  these  m e a su re m e n ts  w e in v es tig a te d  the 
in f lu e n c e  o f  the  s p in -o rb i t  in te r a c t io n ,  c o u p l in g  to  d i f fe re n t
con tinu um  states, and the phase  shifts  on the ion iza tion  processes . 
A ll o f  th is  in fo rm a tio n  w ill h e lp  us to  unders tan d  the p roperties  
a b o u t  th e  in te r fe re n c e  p ro c e ss e s  b e tw ee n  one -  and tw o -p h o to n  
ionization in alkali metals.

M any theoretical research  w orks have been  concerned  w ith  two- 
ph o ton  a n g u la r  d is tr ib u t io n s  re su l t in g  from  the in te rac t io n  o f  an 
intense laser field with an atomic system  [4.1-4.12, 1.7, 1.8]. Since in 
m ost o f  the experim ents  reported  the ex ternal laser field strength  is 
sm all com pared  to  the  in ternal atom ic field  s treng th , the theoretical 
an a ly s is  m ay be based  on the  t im e-d ep en d en t pe rtu rb a tio n  theory  
developed to the lowest nonvanishing order. Bebb and Gold [4.1, 4.2, 
1.7] in 1966 p resen ted  a n u m b er  o f  ca lcu la t io n s  o f  m u lt ipho ton  
tran s it io n s  in nob le  gases and  a lka li  a tom s using  a pe rtu rb a tio n
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theory. T he ir  theory  gave the basis for the in te rpreta tion  o f  m any 
experim ents  at that time.

Q u an tum -defec t  theory  p rov ides the m ost ex ped ien t  m ethod  for 
ca lcu la tin g  p h o to io n iza tio n  p rocesses  o f  the a lka lis . B urgess  and 
Seaton  [4.3] in 1960 gave the general fo rm ula  o f  transition  m atrix  
e lem ents  fo r  pho to ion iza tion  by considering  the m odel o f  a  single 
e lec tro n  m oving  in a cen tra l  f ie ld . O nce the e ffec tive  quan tum  
num b ers  n* are  know n, the  approx im ate  b oun d -s ta te  rad ia l  w ave 
fu n c tio n s  m ay  be o b ta ined . T o  d e te rm in e  b o u nd -free  tran s it ion  
e le m e n ts  a p p ro x im a te  f re e -s ta te  ra d ia l  fu n c t io n s  h av in g  a w ell 
charac terized  asym pto tic  form  can be used. T heir  phases are given 
by 5=jr^i, where p  is the extrapolated quantum  defect (p=n-n*). From  
th e ir  th eo ry  bo th  b ound-bound  and bou nd -free  tran s it io n  in teg ra ls  
m ay be obtained.

L am bropou los  and T eague [4.7, 4 .10-4 .12] d iscussed  tw o-photon  
and th ree-photon  ionizations o f  alkali a tom s w ith sp in-orb it coupling 
effects . In ca lcu la ting  the generalized  cross section , the sp in-orb it 
e f fe c ts  h a v e  b een  c o n s id e re d .  T h e  a u th o rs  d e te rm in e d  the  
p h o to e lec tro n  an g u la r  d is tr ib u tio n  and the  sp in -p o la r iza t io n  fo r  a 
tw o-photon  process in term s o f transition  am plitudes w hich involve 
the usual ( N - l )  fold sum m ations over in term ediate  atom ic states for 
an N -p h o to n  io n iza t io n .  T he  e x p lic i t  fo rm u la  fo r  the  tran s it io n  
am plitudes in term s o f radial dipole matrix e lem ents was given and a 
num erica l ca lcu la tion  was perform ed for alkali a tom s. O ther work 
includes that o f  P indzola [4.13].

M a n y  e x p e r im e n ts  w e re  d o n e  to  s tu d y  tw o -p h o to n  and  
m ultipho ton  ion ization  [4.14-4.23]. Petite , Fabre , A gostin i, C rance, 
and  A y m a r  [4 .14 ]  in  1984 m e a su re d  fo u r -  and  f iv e -p h o to n  
abso rp tion  for cesium  in a  nonresonan t situation . U sing  a tim e-of- 
f ligh t spectrom eter, they  m easured  the energy  spectrum  and angular 
d is t r ib u t io n  o f  p h o to e le c tro n s .  S tro n g -f ie ld  e ffe c ts  are  c le a r ly  
d e m o n s tra te d  by ev id e n ce  o f  s im u ltan eo u s  four-  and f ive-pho ton  
ion iza tion  and by in tensity  dependen t angu lar d is tr ibu tions . T heir  
m easu rem en ts  gave  in fo rm a tio n  abou t the  in tensity  depen d en ce  o f  
fo u r-  and  f iv e -e le c tro n  signal fo r  in ten s i t ie s  near  the  sa tu ra tio n
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in tensity , re la tive  values o f  angular d istribution  coeffic ien ts, and the 
ra tio  o f  four- and five-photon ionization signals.

B la z e w ic z ,  T a n g ,  C o m p to n , and  S to c k d a le  [4 .15 ] re p o r te d  
p h o to e le c t ro n  e n e rg y  and  a n g u la r  d i s t r ib u t io n s  fo r  r e s o n a n t ly  
enh an ced  m u lt ipho ton  io n iza tio n  th rough  the  th ree -p ho to n  a llow ed

6  s [3 /2 ] °  and 6 s [1 /2 ]°  states o f  xenon at laser pow er densities o f  109

- 101 1 W /cm 2. A pulsed am plified  dye laser pum ped by Nd:Y A G  
laser  was used to  induce  m ultiphoton  ion iza tion . Ion iza tion  from

0
th r e e - p h o to n  r e s o n a n c e  w i th  th e  6 s [ 3 / 2 ] j s t a te  g iv e s  tw o

pho toelec tron  peaks correspond ing  to leaving  the ion in e ither the 
2P 3 / 2  or 2 P 1 / 2  s ta te . T h e ir  ex p er im en t  show ed  that these  two
c h a n n e ls  o f  p h o to io n iz a t io n  g iv e  d i s t in c t ly  d i f f e re n t  a n g u la r  
d i s t r ib u t io n s .

D odhy, C om p to n  S tockdale , C ooper, T ang , and L am bropou los  
[4 .16 -4 .18 ] rep o r ted  p h o to e lec tro n  an g u la r  d is t r ib u t io n s  fo r  two- 
photon  absorp tion  in rub id ium  and cesium  atom s both in resonant 
an d  n o n re s o n a n t  p ro c e s s e s .  In  n o n re s o n a n t  p ro c e s s e s  they  
m easu red  the a n g u la r  d is t r ib u t io n  a t  ju s t  ab o v e  the io n iza tio n
threshold . For cesium  and rub id ium  four d ifferen t photon energies 
in the range from \=62Q  nm  to X -63 2 .5  nm , co rrespon d ing  to the 
photoelec tron  energy o f  25 m eV -100 m eV, were used. The angular 
pa ram eters  fo r d iffe ren t energ ies  w ere  ob tained . In the resonan t
case ,  the  p h o to e lec tro n  a n g u la r  d is t r ib u t io n  o f  ru b id iu m  fo r  a 
w aveleng th  at 560  nm  was observed . T he f irs t  pho ton  was in
resonance  w ith  the 4 d 2D sta te  via an e lectric  quadrup le  transition, 
and when the laser light was detuned from  it, angular d istributions 
a lso  w ere  o b ta in ed  fo r  the  f i r s t  and  second  a b o v e - th re sh o ld  
ionization (ATI) photoelectron peaks. The authors found that tuning 
to the 4d2D resonance  c rea tes  a large enh an cem en t o f  tw o-photon  
ionization photoelectron signals, but causes only a m odest increase in 
the above threshold  ionization  signal. These  resu lts  are significant 
becau se  the an g u la r  d is tr ib u t io n  da ta , p a r t icu la r ly  in low order,
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characterizes  the con tinuum  sta tes and the p robab ilit ies  o f  transition 
be tw een  them .

H e llm uth , L euchs , and  Sm ith  [4.21] m easu red  tw o- and three- 
photon  ionization  and quan tum  in terference  e ffec ts  o f  sodium . Two 
lasers delayed with respect to  each o ther from  0  to 38 ns were used 
to  pho to ion ize  the sodium  atom s. T he qu an tum  in te rfe rence  effect 
was observed both in the total ra te  o f  photoelec tron  em iss ion  and in 
the photoelec tron  angu lar d is tr ibu tion  as the delay  betw een the two 
laser pulses was varied. This periodic variation is the quantum  beat 
s igna l o f  the four h y p e rf in e  leve ls  o f  the  3 2 P 3 / 2  s ta tes. T heir  
experim ent show ed that m u ltipho ton  ion iza tion  an gu la r  d is tr ibu tions  
are an effic ient m ethod to study the hyperfine  structure o f  an atom.

4 .2  P rinc ip le  o f  pho toe lec tron  angu lar d is tr ibu tions  fo r tw o-photon  
ionization  with sp in-orb it in terac tion  and quan tum  defects

In m ultiphoton  ion iza tion , the  angu lar d is tr ibu tion  is de term ined 
by m any factors. The initial and in term ediate  a tom ic sta tes involved 
in the ionization  process , the final sta te  o f  the  ion ized  atom , the 
phase  d ifference o f  partial w aves of the free  e lec tron , the  transition 
am plitudes to  the partial w aves, and the charac te r  o f  the rad ia tion  
field, each play an im portant ro le  in determ ining  the d istributions.

The spin-orbit coupling  in unpolarized  a tom s causes the existence 
o f  an im portant property  of the e jected  e lectron  beam , the  e lectron- 
spin po lariza tion . W e have  d iscussed  this e ffec t  fo r  sing le-pho ton  
ion iza tion  in C hap te r  3. A lthough  d iffe ren ces  e x is t  be tw een  the 
single and m ultiphoton case, the physical basis is the same: the spin- 
orbit in teraction in bound states and in the con tinuum  produces the 
spin orien tation  o f  the pho toelec trons , the p ro jec tion  axis being  the 
d irec tion  o f  the w ave v e c to r  o f  the inc iden t  light. In the  off- 
resonance  case, when the tw o-photon  process is perfo rm ed  through a 
virtual state, the influence o f  the spin-orbit coupling is indirect in the 
sense  tha t a g rea te r  n u m b er  o f  ch anne ls  than  those  in the  on- 
resonance  case are in troduced and it adds m ore con tribu tions to  the 
total transition am plitude for the sam e photon energy.
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In this thes is  we res tric t  our d iscussion  to  ion ization  only from 
the  g round  s ta te  and o m it  any  e x c i ted  s ta te s .  In tw o -p ho to n  
ion ization  from  the ground s state to the con tinuum  s and d states 
( f ig u re  4 .1 )  the  se lec tio n  ru le s  are  the  sam e  as s in g le -p h o to n  
ionization (equations 3 .5-3 .7), but applied  tw ice , so  the channels  for 
linearly po larized  light are:

C onsiderab le  a tten tion  has been given to se lec tion  o f  the m ost 
suitable w ave functions for use in evaluating the radial d ipole  matrix 
e lem en ts . The quan tum  defec t  C ou lom b func tio ns  cou ld  be m ost 
sa tis fac torily  em ployed  for the bound-sta te  functions as well as for 
the continuum  functions. The C oulom b functions are sim ple  enough 
to  a llow  evaluation  o f  the large num ber o f  m atrix  e lem ents  needed 
w hile  still provid ing  reliab le  results.

In o rder to get the explicit expression o f  the cross  section, one 
needs  to  sum  over all in te rm ed ia te -s ta tes . B y  L am bropo lo us  and
T e a g u e ’s ca lcu la tio n  [4.10] fo r  genera l tw o -ph o ton  ion iza tio n  the 
angular d istribution  is expressed as:

+ fr-.f + It. j*+ fr j }  ( 4  l )

w here  T++, T .., T.+, and T+. have the form:
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F igure . 4.1 P h o to io n iz a t io n  t r a n s i t i o n  fo r  r u b id iu m  a to m
f r o m  5  2s  g ro u n d  s t a te  to  e 2 S , , ,  a n d e  2D. J * 1 / 2  1 / 2  3 / 2, 5 / 2
c o n t in u u m  s ta te s .
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T+ + = (* '* ■ ) [Y00<R)e“ - ( l) (S 1 + 2S2)

+
Y- ( R ) e “ ( 7 f 7 r > 5 S ’ + s ‘ + 9 S ’ ) ] = T ° -  ( 4 . 2 )

( 4 . 3 )

T h e  T++ and T „  c o rre sp o n d  to sp in -p re s e rv in g  in te ra c t io n s  from  
m s= l / 2  and ms= - l /2  ground states, respec tive ly , w hile  T.+, and T+. 
are fo r  spin changing interactions. The Si ( i= l-5 )  represent the two- 
photon transition am plitude, and can be expressed as follow ing:

_  K0 _  n1(l / 2) - l
s, = 4 * 2 .R„ ,0 m  R„.„ (“ „,o , 2,

S : = 4k “  “ ) "

«  -  ^ i ^ K 2 ( 3 / 2 )  „ n « l / 2 )  _ i

S 3 = 4* 2 X i0/2) H n.„

_  V . _ K 2 ( 3 / 2 )  n1(3/2) -1
S 4 - 4 7 C  l R nl{3/2) R n.0 ( 0>nV3/2) Wno ® )

_ . ■ r - . « K 2 <3 / 2 )  - J

S =  S R n1(3/2) R n'0 ( ® r t S / 2 ) -  ® -  -  ® )

( 4 . 4 )

( 4 . 5 )

( 4 . 6 )

( 4 . 7 )

( 4 . 8 )

G rouping  these  transition m om ents in three  com binations,

A » ' 5( S I + 2 S a) ( 4 . 9 )



w h e r e  5 = 5 s-5d is the phase  d ifference o f  the S and D states partial 
w aves . As m en tio n ed  in ch ap te r  1, the  p h o to io n iz a t io n  angu la r  
distribution for two-photon ionization can be expressed as:

d a
2 = A 2(l  + a2 cos20 + a 4 cos40 )d Q  2V 2 4 J ( 1  1 8 )

C om paring  equation  (4.12) with it we obtain  the param eters ctj and 
a 2 as:

a  = -  6 B2 + C2 -  6 AB cosfi

2 A 2 + B2 + 2AB c o s 8  ( 4 . 1 3 )

a. - 9B 2 - C 2

4 A 2 + B 2 + 2AB c o s 5  . ( 4 . 1 4 )

T he  th eo re tic a l  va lu e  o f  the re la t iv e  p h a se  5 for S and D 
continuum  states has been calculated according to [4.3, 1.22]
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5 = 8 f -  5

- d r . - O t t f . - o + o .  ( 4 . 1 5 ) .

Here ^ , - ^ d is the difference of the Coulom b phase of the s and d

partial waves fo r ionized electrons and the 2T, -  i f  d is the difference

o f  the quan tum  defects  fo r  nS and nD sta tes ex trapo la ted  in to  the 
continuum . T he additional rc accounts for the d ifferent signs o f the

rad ia l transit ion  e lem ents. The £f was given  as i f  = l f f -  f f d = 7t|i, 

w h e re  p is  th e  q u a n tu m  d e fe c t .  T he  q u a n tu m  d e fe c t  was
e x tra p o la ted  in to  the  c o n tin u u m  by f i t t in g  an en e rg y  d e p en d e n t
quantum  defect p (e)  to the negative energy S and D states. p (e)  may 
be de te rm ined  by

p(e) = p° + p 'e . ( 4  16)

F o r  the d sta tes there are  o f  course tw o series co rrespond ing  to 
the two j  values 3/2 and 5/2 o f the doublets. The results were found 
to be com plete ly  insensitive  to which term  o f  the doublet was used
and in fact independent o f the values o f  the energy dependent term
M-,£ [4.2].

The m ay be determined as [4.3}:

i 1 ____ - l  1-  fif = t a n ~ 1 a ,— + t a n
2 V F ^ “ "  V i ,  ( 4 . 1 7 )

where e = ( k /z ) 2 is in Rydbergs, k is the electron m om entum  and z = l  is 
the e ffec tive  charge.

By sim ple calculation from  equations (4.13) and (4.14) the A and 
C are given as:
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a ,  + a .  + 3 
A  = -  2 4

a 2 +Ct4

J ( a 2 + a 4 + 3 )cos2(6 ,  -  8 d) -  ( a 2 + a 4) ( a 2 + a 4 -  3 )
a 2 + a 4

( 4.18 )

|6A  cos(5 , - « „ )  + ( 6 + — ^ )
C = ±  ' 4

t t 2 
1 + ——

4 , ( 4 . 1 9 )

w here  A and C are defined as A =A/B and C=C/B.
Our purpose  is to calculate  ratios o f  cross sections from  the 5S 

s ta te  to  S and  D c o n tin u u m  sta tes . In te g ra t in g  th e  an g u la r  
d is tr ibu tions one  gets:

~  i < S ,  +  s 2>2 + 2 § 5 (5 S 3 +  S 4)2 + . ( 4 . 2 0 )

T h e  c ro s s  se c t io n s  o Si 0 3 / 2 , ( J 1/ 2 , and Od a re  d e te r m in e d  
respec tive ly  as:

° '  = ? (Si + S 2) ( 4 .21 )

G3/ 2 = 2 2 5 (5 S 3 + S 4> ( 4 . 2 2 )

_  i_ 2 c 2
° 5 / 2 - 2 5 S 5 ( 4 . 2 3 )

a n d
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° d  “  CT3 /  2 +  ° 5 /  2

( 4 .2 4  )

From  equations (4.9-4.11) the ratios o f cross sections for the s to 
d state and the 5/2 to 3/2 states are expressed as:

Thus our two-photon ionization angular d istributions can be used 
to determ ine  these ratios o f cross-sections, if  the phase shifts o f  the 
various con tinuum  states can be determ ined  independently .

4 .3  E x p e r i m e n t a l  d e t e r m i n a t i o n  o f  p h o t o e l e c t r o n  a n g u la r  
d is tr ibu tions o f  rub id ium  for tw o-photon ionization

B ecau se  o f  o u r  in te re s t  in o b se rv in g  in te rfe re n ce  e ffec ts  in 
rubid ium , we have chosen this e lem ent for our tw o-photon  ionization 
a n g u la r  d is t r ib u t io n  m ea su re m e n ts .  A f te r  a b so rb in g  tw o  laser  
photons the rubid ium  atom m ay transfer from initial 5S ground state 
to the e S i / 2  and e D 372,5 / 2  continuum  states.

D odhy, C om pton , and S tockdale  repo rted  [4.24] in 1985 the ir  
m e a s u r e m e n t s  o f  p h o t o e l e c t r o n  a n g u la r  d i s t r i b u t i o n s  fo r  
n o n reso n an t  tw o-pho ton  ion iza tion  o f rub id ium  and ces iu m  atom s 
ju s t  above the ionization threshold. The w avelength  range fo r  their 
m easurem ents was from  582 to 589 nm for rubidium , and for cesium 
w as f ro m  620  to 632  nm. In  th is  la se r  l ig h t  the  e je c ted  
photoelec trons have a very low kinetic energy of only 25-100 m eV, 
increasing  the experim enta l d ifficu lty  significantly .

2

( 4 .2 5  )

(4 .2 6  )
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U sing  the equ ipm en t described  in C hap te r  2, w e m easured  the 
p h o to e le c t ro n  a n g u la r  d is t r ib u t io n  in  tw o -p h o to n  io n iz a t io n  fo r  
rub id ium . The angular d istr ibu tion  was m easured  for e igh t d ifferent 
w aveleng ths in the w avelength  range  from  532 .0  nm  to 591 .0  nm. 
O bviously , the total c ross section in tw o-pho ton  ion iza tion  is m uch 
sm aller than that in one-photon ion ization , so an in tense laser  beam 
was used. The average laser pow er was 10 mJ. The pow er and the 
rubid ium  atom  beam  density  were controlled  to a level such that the 
m ax im um  p ro b ab il i ty  o f  de tec ting  an e lec tron  pe r  lase r  sho t was 
app rox im ate ly  30% . For each  d a ta  po in t,  m easu rem en ts  o f  2400  
laser pu lses  w ere  used. The light po lariza tion  was m easured  to be 
be tter  than 1000:1. T he  po lariza tion  o f  the  ligh t was ro ta ted  by 
m eans  o f  an o p tic a l  F re sn e l  rhom b . T ak in g  ad v an tag e  o f  the 
sym m etry o f  geom etry, the data  at angle 6  is the average o f the data 
at 0  and 0 + 1 8 0 ° .

F igure  4 .2  show s the  experim en ta l resu lts  o f  the  ph o toe lec tron  
angu la r  d is tr ibu tion  m easurem ents . A correc tion  for p ile-up  errors , 
assum ing  Po isson  sta tis t ics , w as applied . The m axim um  correction  
w as 9% . T he  p h o to io n iza t io n  th resho ld  c o rre sp o n d s  to  a laser  
excitation w avelength  of 593.8 nm. T he crosses are the experim ental 
data  points , and the solid line was obtained in a least mean squares 
fit o f  the analytical function (1.18) o f  the experim ental poin ts . The 
e rro r  bars fo r som e o f  the  da ta  po in ts  are  show n, rep resen ting  the 
typical s tandard  dev ia tion  ca lcu la ted  from  the sca tte r  in the count 
ra te  taken over several subsets o f  da ta  at each angle. The deviation 
is quite  consisten t with the shot noise  lim it a  * V n ” w here  n is the 

num ber o f  detected  e lectrons.
T hese  tw o-pho ton  angu la r  d is tr ib u tio n  m easu rem en ts  w ere  done  

n e a r  th e  io n iz a t io n  th re s h o ld .  C a re fu l  a r r a n g e m e n t  o f  the  
experim en ta l  se tup  w as taken  to m ake  sure  the a rea  w as free  o f 
e le c t r ic a l  f ie ld s .  F o r  a w a v e le n g th  o f  591 n m  th e  io n iz ed  
photoelectron kinetic energy is as low as 0 .0196 eV, corresponding to 
e lectron speed o f  8.3 x l O 6 m eters per  second. Because in the angular 
d is tr ib u tio n  m easu rem en ts  the  t ra jec to rie s  o f  p h o to e lec tro n s  could  
be altered by the electric field, very  weak electric  fields in  the flight
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a re a  co u ld  cau se  e rro rs ,  e sp ec ia l ly  at the  w a v e le n g th  n ea r  the 
io n iza tion  th resho ld . An a ttrac tive  p o ten tia l  w ould  acce le ra te  the 
p h o to e lec tro n s  tow ard  the de tector. T h o se  p h o to e lec tro n s  in it ia l ly  
e je c ted  aw ay  from  the  d e te c to r  w ou ld  be rev e rse d  i f  the  fie ld  
s tren g th  w ere  la rge  e n o u g h , and w o u ld  a r r iv e  at the  d e te c to r  
s ig n if ican tly  la te r  than  the e lec trons  in it ia l ly  e jec ted  tow ards  the  
de tec to r ,  resu ltin g  in a t im e-de layed  p ho toe lec tron  pu lse . In ou r  
ob se rv a t io n s  these  t im e-de layed  e lec tro n s  n e v e r  ap p ea red . T hese  
re su l ts  show ed that tha t re s id u a l  e lec tr ic  f ie ld  in the  in te rac tio n  
region is very weak, less than 19.6 m e v x (2 /q d ) .  W e conc lu de  that 
this fie ld  only has a neg lig ib le  e ffec t on ou r  m easu rem en t o f  the 
p h o to e le c t ro n  a n g u la r  d is t r ib u t io n  fo r  w a v e le n g th s  sh o r te r  than
585 .2  nm. F o r  la rger w avelengths , the d is tr ibu tion  cou ld  be more 
s ig n if ic an t .

T able  4.1 E xperim ental results  o f  m easurem ent o f  rub id ium  for two- 
pho ton  angu la r  d is tr ibu tions, includ ing  asym m etry  p a ram ete r  ot2 and 
ot4 . The uncertainties o f each represent one standard deviation of the 
m e a n .

X(nm ) £(eV ) a 2 A a 2 <X4 Aot4

5 9 1 .0 0 .0 1 9 6 - 3 .0 9 0 . 1 1 3 .2 5 0 . 1 1

5 8 8 .2 0 .0 3 9 6 - 3 .5 4 0 .1 3 4 .1 9 0 . 1 2

5 8 5 .2 0 .0 6 1 2 - 4 .0 6 0 . 1 2 4 .8 6 0 . 1 1

5 8 0 .3 0 .0 9 7 0 - 4 .2 0 0 . 1 1 5 .1 5 0 . 1 1

5 7 1 .0 0 .1 6 7 -4 .4 8 0 .1 8 5 .7 8 0 .1 8
5 6 0 .0 0 .2 5 1 -4 .5 5 0 . 1 1 5 .8 6 0 . 1 1

5 5 0 .5 0 .3 2 8 -4 .6 7 0 .1 7 6 .2 4 0 .1 8
5 3 2 .0 0 .4 8 5 - 5 .0 6 0 .1 9 6 .9 9 0 . 2 0

Figure  4.3 and figure 4 .4 show the oc 2 and 0C4 va lues  for d iffe ren t  
w a v e le n g th s  o f  th e  in c id e n t  p h o to n s .  F o r  c o m p a r is o n  the



78

7.0

6.0

5.0
• o

4.0

3.0

2.6

0.0 0.50.2 0.40.30.1

e(eV)

Figure  4.4 P a ram e te r  a 4 of rubid ium  52S i / 2 - > e S j /2  and e D 3 /2 ,5 / 2  

tw o -p ho to n  io n iza t io n  vs. p h o to e lec tro n  en erg y  e . Data poin ts  
represen t the resu lts  o f  this w ork . E xperim ent resu lts  o f  D odhy , 
Com pton, and Stockdale [4.24] are  shown as A ’s. The theoretical 
calcu la tions are  show n as o ’s fo r  Sturm ian  m ethod  and * ’s for 
H a r tre e -F o ck  m ethod .
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«2

-4.0 -

-5.1

0.50.3 0 .40.10.0 0.2

e(eV)

Figure 4.3 P a ram ete r  a  2 of rubidium  52S i /2 - » e S i /2  and eD  3/ 2 ,5 / 2  

tw o-pho ton  io n iza tio n  vs. ph o to e lec tro n  energy  e. Data points 
represent the resu lts  o f  this work. Experim ent resu lts  o f  Dodhy, 
Com pton, and Stockdale [4.24] are shown as A ’s. The theoretical 
calcu lations are show n as o ’s fo r  S turm ian m ethod and * ’s for 
H a r tree -F o ck  m ethod .
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ex p er im e n ta l  d a ta  o f  D odhy , C om pton , and  S to ckd a le  [4.24] are 
d raw n in the sam e d iagram s. Results o f  theoretical ca lcu lations for 
CX2 and 014 reported in [4.24] are  shown in the sam e diagrams. One is 
from  a Sturm ian m ethod calculation and the o ther is from  a Hartree- 
Fock calculation.

E quation  (4 .16) w as used  to de te rm ine  the quantum  defect phase 

d if fe re n c e  B ebb  gave  the p a ra m e te rs  p °  and p' fo r

rub id ium  (table 4 .2).

T able  4 .2  Q uantum  defect param eters o f  rubidium .

Hs° Us’ W° V-d

Rb 3 .1 3 4 - 0 .1 5 8 1 .3 5 1 0 .7 4 3

From  th is  tab le  w e ge t the  quan tum  defec t p a ra m ete r  fTt -  f>'d 

fo r  d if fe ren t  w av e len g th s .  U sing  equ atio ns  (4 .1 5 )- (4 .2 4 )  w e can

a a 5 / 2
d e te rm ine  the ra t io  7=— a n d  71------ . T ab le  4.3  lis ts  the ra tios  and

d 3  /  2

th e ir  u n c e r ta in t ie s .
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O,  5 / 2
Table  4.3 The calculated ratio  o f  -=- and 7 =------, including their

° d  ° 3 / 2

co rre sp o n d in g  u n ce r ta in t ie s .

X (nm ) e (e V ) 8s-8d
°d

a 5 / 2  

° 3 /2  (1 )

a 5/2 
C3 / 2 (2 )

5 9 1 .0 0 .0 1 9 6 4 5 .6 ° 0 .3 9 0 ( 9 5 ) 0 .1 8 7 ( 2 7 ) 2 2 .7 (2 .2 1 )
5 8 8 .2 0 .0 3 9 6 4 8 .7 ° 0 .1 7 9 ( 4 3 ) 0 .1 7 8 ( 2 3 ) 2 4 .8 ( 2 .0 8 )
5 8 5 .2 0 .0 6 1 2 5 1 .2 ° 0 .2 0 7 ( 4 9 ) 0 .4 1 3 ( 6 7 ) 6 .6 3 ( 0 .8 7 )
5 8 0 .3 0 .0 9 7 0 5 4 .5 ° 0 .1 9 4 ( 4 3 ) 0 .4 6 6 ( 7 2 ) 5 .6 7 (0 .7 2 )
5 7 1 .0 0 .1 6 7 5 9 .8° 0 .1 5 0 ( 4 9 ) 0 .5 3 (1 5 ) 4 .8 0 ( 1 .1 9 )
5 6 0 .0 0 .2 5 1 64 .9° 0 .1 9 8 ( 4 5 ) 0 .7 6 (2 0 ) 3 .0 9 (0 .7 3 )
5 5 0 .5 0 .3 2 8 6 9 .1 ° 0 .1 6 3 ( 5 0 ) 0 .6 6 ( 2 0 ) 3 .6 9 (0 .9 9 )
5 3 2 .0 0 .4 8 5 7 5 .5 ° 0 .1 3 4 ( 4 7 ) 1 .1 3 (1 .0 4 ) 2 .0 0 (1 .7 8 )

These results are not in good agreem ent with o ther reports [4.25,

^ 5 / 2
4.26]. Their reported calculation ratio  of —-----  are from  1.4 to 1.7.

3 / 2

The reason for the discrepancy is unknown. However, it is important 
to  rem em b er  tha t p ho to e lec tron  angu la r  d is tr ib u tio n  m easu rem en ts  
on ly  p rov ide  tw o param eters , 0 2  and <2 4 , from which only two of

o ,  ® 5 / 2
th ree  a tom ic  p a ram eters , 7=—, —----- , and phase shift 8 s- 8 d can be

3 / 2

d e te r m i n e d .

a 5 /2
As an alternative  analysis, we may fix the ratio  o f  7 ;-----  at 1.6,

3 / 2

o s
and de te rm in e  the param eters  8 s-8 d and ratio o f  77— . T hese results

° d

are shown in table 4.4.
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Table 4.4 The calculated ratio  o f 5 s-5<i and 7=^.^  ~i

X (nm ) e (eV ) 5s-5d °d

5 9 1 .0 0 .0 1 9 6 6 3 .3 ° 1 .1 2 8

5 8 8 .2 0 .0 3 9 6 7 3 .4 ° 0 .8 3 9
5 8 5 .2 0 .0 6 1 2 64 .4 ° 0 .4 2 3

5 8 0 .3 0 .0 9 7 0 65 .7 ° 0 .3 6 6

5 7 1 .0 0 .1 6 7 6 9 .3 ° 0 .2 7 6

5 6 0 .0 0 .2 5 1 6 8 .2 ° 0 .2 4 7

5 5 0 .5 0 .3 2 8 73 .9 ° 0 .2 3 8

5 3 2 .0 0 .4 8 5 7 4 .4 ° 0 .1 3 3

These  results  are also  not in good agreem ent with o ther authors 
resu lts . F u rthe r  experim enta l w ork  and theore tica l ca lcu la tions  are 
needed to get m ore inform ation. The d ifficu lty  here com es in part 
from  the fac t tha t these  m easu rem en ts  do  not fo rm  a com ple te  
de te rm ination  o f  the a tom ic param eters . W e m ust depend  on da ta  
de te rm ined  by  o ther  m eans for one  o f  these  param eters , and then 
determ ine  the o ther two. W e see from  the resu lt o f  tables 4.3 and
4.4 that this p rocedure  does not p roduce  accep tab le  resu lts , and a 
m ore “com ple te” experim ent m ust be perform ed to rec tify  this. One 
solution is that o f  K am inski, K essler, Kollath  [1.22] in which they 
experim en ta lly  de te rm ine  the pho toe lec tron  angu la r  d is tr ibu tion  and 
the  p h o to e lec tro n  spin p o la r iza t io n  fo r  tw o  pho ton  ion iza tion  of 
a to m ic  c e s iu m .  T h e  a n g u la r  d i s t r ib u t io n  w ith  in te r f e r in g  
in teractions, described  in the next chapter, also  has the potential for 
m a k in g  a c o m p le te  d e te r m in a t io n  o f  th e  a to m ic  io n iz a t io n  
param eters. This will be explored in future studies.
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CHAPTER 5
INTERFERENCE OF BETWEEN ONE-PHOTON AND 

TWO-PHOTON IONIZATION PROCESSES

5 .1  I n t r o d u c t io n
In recen t  y ears  a new  type  o f  in te rac tion  [1 .31-1 .34 , 5 .1-5 .6] 

be tw een  an a tom ic  system  and a m ulti-frequency  rad ia tion  field  has 
a ttrac ted  a lo t o f  attention. This in teraction  is m uch d ifferen t from 
w hat had been studied in the past.

In p rev io u s ly  s tud ied  p ro cesses ,  each  f requen cy  co m p o n en t o f  
the  fie ld  induced  a d ifferen t s tep  o f  the  a tom ic  transit ion . These
in terac tions betw een the atom  and com ponents  o f  the  field  are o f  a
s te p w ise  fa s h io n .  S o m e  p ro c e s s e s  su ch  as o p t ic a l  p u m p in g ,
r e s o n a n t l y  e n h a n c e d  m u l t ip h o to n  a b s o r p t io n ,  a n d  s e le c t iv e  
photod issocia tion  are good exam ples o f  these  in teractions.

It is w ell know n  [1.35] that the enh an cem en t o f  th ree -pho ton  
re s o n a n t  f iv e -p h o to n  io n iz a t io n  th rough  th e  6s s ta te  o f  X e  w ill
d im in ish  and even tua lly  d isappea r  in to  the non resonan t background , 
i f  the  gas p ressu re  is ra ised  to  a ce r ta in  va lue . T h is  m ay  be 
e x p la in e d  b y  an in te r f e re n c e  b e tw e e n  th e  a b so rp t io n  o f  th e  
re son an tly  genera ted  th ird  harm onic  and absorp tion  o f  th ree  pum p- 
laser photons. I f  the m agnitude and phase  o f  the third harm onic  are 
a p p ro p r ia te ,  the  in te r f e r e n c e  c a n  be  d e s t r u c t iv e ,  as  in  th e  
c ance lla t ion  o f  the exc ita tion  o f  the  resonan t state . A series  o f  
e x p e r im e n ts  d o n e  by  W yn ne  and  Ja ck so n  [5 .1 -5 .2 ] ,  P a y n e  and  
G arrett  [1.32], M iller, Com pton, and B lazew icz  [1.33, 1.34], A garw al 
and  T e w a r i  [1 .40] p ro v id ed  m uch  in s ig h t  in to  the  in te r fe re n ce  
physics  o f  cancella tion  on resonance. This new type o f  in terference 
re p re se n ts  a n o th e r  k ind  o f  in te rac tion  be tw een  an a tom ic  sys tem  
and  a m u lt i - f re q u e n c y  ra d ia t io n  f ie ld . A m p lif ie d  sp o n ta n e o u s
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em iss ion  and fou r-w ave  m ix ing , m u lt ip ho to n  io n iza tio n  and  th ird- 
ha rm o n ic  g enera tion , m u lt ipho ton  ion iza tion  and s t im u la ted  Ram an 
sca tter ing , tw o-pho ton  absorp tion , are all ex am ples  o f  this k ind  of 
i n te r f e r e n c e .

Chen, Yin, and E llio tt  reported  in 1990 the in te rference  betw een 
tw o  in te rac tions in m ercury  a tom s [1.43, 1.44], In this p rocess , the 
e ffect o f  a m ulti-frequency  laser field  on the net transition  m om ent 
for absorption  by an a tom  in to  an excited  sta te  was studied. This 
p rocess  invo lves  the  in te rac tion  o f  the  m ercury  a tom  w ith  a laser 
fie ld  and  its th ird -harm on ic  in w hich  th ree -pho ton  abso rp tio n  and 
one-photon  absorp tion  are induced sim ultaneously . W hen  the third- 
harm onic  rad ia tion  at frequency  3o> is incident upon an atom, it can 
be absorbed linearly  by the atom, exciting the a tom  from the ground 
sta te  to an exc ited  state . The a tom  can a lso  in te rac t  w ith  the 
fu n d a m e n ta l  f ie ld  at the  fu n d a m e n ta l  f re q u e n c y  o>, w hich  is 
ap p ro x im ate ly  on e-th ird  o f  the tran s it ion  f req u en cy  o f  the  atom . 
The atom  m ay absorb the  fundam enta l frequency  by a th ree-photon  
process . The a tom  is allow ed to  in te rac t with both o f  the third- 
harm onic  field  and the fundam enta l field  s im ultaneously , and could 
be excited  to the upper sta te  by a l inear in teraction  o r by a three- 
photon in teraction. The effec t o f  “ sim ple” in terference  betw een two 
d iffe ren t  but coheren t pa thw ays appears . The to ta l transition  rate 
depends not only on the intensity o f  these two fields, but also  on the 
in terference of these two fields, i.e the rela tive  phase.

A n o th e r  in te r fe re n c e  in te ra c t io n  w as  s tu d ie d  by B a ra n o v a ,  
C hudinov, Shulginov, and Z e l ’dovich [1.46], This work involved  in 
in te rfe ren ce  o f  e lec trons  e jec ted  from  the p h o to m u lt ip l ie r  ca thode . 
Using a p icosecond pulse o f a  Nd laser, E©, and its second harm onic, 
E 2<0, s im ultaneously  to  illum inate  the pho toca thode  o f a PM T, they 
found that the ionization rate  depends not only on the in tensity  but 
also on the re la tive  phase betw een the laser field E© and its second 
h a rm o n ic  E 2 to. O th e r  in te rfe rence  pheno m en a  be tw een  six -pho ton  
and  se v e n -p h o to n  ab o v e  th re sh o ld  io n iz a t io n  w ere  re p o r te d  by 
M uller , B ucksbaum , Schum acher, and Z aviyev  11.47]. Fairly  large 
varia tio ns  w ere  found  in the ir  experim en ta l  study  o f  m u lt ipho ton



8 8

ion ization  o f  k ryp ton , irrad ia ted  s im ultaneously  by an in frared  laser 
beam  and its second harm onic.

A long s tanding  goal o f  photochem istry  is the use o f  radiation to 
co n tro l  the  d is tr ib u t io n  o f  p ro d u c ts  in ch em ica l  reac tio n s . The
advanced  p roperties  o f laser  light: phase  coh erence , h igh in tensity , 
short pu lse  duration , and m onochrom atic ity  p rov ide  an exce llen t tool 
for achieving this goal. The variation o f  the w avelength  o f the laser 
p rov ides lit tle  contro l over the b ranching  ra tio  fo r d ifferen t reaction  
channe ls  because  the sta tes ex c ited  by a s ing le  laser  are usually  
su p e rp o s i t io n s  spann ing  m ore  than  one  se t o f  p o ss ib le  p ro d u c ts .
B rum er and Shapiro  [5.7-5.9] first proposed using  two w eak lasers to 
excite  the m olecule sim ultaneously  by two distinct optical paths. The 
key p roperty  o f  these  pulses is that they are coheren t and have an 
a d ju s ta b le  p h a se  d if fe re n c e .  T he  p u lse  p o p u la te s  a c o h e ren t ,  
d eg en e ra te  s ta te  w hich  co rre la tes  to  a l in e a r  c o m b in a tio n  o f  the 
poss ib le  reaction  p roducts . By ad justing  the re la tive  phase  o f  the 
two beam s it is possible to alter this com bination in such a way as to 
enhance one product channel a t  the expense  o f  the other.

Park, Lu, and Gordon [5.10] reported their experim ent o f coherent 
control o f  the ionization o f  HC1 in 1991. Using three 336 nm  photons 
and one 112 nm photon  to resonantly  exc ite  the in te rm edia te  j 3£*
(£2=0+ ) state o f  HC1 m olecular beam, they observed the coheren t laser
contro l o f  the resonance enhanced  m ultiphoton  ionization.

E nhancem en t and  suppression  w ere  i llustra ted  recen tly  by Szoke, 
K u lander, and  B ardsley  [5 .11], w ho  p resen ted , fo r  one-d im ensiona l 
s h o r t - r a n g e  p o te n t ia l  and  s im p le  m o d e l  sy s te m , p h o to e le c t ro n  
energy  spec tra  ob ta ined  by so lv ing  num erica lly  the t im e-d ependen t 
S ch rod inger equa tion . They described  tw o d iffe ren t  behav io rs  that 
resu lt  from  the  varia tion  o f the  re la tive  phase  during  sim ultaneous 
irrad ia tion  by a coh eren t laser beam  and its ha rm onic , and  found 
th a t  th ey  e n h a n c e  and  th en  su p p re s s  m u lt ip h o to n  io n iz a t io n ,  
depending on the re la tive  phase or the two field  com ponents, even in 
the case  o f  realis tic , tim e-dependent pulses. For the case  of a laser 
and its second harm onic, they presented  both a one-d im ensiona l and 
a th ree-d im ensional calcu lation  that show ed a strong dependence  of
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the pho toelec tron  angular d is tr ibu tion  on the re la tive  phases o f the 
tw o colors, and a strong enhancem ent o f  the ionization probability  by 
the second harm onic.

5 .2  P r in c ip le  o f  p h o to io n iz a t io n  in te r fe re n c e  fo r  tw o -co lo r  laser 
f ie ld s

T he  in te r fe re n c e  o f  th e  p h o to e le c t ro n  a n g u la r  d is t r ib u t io n  
p ro d u ced  by tw o laser  f ie ld s  w ith  d if fe ren t  f req u e n c ie s  can  be 
described  through the follow ing d iscussions. W e concentra te  in this 
s tudy  on the ionization o f  an a lka li a tom  by a superposition  o f  a 
linearly  po larized  op tical fie ld  g> and its second harm onic  field  2co. 
W hen the fundam ental field is incident on an alkali atom, the atom in 
ground state absorbs two photons and is ionized. As m entioned in 
c h ap te r  4, the  an g u la r  d is tr ib u t io n  c ross  sec tion  fo r  tw o-pho ton  
ionization is:

w here T

( 5.3 )

T he E® represents  the fundam ental field and <J>i is the phase o f  the 
la se r  f ie ld . H ere  we m ay neg lec t  the  phase  o f  rad ia tion  field .
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B ecause  the  e lectron  curren t received  by the e lectron  m ultip lie r  is 
p ro p o r t io n a l  to the  sq ua re  o f  fie ld  am p litud e , the  p h o to e lec tro n  
angular d istributions are independent o f  the phase  o f the field.

I f  the a tom  is ionized  by the second harm onic  f ie ld , the one- 
photon  absorp tion  process is involved. The angular d istr ibu tion , as 
shown in form ula  (1.18), is

d o ^

dQ 4 f c J + K - f + K - f + K - / }

- M ’ . ( 5 . 4 )

0 0 0 o
where T .  , T 0 , T ,  and T„ have the form 2++ 2 — 9 2+ - 2 -  +

0 /  2(1) ‘♦ A  1 0
T 2 . .  = U  e • M w Y 10(«*<!>>(2 R 3 , 2 + R 1/ 2) = T 2__

J  v J  ( 5.5 )

0 (  2<d A 9 0
t * ~ - ( e  e  •) i 7 r Y . ^ * > ( R 3 / 2 - « „ 2 ) = T 2 . .  ( 5 6 )

and E 2t0 represen ts  the fundam ental field  and <(>2 is the phase o f  the 
laser field. Here we neglect the phase  d ifference  betw een P 3 /2  and 
P 1 /2  s ta tes, because in m ost situations this phase  d ifference  equals 
zero  to a good approxim ation  as m entioned in C hapter 3. As we 
ind icated  above the phase  change  o f  the fie ld  is neg lected  in this 
p ro c e s s .

N ow  let us cons ider  tha t both  the seco n d -h a rm o n ic  and  the 
fundam enta l fie lds are inc iden t on the atom . (F igure  5 .1) In this 
situation the phase d ifference  2$ 2- $ ,  between these two fields can 
no  lo n g e r  be  n e g le c ted  becau se  the  re la t iv e  p h ase  d if fe re n c e  
betw een them  is ex trem ely  im portant. The atom interacts with both 
the fundam en ta l and the second-harm onic  fields and is ionized  by 
both  fields. T he  one-pho ton  ion iza tion  and tw o-pho ton  ion ization
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| e s >  I e P ^  I E d ^

X -56 0  n m

Figure . 5.1 T ra n s i t io n  e n e r g y  le v e r s  fo r  i n t e r f e r e n c e  b e tw e e n  
o n e - p h o to n  a n d  tw o - p h o to n  io n iz a t io n  t r a n s i t io n s .
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p ro cesses  d esc r ib ed  abo ve  are not valid  and  can  no t be trea ted  
separa te ly .  A n in te rfe ren ce  be tw een  these  tw o  in te rac t io n s  may 
ex is t. T he  p h o to io n iza tion  in ten s ity  rece ived  fo r  th is  p rocess  is 
exp ressed  as:

4 { l T° . ~ + T ” J  + lT° - -  +  T° - f

+ K . f + iT>-^} 

^kJ+K-i+KS+KJ}
1 r /  0 0* 0 0*  0 0 *  0 0*  \  "I

+ H (T. - T2 -  + T. - T2 -  + T* -T2 * -+ TU -) + c-c/
( 5.7 )

Using equations (5.1) and (5.4), we get

^S. = |T1(0)|2 + |T2(©)|2 + ( eV * ’) ( e2" V * 0

{ • # “ *,)/ 1 \  1 
W  ( § - J ^ ( 2 R 3 , 2 + R , / 2 ) ( 2 S , + S2)

+ Y»T,»,‘,,',‘l«^3V3PS»i V » 1)PR1̂ » J
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+ + s ‘ •  6 S ’ > ( R3 ' 2 -  R -' 3 ) }

+c.c. ( 5 .8  )

I f  we pu t the  g roup fac to rs  (4 .15 -4 .1 7 )  in to  equa tio ns  (5 .8 ) , th is 
eq u a tio n  becom es

m  -  iT .( e > f + it  w + c ° s ( 5° ■ * 2+5>

-  Bx(3 cos20 -  l ) c o s 5  + Q l  -  co s20 )co s8 }  ( ( 5.9 )

where 8 = 8 2 -8 i+ 2 <J>i-$2 - Using A = A /B , C =C/B to replace A, B and C, 
and considering

cos(80 -  82 + 8) = cos(80 -  82)cos8  -  s in (8 0 -  82)sin  8 ( 5  1 0  )

K =  ( E ^ E ^  2B
36ji (R3 / 2 - R 1/2) > ( 5 . 11 )

we get the final form ula

| g -  = |T 1(©)|2 I^C©)]2 + K c o s0 { [A x cos802- x (3 cos2© - 1 ) 8 02

+ C s i n 2 © ]c o s 8  -  Ax s i n 8 Q2 s in  5> .  ( 5.12 )

where 8 0 2 = 8 0 - 8 2  is a constant for a  given wavelength. T he factors A,  
B , and x h av e  a lre a d y  been  d e te rm in e d  th ro u g h  o n e -p h o to n  
io n iz a t io n  an d  tw o -p h o to n  io n iz a t io n  e x p e r im e n ts  d is c r ib e d  in
C hap te r  3 and 4. E quation  (5 .12) is the  func tion  o f  the  phase
d if fe re n c e  8 . This exh ib its  the  im portance  o f  the re la tive  phase
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d iffe ren ce  in in te rfe ring  m u lti-pho ton  ion iza tion  p rocesses . F igure
5 .2  sh o w s th e  c a lc u la te d  in te r fe re n c e  p a t te n s  o f  p h o to e le c tro n  
a n g u la r  d is tr ib u t io n s .  H e re  a l th o u g h  w e d isc u ss  the  e ffec t  of 
in te r f e r e n c e  on  th e  a n g u la r  d i s t r ib u t io n  o f  p h o to io n iz a t io n
sp e c if ica lly  fo r  the fundam en ta l  fie ld  and secon d -ha rm on ic  fie ld , 
th e se  a rg u m e n ts  can  be e x te n d ed  to  o th e r  s im ila r  in te r fe re n ce
phenom ena  as well.

5 .3  E x p e r im e n ta l  s e tu p  fo r  o b s e r v a t io n  o f  p h o to io n i z a t io n
in t e r f e r e n c e

In th is  in te r fe re n ce  e x p er im en t ,  the  e q u ip m en t w e used  and 
experim en ta l p rocedures  w e fo llow ed are basica lly  sim ila r  to those 
we d iscussed  in ch ap te r  2. In order to contro l the re la tive  phase 
d if fe ren ce  o f  the f ie ld s , w e in se r ted  a  gas cell  in fron t o f  the 
interaction area as a dispersion cell. This gas cell was filled 99.99% 
p u re  n i t ro g e n ,  a l th o u g h  any  o th e r  n o n a b so rb in g  gas fo r  the 
fu n d a m e n ta l  and  se c o n d -h a rm o n ic  la se r  f ie ld s  c o u ld  be  used .
Pass ing  th rough  the gas ce ll,  these  tw o  lase r  f ie lds  o f  d ifferen t 
f re q u e n c ie s  e x p e r ie n c e  d i f fe re n t  p h a se  d e lay s . T he  fo l lo w in g  
form ula  determ ined the change o f  the phase difference 2 <J>2- $ 1:

A(2<b2 - 0 1) 2 (n 2 -  n t)L

w here  A P  is the pressure  change in gas cell, n l t  n 2 a re  r e f ra c t iv e  
indices fo r fundam enta l and second harm onic  laser f ie lds  separately  
under standard condition STP, and L is the path length o f  laser light 
in gas cell. For pure nitrogen n2 -n j  equals  1 .6 1 7 x 1 O ' 5 fo r  280  and 
560 nm  wavelength [5.12]. L  is 13 cm  in our experim ent. In order 
to induce  a com plete  2 n  phase  sh ift betw een these tw o in terference 
term s, a  change o f  101.2 torr nitrogen pressure  is requ ired . Under 
this change o f  p ressure  the angu lar d istribution  o f  the photoelectron 
is expected to change through one com plete cycle.
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The fundam ental laser was chosen at the w avelength  o f  560 nm. 
T h e  seco nd  h a rm o n ic  w as g en e ra ted  by p a ss in g  th e  dy e  la se r  
through a 0 - B a B 2 O 4  crystal phase matched for type 1 doubling. The 
po lariza tion  o f  second harm onic  was m easured  to  be 5000:1 . The 
p hase  m atch ing  cond ition  ensured  that the genera ted  280  nm  light 
has a definite  and stable phase re la tionship  to the fundam ental. The 
fundam ental light was linearly  polarized in the vertical d irection, and 
th e  se c o n d  h a rm o n ic  p ro d u c e d  by the  c ry s ta l  w as p o la r iz e d  
h o r iz o n ta l ly .  A z e ro  o rd e r  w av ep la te  w as used  to  ro ta te  the 
fu n d am e n ta l  l ig h t  90  d eg rees  to  the  h o r izo n ta l  d irec tio n .  The 
p o la r iz a t io n  o f  fu n d a m e n ta l  l ig h t  w as  m ea su re d  to be 4000 :1 .
C arefu l ad jus tm en t w as done to m ake these  tw o ligh t po lariza tions 
parallel to within less than one degree.

One o f  the c ritica l techniques fo r ob ta in ing  in te rference  in the 
angular d istributions o f  the photoelec trons is to obtain  a fixed phase 
d ifference  betw een these tw o fields. T here  are m any factors which 
in f lu ence  the phase  d iffe ren ce  betw een these  tw o  f ie lds: poss ib le  
position  d rif t  and m ode change o f  Nd: YAG second-harm onic  laser 
light, the fluctuations o f dye laser which m ainly com es from  motion 
o f dye so lution, the drift o f  optical com ponents , the pertu rbation  of 
a ir ,  the  v ib ra t io n s  from  d if fe ren t  e le c tr ica l  in s tru m e n ts ,  vacuum
pum p (m echanical pum p, cryopum p), cooling  system , fans, e tc . All 
those factors will not only change the phase d ifference  time by time 
b u t  a lso  c h a n g e  the  d ye  la s e r  m o de  s t ru c tu re  and ru in  the 
in te rfe ren ce  e ffec t.  U nfo rtuna te ly , because  our vacuum  system  in 
which the a tom ic  beam  was generated  was installed  separately  from 
the optical table, in o rder to keep the re la tive  position betw een laser 
beam  and atom ic beam  fixed, we can not float the optical table to 
av o id  o u ts id e  v ib ra t io n s  w h ich  m ake  the  e x p e r im e n t  e sp ec ia l ly  
d if f ic u lt .

A no ther crit ica l technique in this in terference  experim en t is that 
a good G ausian beam is required. A lthough the dye laser is pumped 
longitudinally  by the second-harmonic o f  the Nd: YAG laser to get the
n e a r ly  T E M qo m ode, a f te r  th ree  s tages  o f  dy e  am p lif ie rs  the
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transverse m ode o f  the output dye laser is strongly influenced by the 
mode structure o f the Nd: YAG laser pum p light. The Nd: YAG laser is 
an unstable cavity. A fter a long time its output is not a well-defined 
Gaussian mode. W e adjusted the Nd: YA G cavity such that its second 
harm onic  ou tpu t is som ew hat c lose  to a  round and uniform  pattern . 
W hen adjusting the dye laser oscillator, we m ake the dye laser beam 
profile  on the card  as round  and uniform  as poss ib le . The three 
stages o f  the dye am plifier will affect the dye laser quality  strongly. 
The pum ping  beam s are focused  to the  dye am p lif ie r  ce lls  in a 
proper size to ensure  the m ost effic ient am plification. The profile  o f 
the output o f  the  dye laser is very sensitive to  the re la tive  position 
o f the pum ping  beam  and the laser beam  at the am plifiers . The 
s tab il i ty  o f  the  dye laser  system , w hich  is in f luenced  by m any 
factors, also sets a lim it to the data  taking time.

In d o in g  th is  in te r f e r e n c e  e x p e r im e n t ,  tw o  m e th o d s  w ere  
c o n s id e re d :

1) A fundam enta l laser beam  with vertical po lariza tion  is passed 
through a p - B a B 2 0 4 c rys ta l ,  and crea tes  a second-harm on ic  field 
which v ibrates in the horizontal d irection . T he po lariza tions o f the 
fu n d am en ta l  and  seco n d -h a rm o n ic  beam s a re  a l ig ned  by pass ing  
through a polarizer. Then a rhom b is used to rotate  the polarization 
o f  the  tw o beam s in o rder  to  m easure  the  pho toe lec tron  angu la r  
d i s t r ib u t io n s .

T he ad v an tag e  o f  th is m ethod  is tha t the  v is ib le  beam  and 
u ltrav io le t  beam  go  through  exac tly  the sam e path  and the same 
com ponents , so when the fixed phase  d ifference  is es tab lished , it is 
re la tive ly  easy to maintain. The d isadvantage o f  the m ethod is that 
in o rder  to  keep  these  tw o laser beam s w ith  large  d iffe rence  o f  
frequency in exactly  the sam e path, all the optical com ponents after 
P - B a B 2 0 4 c rystal ( include P - B a B 2 0 4 crystal ) are required  to be 
perfec tly  para lle l ,  flat, h ighly  achrom atic  and to d isp lay  very  little  
absorp tion  over a very  w ide frequency range. By ca lcu la tion  only 
3 M O -4 rad  dev ia tion  be tw een  these  tw o beam s m ay  des troy  the 
in terference betw een them. O bviously  this is a high standard which 
is not easily  satisfied.
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2) T he  se c o n d -h a rm o n ic  b eam  and  fu n d a m e n ta l  beam s pass  
through  separa te  pa ths , then we m ake these  tw o  beam s overlap  and 
en te r  vacuum  cham ber to in teract with the  a tom ic beam . By using 
th is m ethod , one  cou ld  p reven t the  req u irem en t  o f  pe rfec t optical 
c o m p o n e n ts .  In te n s i ty  m a tch in g  o f  th ese  tw o  la s e r  f ie ld s  is 
r e la t iv e ly  e a sy ,  b e c a u se  th ese  tw o  b e am s  can  be  c o n tro l le d  
separa te ly . But s ince  tw o beam s go d iffe ren t  w ays, a ve ry  little  
v ib ra tion  of the  op tical com ponen ts  o r any  pe rtu rba tio n  m ay m ake 
the in te rfe rence  im possib le . A n o ther d iff icu lty  is the optical path  
ad justm ent. A s m entioned above, even very  sm all dev ia tions  would 
des troy  the  in te rfe rence , so  very carefu l ad jus tm en t is requ ired  in 
th is  in te r fe ren ce  ex perim en t.

W e chose the second m ethod. The experim ental set-up is shown 
in figure 5.3. W e arranged a path with a shape o f  a parallelogram  to 
guaran tee  that a lm ost the sam e optical pa th  length  is fo llow ing by 
both beam s, and to avoid the influence o f  dye laser beam  motion.

In order to get a very good G ausian  beam , three p inho les  were 
used to obtain  a uniform  and round laser spot. They were installed 
after the dye laser oscillator, betw een the second and third stages o f  
the am plifier , and a fte r  the third  stage o f  the dye  laser  separately . 
In addition to these methods an optical spatial f ilter was designed. A
pa ir  o f lenses was used  to focus the lase r  l igh t  and  a 0 .55  mm
pinhole  w as pu t at the focal point. A fter these careful adjustm ents, 
the ou tpu t o f  the dye laser system  was m easured  to be very c lose to 
T E M o o  m ode and its beam  profile  is shown as in figure 5.4. F igure
5.4 (a) is the horizontal profile, and (b) is the vertical profile.

W e used  tw o  1.85 inch d iam eter, 3 /8 inch th ick  fused  silica  
optical f la ts  as the w indows. As m entioned  p rev iously , only a non-
d i s p e r s iv e  o p t ic a l  s y s te m  can  m a in ta in  th e  t r a n s v e r s e  and
longitudinal overlap  o f  the fundam enta l and second harm onic  fields. 
A w edged w indow  is like a prism. Two parallel w indow s were used 
for the fron t en trance  and rea r  ex it o f  the  cham ber to avoid prism  
e ffec ts .  A n o th e r  e ffec t  w ould  in f lu ence  the  overlap  even  i f  the 
w indow s are highly parallel. I f  the field is incident upon the window
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at an angle other than norm al incident, it m ay cause a “walk o f f ’ of 
the tw o com ponents o f  the field with d ifferent w avelength.

W h en  w e m ea su re d  the  o n e -p h o to n  o r  tw o -p h o to n  an g u la r  
distributions, an optical rhom b was used to ro tate  the polarization of 
laser  light. T he de tec to r  was fixed  perpend icu lar  to  the  p lane  o f 
la se r  beam  and a tom ic  beam . In o rd er  to  m easu re  in te rfe rence  
be tw ee n  one- and  tw o -p h o to n  io n iz a t io n  p ro c e sse s  the  an g u la r  
d is t r ib u t io n  m u s t  be m ea su re d  s im u lta n e o u s ly  in the  d if fe re n t  
d irec tions. A de tec to r array, w hich consis ted  o f  fou r photoelectron  
de tec to rs ,  was designed  to  co llec t the e jec ted  e lec tron  in d ifferent 
d irec tions. T he  schem atic  o f  the  de tec to r array  is show n in figure 
5.5. Each  d e tec to r  con s is ted  o f  an e lec tron  lens and an e lectron  
m ultip lie r . T hey are arranged  at o rien tations o f  0°, 45°, 90°, and 
1 8 0 °  w h e re  0°  and  180° are each  in the  d irec tion  o f  the light 
polarization. Each detector has an angular resolution o f nine degrees. 
C arefu l ad ju s tm en t  w as done  to  en su re  good  a lignm en t.  Each 
de tec to r had a separate high voltage pow er supply so the gain could 
be con tro lled  to get ba lance  be tw een  d iffe ren t  ch an ne ls .  E very  
d e tec to r  w as connec ted  to an independen t de lay  and  ga te  system . 
T he gate in each channel needed to be adjusted carefu lly  to get the 
best ratio  o f signal to noise.

In this in terference  experim ent, the overlap  o f  the tw o beam s is 
very im portant. W e adjusted  and fixed the fundam enta l laser beam 
first, m aking sure that it passed the atomic beam  and got the largest
ionization electron signal. Then we adjusted the uv laser to overlap
with visible  laser. B ecause o f  the large difference betw een one- and 
tw o-pho ton  ion iza tion  p rocesses  the laser  in tensit ie s  o f the visib le
and the  uv beam s w ere  very  d ifferen t. The uv laser  a t  100 p J  
produced  about the sam e num ber o f  e lectrons as the visib le  beam  at 
4 mJ. The in tensity  d ifference  o f  these two laser beam s m akes the 
ad jus tm en t o f  the overlap  d iff icu lt  by. Tw o pho todetec to rs  which 
w ere  in s ta lled  before  and afte r  the in te rac tion  a rea  w ere  used to
determ ine  the position  o f laser beam s. Each de tec to r has a  pinhole 
d iam ete r  o f  0 .75 m m  and 0.85 mm respective ly . T he sizes o f  the 
p inho le  are de term ined  by the d iam eter o f  laser beam, so that the
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m easurem ent o f  position is m ost sensitive. U sing these detectors the 
position error o f  laser may be as small as 5 p m .

C are fu l  a d ju s tm en t  o f  norm al in c id en c e  a t  the  tw o  pa ra lle l  
w indow s during  the in terference  experim ent was very im portant. It 
seem s that the norm al incidence o f  the fields onto  the rear w indow  
and the front w indow  of the cham ber is m uch m ore critical than we 
estim ated  by calculation . By our ad justm ent the incidence angle is 
be tter than 0.3° from normal.

In o rd e r  to  ge t the  b e s t  in te r fe re n c e  e f fe c t ,  a o n e -p h o to n  
ion iza tion  signal m ust be com parab le  to  the tw o-pho ton  ionization  
signal at the ir  m axim um  e jec tion  d irec tion . F o r  rub id ium  at the 
w avelength  o f our laser, both in teractions have the m axim um  of the 
angu la r  d istr ibu tion  at 0 = 0 ° .  W ith the ultraviolet beam  blocked we 
o b se rv ed  the  fa m ilia r  tw o -p ho to n  io n iz a t io n  a n g u la r  d is tr ib u t io n  
patten , and then with the fundam ental beam  blocked the one-photon 
ionization pattern was observed. A djusting the energies o f  these two 
lasers one m ay get equal signals for these tw o ionization  processes. 
Carefully  choosing the ratio  o f the beam  splitter we may satisfy this 
cond ition . In our ex perim en t a 35%  reflec tion  beam  sp litte r  was 
u se d .

5 .4  E xperim ent resu lts  o f  in terference  betw een one- and tw o-photon 
ion iza tion  p rocesses

T h e  in te r fe re n c e  p h e n o m e n a  b e tw ee n  o n e -  and  tw o -p h o to n  
ion iza tion  p rocesses  in rub id ium  was observed  (figure  5.6). Pulse 
energies o f  4 m j  and 100 p J  for fundam enta l and second harm onic  
la se r  beam s re sp e c t iv e ly  w ere  used . T he p h o to e lec tro n  signal 
rece ived  by fou r de tec to rs  are  show n in figu re  5 .6 as function  o f 
nitrogen pressure  in the gas cell. Each data  po in t in figure 5.6 was 
d e te rm in e d  from  9 00  la se r  sho ts .  T he  m ax im u m  d a ta  coun t 
rep resen ts  nearly  180 pho toelec trons, the e rro r bar show n for some 
o f  the da ta  points is the standard deviation o f  the mean. The solid 
line is the least m ean square fit to  the da ta  by adjusting the period, 
am plitude  and phase o f  a cosine function and the average D C level. 
This figure show s that the total ionization signal is m odulated by the
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o 15050 100 200 250 300
P r e s s u r e  ( t o r r )

F igu re  5.6 E x p e r im e n ta l  re su l ts  fo r  in te r fe re n c e  
b e tw e e n  o n e -p h o to n  and tw o -p h o to n  io n iz a t io n  
processes, (a) 0, (b) jc/4, (c) jc/2, (d) te.
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nitrogen  pressure  change. F rom  this d iag ram  the n itrogen  pressure
d if fe re n c e  c o rre sp o n d in g  to  the  p h ase  ch an g e  2k  is 104 torr, in
reasonable  ag reem ent with our calculation. The dep th  o f  m odulation 
for the 0° and 180° signals c lose to 50% . This cou ld  be im proved 
th ro u g h  b e t te r  m a tc h in g  o f  th e  t r a n s i t io n  a m p l i tu d e  fo r  the 
in d iv id u a l  in te rac tio n s . F u r th e r  im p ro v e m e n t o f  the  in te rfe ren ce  
c o n d it io n s  such as beam  overlap  o f  tw o la se r  beam s, transverse  
m ode  s truc tu re , or v ib ra tion  o f  laser beam , cou ld  he lp  ge t be tter 
in te r fe re n c e  p a tte rn s .

As m entioned  above we have gotten the angu la r  d istr ibu tion  for 
in terference in equation (5.12). Putting the data  for A ,  C, x, and 8 0 2  

obtained in Chpter 3 and 4 into this equation we get:

^  = |T ,(0 ) f  + |T2( e ) f  + K c o s e { [ 0 . 5 7 7 -  3 .3  6(3 c o s 2 0  -  1 )

+ 0. 41  5 s i n 2 © ]cos8  + 1 .2 3  s in g }  . ( 5 . 1 4 )

At 0 = 0 ,  from our experim ent data  we m ay get

^  = 3 7 . 6  + 2 2 . 5 c o s ( 8 - V  ( 5 . 1 5  ,

where the (pG equals 169°. Correspondingly  we get the photoelectron  
angular distributions for © = jc/4, 0 = jc/2, and © = tc respec tive ly

at 0 = jc/ 4

j j § = l L 6 + 3 . 8 4 c o S< 8 - ,> „ /4 ) ( J J 6 )

where <pn /4  equals 126°.

at 0 = J t / 2



where <pn equals <p0-
For the calculations o f 0 = t t / 2  and 0 = 7t ag reem en t was obtained  

with our experim ent result. For 0 = tc /4  the m odulation o f this signal 
o f  nearly the sam e phase as the 0 = 0  signal, but the statistics are not 
su ff ic ien t  to  d e te rm in e  th is  p h ase  sh if t  w ith  p rec is io n .  F u tu re  
in v es tig a t io n s  are  p lanned  to  de te rm ine  th e ir  phase  sh if ts  6 2 - 6 1 - 
M easu rem en t o f  (pe vs. 0  would give us more detail about the phase 
shift. In fu ture studies we will explore  the potential o f using this 
phase  sh ift  to de term ine  re la tive  strengths o f  transition  e lem ents to 
co n tin u u m  sta tes.

O ur ex p erim en t is the f irs t  successfu l dem o n s tra tio n  o f  using 
in te rfe ren ce  fo r  con tro l o f  fina l s ta tes. This w ork  dem ons tra tes  
e x p e r im en ta l ly  the p o ss ib il i ty  o f  co h e ren t con tro l over a p rocess . 
T his  is m eaningfu l in ligh t o f  recen t s tud ies  o f  phase  con tro l of 
chem ical reactions.
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CHAPTER 6 
CONCLUSION

Photoe lec tron  an gu la r  d is tr ibu tions  p rov ide  an im portan t  tool to 
study a tom ic  structure . They are used to  investigate  the e ffec t of 
sp in -o rb it  coup ling  on re la tive  c ross-sec tion  for d if fe ren t  ion ization  
channels , con tin uum  state  phase  shifts, and in te rfe rence  phenom ena  
betw een d ifferen t ionization  processes for a lkali atom s.

W e  e x p e r im e n ta l ly  s tu d ie d  th e  i n te r f e r e n c e  p h e n o m e n o n  
be tw een  o n e -p h o to n  and  tw o -p h o to n  io n iz a t io n  in  ru b id iu m  by 
m easuring  the  pho toelec tron  angu la r  d istr ibu tion . U sing  a de tec to r  
a rray  w ith  fou r de tec to rs  to co llec t the  pho toe lec tron  d is tr ib u tio ns  
s im u lta n e o u s ly ,  and  by c h an g in g  th e  n i tro g e n  p re s su re  in the 
d isp e rs io n  c e l l ,  we w ere  ab le  to  e x te rn a l ly  c o n tro l  th e  phase  
d iffe ren ce  o f fundam en ta l and  second-harm on ic  f ie lds  and d irec tly  
s tu d y  th e  i n t e r f e r e n c e  p h e n o m e n o n .  W e  o b s e r v e d  th a t  
p h o to e lec tro n  angu la r  d is tr ib u tio n  pa tte rn s  w hich  ap p ea r  from  the 
5S s ta te  o f  rub id iu m  varied  p e riod ica lly  w ith  the  ch an g e  o f  the 
re la tiv e  phase .

W e a lso  m ea su re d  the  e n e rg y  d e p e n d e n c e  o f  p h o to e le c tro n  
angu la r  d is tr ib u tio n s  o f  ces ium  and rub id ium  in the s ing le-pho ton  
ion iza tion  from  its ground  sta te  to con tinuum  in the v ic in ity  o f  a 
C ooper m inim um . O ur w ork c learly  shows the e ffec t o f  spin-orbit 
cou p lin g  on the one-pho ton  ion iza tion  p rocesses . T he  asym m etry  
p a ram eter  has the general shape expected  on the basis o f ab  initio 
c a lcu la t io n s .  G ood  ag reem en t  is found  be tw een  o u r  a sy m m etry  
pa ram ete r  p and the results o f  m easurem ents o f  Fano effect and with 
calculated results  o f  Norcross.
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T w o-photon ionization was also studied through m easurem ents of 
pho toe lec tron  angu la r  d is tr ibu tion . T hese  p rocesses  are in fluenced  
by sp in-orb it coupling  and quantum  defects.

In the ionization process induced by an optical field the phase  o f  
the field  does not often produce d irect observables. The interference 
betw een d ifferent optical processes is an im portant exception to this 
rule. Because o f  the existence of two or m ore pathw ays induced by 
d if fe re n t  f ie ld s ,  the in te ra c t io n s  dep en d  on the p h ase  re la t io n s  
betw een the fields.

To carry  out these  studies , we have developed  and constructed  
the  d ye  la s e r  sy s te m , h ig h  v a cu u m  sy s te m , o p t ic a l  sy s te m , 
p h o to e le c t ro n  m e a su re m e n t  sy s te m , and  d a ta  a n a ly s is  p ro cess .  
S im ila r  ex p er im en ta l  se tups  and m ethods can  be app lied  to  the 
s tu d ie s  o f  any  p h a se  se n s i t iv e  p ro c e s s e s  in c lu d in g  p o te n t ia l  
applications in coherent control o f chem ical reactions.

T he exp erim en ts  w e have done are new  and qu ite  s ign ifican t. 
H ow ever there  is room  fo r  im provem ents  and fu ture  studies. For 
exam ple , a recycling  alkali oven will a llow  us to w ork at a  much 
lo nger  tim e  and h igh er  a tom ic  density  in the in te rac tion  reg ion . 
U nder h igh a tom ic density , a sm aller  p inho le  in the  pho toelec tron  
co llec to r  m ay be used to  get h igher  reso lu tion . A m ore  stable 
e x p er im e n ta l  sy s tem  and a b e tte r  c o n tro l  o v e r  the  e x p er im en ta l  
c o n d i t i o n s  c a n  p r o d u c e  q u a n t i t a t i v e l y  m o r e  r e s p e c t a b l e  
m easurem ents  o f  the dep th  o f  m odula tion  o f  the ion iza tion  signal. 
A ll  th e se  im p ro v e m e n ts  a re  n e e d e d  in  c a r ry in g  o u t  fu r th e r  
in v e s t ig a t io n s  o f  p h o to e le c t ro n  a n g u la r  d i s t r ib u t io n s  and  the  
in te r fe re n c e  p h e n o m en o n .
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