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1. Introduction

T he X -ray  A tom ic and  M o lecu la r S pectro scopy  (X A M S ) p ro g ram  at 
the  A dvan ced  L ig h t S ource (A L S ) is a co llab o ra tiv e  e ffo rt rep resen tin g  a 
large team  o f  researchers [1], T he team  is in terested  in u sing  h igh ly  m o n o ­
ch rom atic  x -ray  beam s in fundam en tal investiga tions o f  the  p hysica l and 
ch em ica l p h en o m en a  o f  p rim ary  im portance  to the u nderstand ing  o f co re- 
level p rocesses in atom s and m olecu les. O ver the p ast tw o y ears, s ta te-o f-the- 
art in stru m en ta tio n  fo r e lectron  spectro scopy, ion spec tro scopy , and  x -ray- 
em iss ion  spec tro scopy  has b een  co nstru c ted  in o rder to  enhan ce  capab ilities  
w ith in  the  U .S . fo r the study o f  atom ic and m olecu lar co re-level phenom ena. 
F u rthe rm o re , the team  has p referred  access to  the b rig h test x -ray  sou rce  in the 
w orld , the A L S  at the L aw rence  B erkeley  N ational L aboratory . P referred  
access is in  the fo rm  o f  a beam line , a d ev ice  w hich  de livers focussed  and 
m on o chro m atic  x-ray  beam s in the 1-6 keV  pho ton -energy  range to e x p e ri­
m en ters , and  that is bu ilt for and dedica ted  to the team 's research  p rogram .

T he scien tific  in terests o f  the X A M S  p rog ram  focus on p h en o m en a  that 
are m ost read ily  stud ied  v ia x-ray in teractions w ith  atom s and  m olecu les , such 
as x -ray  reson an t-R am an  effects , non-e lec tric -d ipo le  effec ts on  p h o to ion iza ­
tion , and  po lariza tion -sen sitiv e  x-ray em ission . O verall, th is p rog ram  seeks to 
undertak e  a new  b road -based  effo rt in this area  o f  research , bo th  becau se  o f 
in trin sic  in terest in a m ore de ta iled  u nderstand ing  o f  a tom ic and m o lecu la r x- 
ray  in teractions, and b ecause  resu lts in this area h ave been  re la tive ly  scarce 
due to the  paucity  o f  x -ray  beam tim e and  equ ipm en t availab le  fo r th eir p u r­
suit.

T h e  rem aind er o f  th is p aper is o rgan ized  as fo llow s. F irst, a general 
desc rip tio n  o f  the sc ien tific  in terests encom passed  by the X A M S  p ro g ram  is 
g iven  in Sec. 2. S econd, experim en ta l facilities ava ilab le  to  the  team , b o th  an 
A L S  x -ray  beam line  and indiv idual system s capab le  o f d ifferen t types o f 
sp ec tro sco p y , are d escrib ed  b rie fly  in Sec. 3. F ina lly , an exam ple  o f in itial 
resu lts  o b ta ined  by the team , specifically  on  n on-d ipo lar angu lar d istribu tions 
in  n eon  v a len ce  pho toem ission , are d iscussed  in Sec. 4.

2. Scientific Program

T he X A M S  p rogram , a lthough  d esigned  fo r versatility  in its ex perim en ­
tal pu rsu its , has six  designated  research -focus areas, se lected  b o th  b ecause  o f 
th eir sc ien tific  in terest and because o f  a general scarcity  o f  p rev iou s results. 
O ne  focus area  for th is  p rog ram  is a first look  at transien t a tom ic sp ecies (e.g., 
a tom ic  su lfu r) and  free rad ica ls (e.g., H S) in the d eep-core-lev el reg ion. To 
o u r  k n ow ledge , no  such  experim en ts have ev er been  done. A second  focus
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area is co re -lev e l reson an t-R am an  spectroscopy, b o th  rad ia tiv e  (i.e ., x -ray  
em ission) and  non-rad iative  (i.e., resonan t-A uger em ission ). E arlie r stud ies 
[2-9] have  illu stra ted  b o th  the  p rom ise  o f  th is techn ique as w ell as the  ex trem e  
d ifficulty  o f  th e  m easurem en ts due to  the  sim ultaneous needs o f  h igh  x -ray  
flux and  h igh  en erg y  resolu tion . T he  th ird  focus area  is m olecu lar p h o to ion ­
ization an d  pho to fragm enta tion  dynam ics [10,11] fo llow ing  deep-core-level 
absorp tion . In  o rd er to  unravel the m ultitude o f  p ossib le  decay  paths (rad ia ­
tive, no n-rad iativ e , and  fragm en ta tion), ion, electron , and  x -ray-em ission  
spectroscop ies are all needed , in  co inc idence  w hen feasible.

T h e  fo u rth  focus area  fo r the  X A M S p rog ram  cen ters on the  effects o f  
non-e lec tric -d ipo le  p rocesses on p hoto ion ization , m ost read ily  revealed  in 
photoelectron  an gu la r d istribu tions. R ecen t w ork  [12] has d em onstra ted  the 
accessib ility  o f  th is  phenom enon  w ith  the  adven t o f  h igh -b righ tness sy n ch ro ­
tron-radiation  sources. A side from  th e ir in trinsic  in terest, it  is im portan t to  
determ ine the ex ten t o f these  effects on  m easurem en ts in a  varie ty  o f  fie ld s 
that re ly  on the  com m on techn ique o f  pho toe lec tron  spectroscopy. A  fifth  
focus a rea  is p o larized  x -ray-em ission  spectroscopy  o f  m olecu les . P rev ious 
results [13] w ith  a  ded ica ted  b eam line and  endsta tion  a t the  N ational S ynchro ­
tron L ig h t S ource show ed  the g reat p rom ise  o f  th is techn ique for structu ral 
and dynam ical stud ies o f m olecules. F inally , the six th  focus area  is in  de ta iled  
studies o f  e lectron -corre la tion  p henom ena. T h is area  is ex em p lified  by  sin g le ­
photon d o u b le  pho to ion iza tion  o f  helium . A  p roper descrip tion  o f  th is  p h e­
nom enon, fo r w hich  increasing ly  p rec ise  m easurem ents a re  now  b e in g  p er­
form ed, requ ires so lu tion  o f  the C ou lom b  th ree-body  p ro b lem  w ith  ex trem ely  
accurate trea tm en t o f  e lectron -electron  in teractions [14-16]. In  th e  firs t tw o  
years o f  th is  new  p rog ram , p relim inary  resu lts  in  5 o f  the  6  focus areas have  
been ob ta ined .

3. Experimental Program

In  o rd e r to  carry  ou t th is scien tific  p rog ram , ready  access to  a  h igh -res­
olution, h igh -b rig h tness x -ray  source is req u ired .'T o  atta in  th is access, m em ­
bers o f the  X A M S  team  designed  and  b u ilt an  x -ray  beam line  a t the  A L S  fo r 
x-ray-spectroscopy  applications. T h is device , designated  A L S  beam line  (B L )
9.3.1 [17], is b u ilt  a round  a m echan ically  p rec ise  doub le-crysta l m on o chro ­
m ator cap ab le  o f  y ie ld ing  h igh  photon -energy  reso lu tion  E/tsE  = 7 ,0 0 0  in 
the 1-6 keV  reg ion . T he  beam line 's  op tica l design , w ith  a co llim atin g  p re -m ir­
ror and  a fo cu ssin g  post-m irro r, p reserves the  h igh  b rig h tn ess o f  the  A L S 
source, p rov id in g  a  w ell-focussed  x -ray  beam  (0 .2  x  0 .4  m m ) to  th e  ex p e ri­
ment. B ecau se  o f  these  charac teristics , B L  9.3.1 de livers b rig h tn ess [pho tons/ 
(s m m 2 m rad  A £ ) ]  an o rder-o f-m agnitude  h igher than  any o th e r sim ilar
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beamline in its energy range, while maintaining energy resolution and flux 
equal to other lines. Also notable is that BL 9.3.1 is one of only two beamlines 
at the ALS (the other operates in the 20-300 eV range) to have a significant 
amount of beamtime dedicated to atomic and molecular research; the alloca­
tion of beamtime at BL 9.3.1 accounts for about 60% of the beamtime at the 
ALS set aside for this community.

Along with a reliable source of x-rays, versatile, state-of-the-art instru­
ments for x-ray-spectroscopic measurements are needed to carry out this 
research program. At present, five instruments are part of this program: (1) a 
high-resolution angle-resolved electrostatic electron spectrometer, (2) a gas 
cell for photoabsorption measurements, (3) a polarization- and angle- 
resolved x-ray-emission spectrometer, (4) angle-resolved time-of-flight 
(TOF) electron spectrometers, and (5) an ion-TOF spectrometer. Because the 
preliminary results discussed below were obtained with the electron-TOF 
apparatus, the remainder of this section w ill focus on its characteristics.

The electron-TOF system is a stand-alone apparatus that presently has 
three operational analyzers (a fourth w ill be available by late 1996). These 
analyzers are based on a new design that includes cylindrical focussing to pre­
serve accurate timing resolution while dramatically improving the collection 
efficiency for highly retarded electrons. For example, in measurements with 
this apparatus, electrons with 1-keV initial kinetic energy have been retarded 
to 50-eV final kinetic energy with no loss in throughput. Because electron- 
TOF energy resolution is directly proportional to the final kinetic energies of 
electrons, this new design allows efficient electron spectroscopy with energy 
resolution comparable to or better than most conventional electrostatic ana­
lyzers. To maintain ultimate timing resolution for this new generation of TOF 
analyzer, significant care was taken in the design of the microchannel-plate 
detectors and impedance-matched conical anodes. Likewise, the best com­
mercially available electronic modules were obtained, allowing simultaneous 
operation of up to four analyzers with 8192 data points per analyzer and a 
fixed downtime of only 0.8 ps per event for each analyzer. As a result this sys­
tem provides timing and data-collection capabilities that meet or exceed those 
of any other electron-TOF system in use with synchrotron radiation. Further 
details of the new apparatus w ill be presented in a forthcoming publication. A 
more-detailed discussion of a similar apparatus is given by Becker et al. [18].

The electron-TOF analyzers are mounted in a vacuum chamber which 
can be rotated about the x-ray beam. The chamber includes two additional 
analyzer mounting ports 54.7° out of the plane perpendicular to the x-ray- 
beam direction, a geometry which permits direct and sensitive measurement 
of non-dipolar angular-distribution parameters for photoelectrons. To see 
how non-electric-dipole interactions can affect photoelectron angular distri-
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buttons, it is helpful to first look at the consequences of the well-known dipole 
approximation. The electric-dipole (£1) approximation for photon interac­
tions (exp { ik r )  -  1 f 19] leads to the following expression for the differential 
photoionization cross section [20]:

which describes the angular distribution of photoelectrons from a randomly 
oriented sample created by 100% linearly polarized light. Here, o is the par­
tial photoionization cross section, and the angle 0 is defined in Fig. 1. The 
parameter [1 completely describes the angular distribution of photoelectrons, 
within the dipole approximation. In this approximation, all higher-order inter­
actions, such as electric-quadrupole (£2) and magnetic-dipole (Afl), are 
neglected. Over the past two decades, the dipole approximation has facilitated 
a basic understanding of the photoionization process in atoms and molecules
[21], as well as the application of photoelectron spectroscopy to a wide vari­
ety of condensed-phase systems.
4. Electric-Quadrupole and Magnetic-Dipole Effects on Neon Valence

Photoemission

The first hint of low-photon-energy (i.e., < 5 keV) deviations from the 
dipole approximation was provided by Krause [22] in measurements using 
unpolahzed x-rays [23]. A small deviation from the expected dipolar angular 
distribution at photon energies between 1 and 2 keV was observed and attrib­
uted to the influence of £2 and Afl interactions, which are included in the 
approximation exp (ikr) = 1 + i k r . These higher-order corrections to the 
dipole approximation lead to so-called n o n -d ip o le  effects, such as retardation 
(photon momentum transfer), in the angular distributions of photoelectrons, 
and can be described by [24]

(1)

(2)

for 100% linearly polarized light. The angle is defined in Fig. 1, and y  and 
8 are non-dipole angular-distribution parameters. The initial experiments 
[22,25] motivated theoretical work [26,27], and recent publications
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Fig. I . Geom etry applicable to photoelectron angular-distribution m easurem ents us­
ing polarized light. 0 is the polar angle between the photon polarization vector e and the m o­
m entum  vector p o f the photoelectron. <|> is the azimuthal angle defined by the photon 
propagation vector k and the projection of p  into the x-z-plane.

[24,28,29] include quantitative predictions for a variety of atomic subshells. 
Very recently, more extensive measurements [12,30], focussing on noble-gas 
core levels (Ar K  and Kr L ) and photon energies above 2 keV, have begun to 
investigate non-dipole effects in photoelectron angular distributions in more 
detail.

In contrast, the present experiment concentrates on the Ne 2 s  and 2p  
v a len ce  subshells at relatively low photon energies (< 1.2 keV). Non-dipole 
effects are observed to be significant in this energy regime and measurable at 
energies as low as 0.25 keV, in conflict with a common assumption in appli­
cations of photoelectron spectroscopy; namely, that the dipole approximation 
is strictly valid for photon energies below 1 keV. The potential significance 
of these findings is nicely illustrated by comparison of the present results [31] 
for the Ne P2/J parameter with earlier results [25], where the influence of non­
dipole effects was assumed negligible. Large deviations in the measured p2p 
parameters are directly attributable to “contamination” of the previous mea­
surements [25] by non-dipole effects. Generalization of this observation to
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Fig. 2. Photoelcctmn specira of Nc mcuMircri at a photon energy of 1000 e V. The gray 
spectrum was taken with the dipole magie-augle analyzer and the other spectrum with the 
non-dipole magic-angle analyzer. See text foi detail..

any angle-resolved photoemission measurement suggests that relative photo- 
emission peak intensities as a function of angle can he influenced signifi­
cantly hy non-dipole interactions even at photon energies below 1 keV. 
Therefore, a need for caution in interpreting angle-resolved photoemission 
data from gases, solids, and surfaces using soft-x-ray excitation is indicated.

These new measurements on neon were performed at the ALS on undu- 
lator beamline 8.0 [32], which covers the 100-1500-eV photon-energy range. 
Because the photon resolution needed to resolve the Ne 2.v and 2p  valence 
lines is low (E / A E  < 200), the monochromator entrance slit was set to 65 |im 
and the exit slit to 800 \im  yielding very high flux. During the measurements 
the ALS operated at 1.9 GeV in two-bunch mode, giving a photon pulse every 
328 ns. The interaction region, formed by an effusive gas jet intersecting the 
photon beam, has a diameter of about 2 mm. Energy resolution of the TOF 
analyzers with a focus size of 2 mm is 3% of the electron kinetic energy. Spec­
trum were collected for about 300 s, with count rates of up to 10̂  s"1 in the Ne 
2s photoline.

From Eq. (1), it is known that photoelectron peak intensities are inde­
pendent of the P parameter at the so called m a g ic  a n g le , 0 =54.7°. To take
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full advan tage  o f  this, the T O F  appara tus is design ed  to sim ultaneo u sly  have 
one an a ly zer positioned  at 0 = (T and i= 90°, a second  an aly zer at 0 =  54.7° 
and  <|) i= 90 ’ (re ferred  to as the dipole magic-angle analyzer) and  a th ird  an a­
lyzer at 0 = 54.7° and (() = 0" (the non-dipole magic-angle analyz.er). P eak  
in tensities in the d ipo le  m ag ic-ang le  analyzer, in the <|) = 90° p lane (the p lane, 
con ta in ing  the c -vecto r, p e rp en d icu la r to the photon  beam  d irec tio n , see Fig.
1) are independen t o f the non-d ipo le  param eters y and 5 (see Eq. (2)), as w ell 
as the d ipo le  p a ram ete r ( i . T he Ne 2s and 2p valence lines w ere m easured  
over the pho to n -en erg y  range from  2 5 0 -1 2 0 0  eV  at five d ifferen t ch am b er 
ro ta tions, y ie ld ing  a total o f 15 spectra , all at d iffe ren t 0 an d /o r <|) angles, fo r 
each  photon  energy . T his set o f  spectra  p rov ide enough  in fo rm ation  to d e te r­
m ine sim u ltaneo u sly  the po lariza tion  ch arac teristics o f the inciden t beam  and 
the an gu la r-d is trib u tion  p aram eters [ i , y , and 5 . A s one ex am p le  o f  n o n ­
d ipo le  e ffec ts  in N c, Fig. 2 show s tw o su p erim p o sed  sp ectra  taken  at the 
d ipo le  m agic angle  and the non-d ipo le  m agic angle. T he spectra  are scaled  to 
the  area  o f  the N e KLL A uger lines. A uger lines arising  from  an in term ed iate  
sta te  w ith  an .v hole in a c losed-shell system  like N e have an iso trop ic  angu lar 
d is trib u tio n  (p  = y  = 8 ) ,  w hich  m akes them  ideal fo r calib ration  [33]. T hus 
the an gu la r-d is tr ib u tion  param eters o f the N e valence peaks are m easured  re l­
a tive  to know n p ,  y , and 5 p aram eters. T he  obvious in tensity  d ifferences 
b e tw een  the N e 2s and 2p peaks in the tw o spectra  in F ig . 2 arc due en tire ly  
to n o n -d ip o le  e ffec ts  because both spec tra  are at the m agic  angle w here th e  p 
p a ram ete r has no influence.

5. Conclusion
In sum m ary , the X -ray  A tom ic and  M o lecu la r S pectro scopy  P ro g ram  at 

the A dvan ced  L ight S ource is now  opera tional. In one o f  its in itia l e x p e ri­
m en ts, s ig n ifican t e lcc tric -q uad ru p o le  and  m agn e tic -d ip o le  e ffec ts  have  been  
o b se rv ed  in valence  pho to cm iss io n  from  N e in the 25 0 -12 0 0  eV  photon- 
en erg y  reg ion. T hese h ig h er-o rd er E l and M 1 in teractio ns can  in p rin c ip le  
a ffect all m easu rem en ts in the fie ld  o f  an g le-reso lved  p h o to e lec tro n  sp ec ­
trom etry  no t m ade in the  <|) = 90° p lan e  at photon  en erg ies below  1 keV . T h is 
in clu d es no t on ly  m easu rem en ts  on  gas-phase  ta rgets, bu t a lso  su rface, ad so r­
ba te , and  c o n d en sed -m a tte r targe ts  as w ell. W e cau tion  th at p o ssib le  n o n ­
d ipo le  e ffec ts  need  to be co nsid ered  w hen p h o to em iss io n  m easu rem en ts  are 
co n d u c ted  ou ts id e  the = 90° p lane , even  fo r hv <  1 keV .
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