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"!i b Introcuction

e This project is devoted to the study of the structure anc

»
.
-

dynamics of deep hole states in atoms and of few-electron ions.

>

In such systems, relativistic and guantum-electrodynamic effec<ts

XXX - X

(XA

are strong, and the distinction between excitation and deexcita-

s ¥ 9 7o

tion becomes blurred, 1leading to threshold resonance phenomena

and post-collision interaction effects. These phenomena have only

[YAY
%S recently become amenable to study, due to the advent of large
Q}, computers and of tunable hard synchrotron radiation. The present

project is focussed on deep inner-shell excitation experiments
conducted wifh gas-phase electron spectrometry in the Stanford-
Synchrotron Radiation Laboratory, complemented by large-scale
computational efforts utilizing facilities in the NASA Ames Re-
search Center as well as modest computer resources on the Univer-
sity of Oregon campus. Current efforts are directed toward (a)
continued investigation of the Auger resonant Raman effect that
occurs in inner-shell thresheold excitation, {b) post-collision
interaction following photoionization of extremely short-lived
hole states, (c}) double photexcitation in which one incident x-
ray gquantum promotes two electrons, and (d) effects of atomic
relaxation and configuration interaction on the lifetimes of deep

hole states.

2. Status of the Research

a) Gauge dependence of atomic :nner-shell transition rates

b

$
|

In relativistic calculations of radiative atomic
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probabilities on the basis of self-consistent-fieid (SCF) Zirac-
Fock wave functions, the results depend on the gauge because 0f
the nonlocal potential introduced in the Dlirac-Fock effective
Hamiltonian. All existing relativistic SCF calculaticns of x-ray
emission probabilities have, however, been carried out in the
Coulomb or length gauge. Similarly, all relativistic calzulations
of radiationless (Auger or Coster-Kronig) transition probabili-
ties have heretofore been based on the Mdller two-electron opera-
tor, which is in “the Lorentz gauge. The guestion of gauge depen-
dence of relativistic radiationless transitions computed with SCF
wave functions has never been explored heretofore.

Because the calculated lifetimes of inner-shell vacancies
depend directly on the radiative and (mostly) radiationless tran-
sition probabilities that fill these vacancies, and x-ray emis-
sion probabilities are given by the former, it is of interest to
examine whether the choice of gauge makes a significant differen-
ce in the theoretical rates and hence introduces a perhaps unsus-
pected uncertainty in the calculated results. We have therefore
calculated relativistic radiative and radiationless atomic inner-
shell transition rates with Dirac-Fock wave functions, using
matrix elements that correspond to different gauges. Radiative
rates computed in the length gauge were found to be larger than
Coulomb~gauge results; for K-shell radiative widths, the differ-
ence 1is approximately 20% at Z=10 and falls to 4% at 2Z=30; the
difference for L2 radiative widths is a factor of 2 at Z=18 and
approximately 7% at Z=48. Especially large discrepancies between

length- and Coulomb gauge-results were found for radiative tran-
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sitions Dbetween levels with the same principal guantum number.

-

4 )t
l"‘j J,
o Auger <transition rates calculated in the Lorentz and Coulomb
rd g
¢3! gauges agree to better than (% in all cases that we ested; It is
'v‘ inferred that in first-order perturbation theory the Auger rate
Y
) . . . .
p} is practically gauge-invariant. [See Sec. 3, Items 1, 7, 9].
KVF
gﬁ
‘ b) M x-ray emission rates in Dirac-Fock approximation
B ‘
ixx Atomic inner-shell vacancies can be filled through either of
":‘A»
P I | . . - . N :
A two major types of decay processes~--~-radiative or radiationless.
) - - *
ROH i
" Measurements of the spectra of resultant x rays or Auger elec- |

e
?1ﬁ“ trons can provide much information on atomic structure and dyna-

< mics, given the reguisite theory for their interpretation. Nume-

rous calculations of atomic radiative transiton rates have beeh-
performed, including recent computations that include the effects
of relativity and relaxation. Most of the existing calculations,
however, deal with x-ray emission rates associated with the
filling of K- and L-shell vacancies. Only one calculation had
heretofore been performed on M-shell x-ray emission rates, and
this was based on Hartree-Slater wave functions and included only
6 elements. We have consegquently undertaken a calculation of
radiative transition rates to M-shell vacancies, in both the

Coulomb and length gauges, for 10 elements with atomic numbers

between Z=48 and Z=92. The computations are relativistic, based
on Dirac-Fock wave functions. As previously found for K and L
shel.s, length-gauge results exceed rates computed in the Coulomb
gauge, by approximately 34X at Z=48, with the discrepancy de-

creasing to 4% at 2=92 for the Ml shell, and by 44% at Z=48 to

| 3.5% at 2Z2=92 for the M3 shell. Dirac-Fock rates calculated in the
]
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5 . Coulomb gauge agree well with Dirac—Hartree—Slafer results, to

00y .

AR

DN approximately 7% throughout. Contributions from higher multipo.ies
PRI

AOST . . .

}ﬁ;{ are found to be small, the largest being 1.5% electric guadrupole
{\ for 3s and 3p and 0.07% electric guadrupcle for 3d initial vacan-
I cies. [Sec. 3 Item 8].
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c) Auger and radiative deexcitation of P ions

': The properties of highly stripped, excited atoms are ‘very

interesting from both theoretical and applied points of view.

D L
\:h}.;::;.‘b 2

Intermediate coupling and configuration interaction must be in-

corporated in successful calculations, and measurements of tran-

e

v
.
--

B

sition energies and rates can constitute delicate tests of theo-

N
)

.

ry. Excited 1ions play important roles in certain 1aborator§-
plasma systems and in astrophysical processes, and metastable
ionic states have been considered in connection with the design
of short-wavelength lasers. A part of the Ph.D. thesis of Kh R,

Karim in our group consists of calculations of x-ray wavelengths,

Auger energies, and decay rates for various states of the P4+
ion, with configurations that have been studied through beam-foil
spectroscopy. Intermediate coupling and configuratin interaction
were taken into account. The energies and decay rates were found
to be strongly affected by configuration interaction. The theore-
tical results have been compared with observations in ion-atom

collision experiments. Good agreement with measured spectra is

found, and the calculations characterize a number of lines that

had not perviously been identified. [Sec. 3, Item 4).

d) Effects of exchange, electron correlation, and relaxation ol

AT Bt 4 — == M

the L -1, .M, Cos'er-Kronig spectrum of argon
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A long-standing problem in atomic theory concerns ihe fact
that the observed lifetimes of 2s (ancd 3s) hcle states of atonms
throughout the periodic table are substantially longer than
precicted by the most elaborate of calculations; the disérepansy
can reach a factor of 2 or 3. For several vears now we have
examined this puzzling problem, looking into the possibility that
the discrepancies might be produced by relativistic effects,

many-body interactions, or lack of orthogonality between initial-

e M T D — e

o -
-

and final-state wave functions. Arr elaborate study of the
problem has been completed by Kh R. Karim as part of his doctoral
thesis. The effects of exchange, electron correlation, and
relaxation on the LI-L2 3M1 Coster-Kronig spectrum of argon were
examined. We have extensively investigated the effects of final-
state relaxation and of exchange between the continuum electron
and bound electrons in the final state, and we have included some

of the many-body interactions through initial- and final-state

interaction. The conclusion drawn from these very detailed and

exhaustive calculations 1is that substantial effects arise from

relaxation and from the exchange between the Coaster-Kronig
electron and bound-state electrons. While these effects cannot be

omitted from a successful calculation, they do not adeguately

account for the physical situation. Clearly, *he independent-
particle model of atomic structure is insufficient to treat the
pronounced many-body aspects of radiaticnless transitions of the
type we have considered, and more elaborate approaches are re-

quired to explain the observed rates. [Sec. 3, Item 5].

1-ray scattering cross sec‘inns of neon
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A ) X-rav scattering constitutes an important method for the
o

$ explcraticn of atomic and mclecular form factors, elecirinic
i‘ charge and momentum distributions. Scat*ering cross sect.ons are
:} particularly sensitive to correlation effects that generélly lle
%; beyond the reach of calculations with atomic wave functions based
ii on independent-particle models. Experimental possibilities in the
:i field of Xx-ray scattering from atoms and molecules hrave Dbeen
o

$§ vastly enhanced with the advent of intense, tunable synchrotron
e

iii radiation sources. A study utilizing these new possibilities was
3%‘ conducted by F. Parente within the framework of his doctoral
Eg, thesis research in our group; the work has now been published.

Inelastic x-ray differential scattering cross sections of Ne weré.
computed to compare the effect of three nonrelativistic approxi-
mations: Waller-Hartree, impulse, and excited-state. The same
Hartree-Slater wave functions were employed throughout, and mo-
mentum transfer between K/4x=0.1 and 1.2 x-l were included. For

momentum transfer below 0.5 & >

the Waller-Hartree and excited-
state results were found to agree within 4%, whereas the impulse-
approximation results are up to 300% higher. The Compton profiles
of the individual atomic shells were computed in the excited-
state approximation for three values of incident x-ray energy and
are found to vary in height and shape with energy and scattering
azngle, in contrast with the constant profiles predicted by the
impulse approximation. Results of theoretical ratios of =z-ray
inelastic and elastic scattering cross sections were compared

with data from an experiment that we performed with synchrotron

radiation at SSRI.. Waller-Hartree and excited-sstate results &iree
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fairly well with experiment. The work points toward the imporian-
ce of more extensive and elaborate x-ray scattilering eilperinents

with <tunable synchrotron radiation; we pian 1o exploure :nese

possibilities in the future. [3ec. 3, Item 3].

£) inner-shell +<hreshold excitation with synchrotron radiation

The production of deep-lying hole states In atoms and <ne
deexcitation of such states under emission of x rays or Aujer
electrons has traditionally been considered a two-step process:
the decay is separated from the excitation phase, and the photon
and electron emission are treated as independent processes by
means of first-order perturbation theory. An important advance in
the fundamenfal understanding of atomic transitions will be-
brought about by a description that unifies the formation and
decay of autcionizing and inner-shell vacancy states. Substantial
inrcads have already been made in the difficult problem of cre-
ating a unified theory of atomic excitation and deexcitation.
Only quite limited experimental information exists, however,
against which the unified theories can be tested---even to the
extent that specific quantitative predictions can be derived from
them. This is particularly true with regard to deep irner-shell
transitions. Yet inner-shell hole states offer particular promise
for the experimental exploration of the breakdown of the two-step
mnodel of atomic excitation/deexcitation: +*his breakdown becomes

*hrechold, and

[\
8 |

most pronounced when the states are excitecd ne
the large widths of inner-shell vacancies allows one to probe the
threshold phenomena in great detail, especially if excitation is

accomplished with highly monochromati.cé«d cyncurot-on radiation
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rh tnat can be tuned vrecisely across the hole-state level ernroroy. A
(]

LN ) .

7 further advantage of experiments with sinclie _nrner-shell :..e
i: states 1s that the systems are usua.ly we.l-described Ly [oaeler -
g dent-particle (self-consistent-field) atomic models, wnence <ne

interpretation of the results is greaXtly simpiified.

2 Py

P

We are engaged in a continuing investigation of the resonznzt

MRS

L

Auger Raman effect and post-collision Interaction. The Auger

s

y s .
*h

resonant Raman effect, which we were the

(]

first to observe, regre-
sents the epitome of the breakdown of the two-step model: excita-
tion and deexcitation are represented by a single matrix element.
The effect can be thought of as the radiationless, inelastic
analog of resonance fluorescence. At resonance, the Auger line
narrows below the natural lifetime width, and it exhibits linear
dispersion with incident x-ray energy.

Above threshold, post-collision interaction (PCI) links the
atomic excitation and deexcitation processes by feeding energy

from the receding photoelectron to the Auger electron. As the

incident-x-ray energy is lowered so as to approach the ionization
threshold, the PCI blends smoothly into the Auger resonant Raman
effect. In the other limit, if the incident-x-ray energy lies far
above threshold, PCI vanishes and the two-step approximation

becomes good.

As described in detail] in our preceding Semi-aAnnual Tech-
nical FReport, we have ccocncducted measurements of the rescnant
Auger Raman effect and PCI of various Auger and Coster-ironig
lines in rare gases, following photoionization with hard synchro-
tron radiation. Tor narrow hole states, the P0I puger-¢ Lo ron

shifts are close te the predictione of serm: lassi
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“"Nieraus" theory), but for wide hole states, «uch as X¥e I

I
|
!
!
'
rX we

coserve a PCI snift that substantiallyv eiceeq: <“ie semiTliiusilzl

. vredliciion (by almost a factor of two). In *ne pricd covered oy
» this FReport, we have performed caiculetions tnat remove some 5f
° the drastic approximations in the "Niehaus" <heory, viz., the
i classical treatment of the receding photoelectron. Large-sca.e
~ tomputations on the NASA ARC facilities have been Inittlated +to
Ao

. carry ocut a completely quantum-mechanical calculation of PCI
.

i shifts. Unfortunately, AFOSR-provided computing funds nired at
-\. . .

RO the end of the last fiscal year, in September 1983, ar »ew funds
R

!:4

have not yet been transferred as of this writing. We extreme-

iy eager to complete these calculations to see if the more so-
phisticated theory reproduces the larger shifts which we observe.

We also plan additional measurements of PCI shifts in Coster-

Kronig 1lines arising from wide hole states, to gain additional

evidence on the magnitude of the shifts. [For a general survey of
synchrotron-radiation studies of atomic inner-shell physics, see

Sec. 3, Items 6 and 10]}.
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Gene E. Ice, Oak Ridge National Laboratory
;@ Hans Mark, National Aeronautics and Space Adminis<ra+
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Dr. Chen accepted a pos

National Laboratcry, as of 3 January 1984. He wil
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collaborate with our group at an appropriate level.
+ - ) ‘ . . ..
Dr. Tepperwien was forced to resign on account o0f _llness,

almost immediately upon his arrival from Germany.

x %
Dr. Tiwary hclds an 0.5-time appointment in our research group,

<
B anuary - une .
- 13 30 J 1984
.
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% 5. Interactions
X
i
i:' a) Papers Presented at Meetings, Conferences, etc.
Y 1. B. Crasemann: "Atomic Inner-Shell Physics with Synchrotron

Radiation." Colloquium lecture, SRI International, Menlo Park,

~ California, June 1983,

"{v 2. B. Crasemann: "Atomic Inner-Shell Transitions.” Invited
J
H review lecture, SAS-83 Symposium on Atomic Spectroscopy,
; Berkeley, 12-16 Septembr 1983.

i;i 3. B. Crasemann: "Investigations of Atomic Inner Shells with

'iaz Synchrotron Radiation." Colloguium lecture, Physics Uepartment,

f:ﬁ‘ University of Wisconsin, Madison, 30 September 1983.

A

rou.

”é} b) Concultative and Advisory Functions (5. Crasemann)

1§; 1. Assocjiate Editor, Atomic Data and Nuclear Data Tables

’%} (Academic Press).

Y 2. Proposal Review Panel, Stanford Synchrotron Raaciation

&)

iq Laboratory.
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e 3. Divisional Councillor and Member, Executjve Committee,
! tmerican Phvsical Society. Member of APS Publiications CTommittee,
WQ Committee on Committees, Fellowship Committee.

hCYA )

YRS N . . .
ﬁ; 4. Visiting Scholar, Physics Department, Stanford University,
-

SN

. and Stanford Synchrotron Radiation Laboratory, 1 January - 30

June 1983,
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the basis of self-consistent-fie,d (SCF! Dirac-

Fock wave rfunctions, the results depend »n tne gauge because of
the nunleocal qooten+tial in*troduced in the Lirac-Fock effective
Hamiltonian. L1 existing relativistic SIF czlculations 0f n-ray

emission probabilities have, hLowever, been carried ocut in <the
Coulomb or length gauge. Similarly, all relativistic calculazions
of radiationless (Luger or Coster-Kronig) transition probaulli
ties have heretofcre been based on the Mgller twc-electron opera-
tor, which Is in the Lorentz gauge. The question of gauge depen-
dence of relativistic radiationless transitions computed with SCF
wave functions has never been explored heretofore.

Because the calculated lifetimes of inner-shell vacancies
depend directly on the radiative and (mostly) radiationless tran-
sition protabilities that fill these vacancies, and x-rav emis-
sion probabilities are given by the former, it is of interest <o
examine whether the choice of gauge makes a significant differen-
ce in the theoretical rates and hence introduces a perhaps unsus-
pected uncertainty in the calculated results. We have therefore
calculated relativistic radiative and radiationless atomic Inner-
shell transition rates with Dirac-Fcck wave functions, using
matrix elements that correspond to different gauges. Radiative
rates computed in the length gauge were {ound to be larger than
Toulonb-gaugje recusts; for K-shell]l radiative widths, the differ-
e#nce is apprcximately 20% at Z=10 anc¢ falls %o 4% &t 2=3C; *tue
difference for L2 radiative widths is a factor of 2 at Z=18 and
approximately 7% at Z=48. Especially large ciscrepancies beitween

iength- and Coulomb gauge-results were found for radiative  :ran-
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sitions between levels with the same principal guantum number.
rates calculated in the Lorentz and Coulomb

SJaudes agree 1o vetler than 1% in all cases 1hat we tested; 1t is

irferred tha*t :n first-order perturkbaczion

-y e - 7. - -,
Tnecry The augARr ITale

is practicailly gauge-invariant. ‘See Sec. 3, Items 1, 7, 9].

b) M x-ray emission rates in Dirac-Fock approximation

A

ct

omic irnner-shel]l vacancies can be filled through either of
w0 majior types of decay processes---radiative or radiationiess.
Measurements of the spectra of resultant x rays or Auger elec-
trons can provide much information on atomic structure and dvna-
mics, given the reguisite theory for the.!r interpretation. Nume-
rous calculations of atomic radiative transiton rates have been-
performed, including recent computations that include the effects
of relativity and relaxation. Most of the existing calculations,
however, deal with x-ray emission rates associated with the
£illing of K- and L-shell vacancies. 0nly one calculation had
heretofore been performed on M-shell x-ray emission rates, and
this was based on Hartree-Slater wave functions and included only
5 elements. We have consequently undertaken a calculation of
ragdiative 1ttransition rates to M-shell vacancies, in both the
Couiomb and length gauges, for 10 elements with atomic numbers
hetween 2=48 and Z=92. The computations are rc¢lativistic, based
on  lTirzc-Forlh wave functions. As previously founc for K and L
che.so, lungth-gauge resulits exceed rates comnputed in the Coulonmd
Jauge, DBy approxnimately 34% at 2=48, with tne discrepancy de-

creasing *to 4% at Z=92 for the M1 shell, and by 44% at Z=48 to

3.5% at 2=92 for <+the MB cshell, DNirac-Fock rates calculated in *he




