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FOREWORD

In the past year, the Radiation Physics Section has enhanced its
strength considerably. With improved technical capabilities in all three
areas — electron scattering by molecules, photoabsorption and photoionization
processes, and peftinent theoretical studies — we now approach closer than
ever before our eventual goal: the elucidation of elementary mechanisms of
radiation actions.

A highlight of the electron-scattering program is the initial operation
of the electron energy-loss spectrometer (as described in paper 13 of this
report). After some effort directed toward its technical perfection, this
apparatus will generate important data for years to come. Another apparatus
that uses a trapped-electron technique has exhibited unprecedented versa-
tility in the study of electron-molecule collisions; different modes of opera-
tion of this single instrument enablle one to study resonances in low-energy
electron-molecule interactions (papers 30—32, 35, and 36), to measure the
excitation functions of individual excited states (paper 33), and even to clarify
the intricacies of ionizing collisions of electrons near the ionization threshold
(paper 34).

Studies on photon interactions with molecules have likewise been
successful. The absolute measurement of photoabsorption and photoionization
cross sections in the far vacuum-ultraviolet region is now well under way
(papers 17 and 18). We consider it a unique advantage to conduct both
electron energy-loss analyses and photoabsorption measurements in the same
group; cross-checking of the oscillator strength from the two independent
sources often helps us assess the data reliability and sometimes offers a new
insight into the physics involved (papers 14—18). The photoelectron analysis
has produced significant results on partial photoionization cross sections
(papers 21 and 22).

Theoretical studies have been extended in several ways. First, there
were serious attempts to improve theories that connect various radiation-

chemical yields to basic cross-section data (papers 1—3). Second, analyses



of the secondary-electron data (papers 4—6) now make possible a realistic
assessment of this crucial element in the theoretical prediction of primary
yields. Third, the application of a multiple-scattering method to molecular
electronic continua has demonstrated its power in systematic calculations of
cross sections for photoionization and electron scattering of molecules
(papers 28 and 29). Finally, we have extended the scope of our research to
include the spectroscopy of highly stripped ions (paper 41), a subject of
increasing importance because of the advent of heavy-ion accelerators and
also because of its relevance to controlled thermonuclear research.

We are proud of having played major roles in two important meetings.
Together with the Health Physics Division of the Oak Ridge National Laboratory,
we organized the Symposium on the Jesse Effect and Related Phenomena,
(Gatlinburg, Tennessee, November 1973. The Symposium honored Dr. W. P.
Jesse, a pioneer in radiation physics and an earlier head of the group from
which this Section has evolved, and provided an opportunity for fruitful dis-
cussion among workers in diverse fields ranging from basic radiation physics
to vacuum-ultraviolet laser technology. We were cspecially honored to have
Dr. Jesse at the Symposium, but were saddened by his death only about three
months later. A full record of the Symposium was published in Radiation Re-
search, August 1974, The Section also helped to ox‘g"anize a full-day sympo-
sium on the basic physics of the interactions with matter as a part of the
Vth International Congress of Radiation Research, Seattle, Washington, July
1974. The symposium was dedicated to the memory of the late Professor R. L.
Platzman, who was an early leader of our group, and whose tradition in radia-
tion research will continue to influence our activities for years to come.

. hkhkhkhkkkkik

The papers in this report are ordered according to subjects treated.
Papers 1—3 deal with theories of primary yields, 4—6 concem secondary-
electron spectra, and 7—16, collisions of fast charged particles. Papers
17—27 mainly treat photoionization processes, papers 28—-36, low-energy
electron collisions, papers 37—40, energy transfer from an excited species

to another molecule, and papers 41—47, other problems.
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THEORY OF THE IONIZATION YIELD IN GASES UNDER ELECTRON IRRADIATION”

Mitio Inokuti

The total number N;(T) of ionizations that an incident electron of
kinetic energy T causes in a pure gas obeys an integral equation known as the
Fowler equation. The present work shows that its solution closely approxi-
mates Nj(T) = (T-U)/ W, for T exceeding several multiples of the first ioniza-
tion energy I, where U and W, are constants having the energy dimension.
Simple formulas express U and Wj in terms of various cross sections for
electron inelastic collisions with a gas molecule. In particular, U —1I repre-
sents the average kinetic energy of a subionization electron.

Introduction
The total ionization in a gas plays a dual role in radiation research.
First, the possibility of its accurate measurements makes the total ionization

(1-3)

an important and now well-recognized basis of dosimetry. Second, its
microscopic interpretation providés an excellent opportunity of linking radia-
tion physics and chemistry with basic atomic physics. Ions are a major product
from any gas under irradiation, and chiefly (though not exclusively) stem from
initial processes of radiation action, i.e., from individual collisions of

(4)

energetic particles with molecules. Thus, quantitative prediction of the

total ionization vield represents a prototype study in our Section's endeavors
toward full elucidation of initial radiation-chemical yields in general. ()
Suppose an electron of kinetic energy T enters a gas and produces a
total of Ni (T) electrons until all electrons become thermalized. Then the ion-
ization vyield may be expressed in terms of the ratio W(T) = T/Ni (T), the aver-
age energy absorbed per ion pair formed. Any theoretical calculation must

(4)

include two ingredients: first, the determination of a. set of cross sections
for all energy-loss processes and secondary-electron production upon electron

collision with molecules, and second, some method of bookkeeping of various

* .
Part of this work was presented at the Vth International Congress of Radiation
Research, Seattle, July 1974 [abstract published in Radiat. Res. 59, 230
(1974)]. :



ionization events.

As for the first ingredient, recent years have seen considerable progress
in the physics of electron collisions, although our knowledge remains incom-
plete and imprecise in many respects. Indeed, much of our Section's effort is
being devoted to obtaining extensive and reliable data of electron-collision
cross sections from both theory and experiment. Work on the second ingredient

(6)

has been continuing for many years since the initial papers by Bethe and by

Bagge(7) but has barely attained the richness and maturity that should match
the current knowledge of pertinent cross-section data. Enhanced efforts to-
ward a bookkeeping solution, therefore, seem to be urgent, not only for a bal-
anced development of our understanding of radiation effects, but also for a
realistic assessment of the accuracy with which cross=section data should be
known for this purpose. |

With the above views in mind, our Section has recently embarked on a

(8.9)

series of studies.on the theory of W values. This article describes an
elementary method of bookkeeping and the succeeding article(s) presents

systematics of W for monatomic gases uncovered by use of the method.

An Approximate Solution of the Fowler Equation in the Simplest Case

The most straightforward method of bookkeeping uses an integral

(10)

equation for Ni (T) due to Fowler. Let cri(T) be the cross section for an
clectron with kinetic energy T ionizing a molecule in a gas which we assume -
to be pure. The ionization may result from various values of energy transfer

E from an. electron to the molecule. Suppose for simplicity that the molecule
has a single ionization—fhreshold energy I, and that the transfer of energy

E > I to the molecule always reéults in an ion, a primary electronlnow with
energy T—E, and a secondary electron with energy E —1. The (differential)
cross section dci (E,T)/dE for energy transfer E from an electron of initial energy

T characterizes that ionization process. Obviously we have

I (T+1) dcri(E,T)
Gi(T) = fI T dE , (1)



where the upper limit of integration implies the customary convention that one
calls the more energetic of the two electrons the primary, and the less ener-
getic the secondary; in classical terms, when the incident electron transfers‘
most of its energy to an atomic electron, the former nominally becomes the
"secondary" and the latter becomes the "primary." Let Gn (T) be the cross
section for an electron with kinetic energy T exciting a discrete state n whose

excitation energy (measured from the ground state) is En. The sum
cTtot(T) - 0i (T + chn (T) (2).

is the tolal inelastic-scattering cross section for an electron of kinetic energy
T. Tor convenience, we introduce probabilities of each event per inelastic

collision:

p_(T) =0 (/0. (D), | @)

ot |
p,(T) = Gi(T)/crtot(T) b | : (4)

and A
dpi(E,T)/dE = [dci(E,T)/dE] /Gtot(T) . ) (5)

Obviously, one has

= =1.. :

P (D +p,(D) =1 (6)

Then, elementary consideration shows that Ni(T) satisfies the Fowler equation
Ni(l) = pi('l') + Anpn(T) Ni(T—En)

z(T+)  dp(E,T)
+ If dE —gp — [N,(T—-E) + N (E-D] . (7)

As soon as the coefficients pn(T), pi(T) , and dpi(E,T)/dE are known,
one can in principle solve Eq. (7) by starting with

Ni(T) =0 for T< 1, (8)
and by ascending in T. Thus, in the initial step, one finds that
N, (T) = p,(T) for IST<I+E, , | (9)

Where E 1 is the first excitation potential of the gas.



The foregoing formulation rigorousl}; applies to a gas with a single
ionization potential; modifications to account for pre-ionization, several ion-
ization potentials, and multiple ionization are straightforward though somewhat
cumbersome to describe in full detail, as we shall see in the next section.

In the present section we shall presume that the single-ionization schemati-
zation [Eq. (7)] is adeqﬁate, at least as a first approximation.

Equation (7) has been numerically solved in several examples. (11-19)
Inspection of these authors' results impresses one with a few striking features
of the solution Ni(T) as a function of incident energy T, as seen in an example
for He (Figure 1). It is true that Ni (T) for T not greatly exceeding I shows in
general an erratic trend that clearly reflects a complicated hehavior of the
cross sections, Ui (T) and Gn (T). But Ni (T) closely approxima"tes a linear
function of T as soon as T exceeds a few multiples of I, and the asymptotic
slope corresponds to W_1 gt high T. Furthermore, if one extrapolates the
high—T (asymptotic) linear behavior back to lower T, one invariably finds that
the asymptote intercepts the T axis at some point T = U > 0. In the example

" of He, shown in Figure 1, the intercept energy U is about 12 V.

Then it is natural to lookvfor an approximate analytical solution of the

form

N, (T) = (T-u)/w, (10)

for T exceeding several multip}es of I, where Wa and U are constants (both
having the dimension of %nergy) to be determined optimally, i.e., so that
the right-hand side of Eq. (10) may best approximate the true solution N, (T
in some sense.

If one inserts Eq. (10) into Eq. (7), one gets
| (T - U)/Wa =p, (D +Z (T-U- En)pn(T)/Wa
+ (T%I—ZU)pi(T)/Wa . ‘ (11)

Rearranging terms and taking note of Eq. (6), one can readily solve the above

equation for Wa to obtain



I T T T .
4 FIG. 1.--An example of the numer-
ical solution of the Fowler equation.
3l i The number N;(T) of ions produced
in helium by an electron of initial
N energy T is plotted as a function
Eor - of T. The data were taken from
= Miller. (14) The broken straight
line shows an extrapolation of the
IF 7 asymptotic behavior and intercept
with the horizontal axis at about
ol | | | | T=U=12 eV.
0] 50 100 150 200
T/eV
w_ = ZnEnpn(T)/pi(T) +I+0U . o . (12)

Admittedly this equation is not rigorously valid because the right-hand side
depends upon T, whereas Wa is a constant by éssumptiqn. In other words,
Eq. (10) does not represent an exact solution. Yet this logical inconsistency
is not at all serious in practice. The T dependence of the first term at suf-
ficiently great T is very weak. More precisely, it is given for an electron

of velocity v = Bc according to the Bethe theor‘y(s' 20.21) by

2 2 2 v
ZnEnpn(T) ) Rfex-[ In[B"/(1~B7)] -B"}+ Cax

_ ] (13)
p,(T) Miz{ n [8°/(1 - 8% -B%) *C

. where fex is the total oscillator strength for discrete excitation, M12 is the
squared dipole-matrix element for ionization measured in units of the squared
Bohr radius, R is the Rydberg energy, and Eex and Ci are constants. Thus,
it is justifiably understood hereafter that the right-hand side of Eq. (12) is
to be evaluated at a great value of T, say greater than 10 keV, and it may

be assumed that the result is insensitive to the T value.



More importantly, Eq. (12) remains incomplete as a prescription for
evaluating Wa until one knows how to determine U. A method of determination
of U emerges from the following critique of our procedure.

So long as T greatly exceeds I (and, therefore, every En) , as well as
all E at which dpi (E, T)/dE is appreciable, it is reasonable to insert the as-
sumed asymptotic form Eq. (10) into terms Ni(T) , Ni (T —En) , and Ni (T—E) in

"Eq. (7). But it is an unreasonable approximation to use Eq. (10) in the last

term Ni(E —1I) of Eq. (7) because the argument E — I is not necessarily much
greater than I, but may even be smaller than I. Thus, our use of Eq. '(10) in
Eq. (11) must have caused some errors, chiefly originating in the last term
Ni (E—1I); the major inconsistency that resulted from the use of Eq. (10) in

Eq. (7) is the difference

3(T+1) dp, (E, T)

3T+D)  dp,E,T)
- f dE — (E—I—U)/Wa. (14)
I ‘

To obtain an estimate of D, one should first recall Eq. (8) and recog-
nize that the first integral really extends over the interval 21 < E < $(T+1).
In this interval it should not be grossly yvrong to replace Ni(E —1I) by
(E-I- .U)/Wa because the argument E —I at least exceeds I (though not many

multiples of I). Thus, a first estimate of D is

21 dpi(E,T)

D, = —{ dE —gp— (E—I-—U)/Wa. : (15)
Demanding that D, =0 leads to
U= Eil -1, , ‘ (16)



where

21 dp.(E,T) 21  dp.(E,T)
E = [ dEE ——— dE ———— 1

is the average energy transfer for those ionizing collisions for which
I< E < 2I, i.e., for which the ejected electron is energetically incapable of

further ionization. Substituting Eq. (16) into Eq. (12), one obtains

W = ZnEnpn (T)/pi(T) +E; (18)

a
an expression to be used in the numerical work of the next report. (8)

Parenthetically, it may be noted that the use of Eq. (9) in a similar

argument gives a better estimate of D as

ZI+£11 dpi(E,T) »
D,= — If dE — gz — (E-I-T)/W_
21+E1 dpi(E,T,) _
+ f dE —dE pi(E—I) . A (19)
21
Again demanding that D2 = (0, one obtains
U=E, —rW -I, (20)
where ‘
ZI+E1 dpi(E,T) ZI+E1 dpi(E,T)
El, = Tf dEE —z— If dE —q5— (21)
and . ‘
21+E1 dpi(E,T) ZI+}31 dpi(E,T)
r= f dE “4E pi(E —'I) f dE 4 (22)
21 / I
Combining Eq. (20) with Eq. (12) and solving for Wa' we obtain
, » _
3 — z ] .
W= (1+0) 7" [Z E p (D/p(T) + E},] (28)

This expression is undoubtedly more accurate than Eq. (18) but is far more
complicated to use numerically. I shall defer further treatment of Eqs. (20)-(23)
until another occasion.

Instead, let us examine some consequences of the first estimate given

by Eqs. (16)—(18).



To test the accuracy of my theory I have evaluated U of Eq. (16) using
the current data of dpi(E,T)/dE, mostly summarized by Kim. (22,23) The result-
ing U may be compared with the intercept of the asymptotic Ni(T) obtained by
various authors through numerical solution of Eq. (7). Table 1 presents this
comparison. The satisfactory agreement of the U values from Eq. (17) with the
literature values demonstrates the correctness of the theory. [Notice also

that U values show no obvious correlation with I. Thus, the relation

(12)

Ni (T) «c T—1, casually alluded to by Erskine and also claimed by Herring

(13)

and Merzbacher, is grossly misleading. Presumably that claimed relation

is a consequence of the particular set of cross-section data used by these

(13) (11)

authors. Knipp et al. certainly considered Eq. (10) as an approximate

solution but failed to identify the optimal choice of U. ]
' Equation (18) permits a simple intuitive interpretation. The first term
on the right-hand side obviously is the average energy wasted per ion pair in

exciting discrete levels of gaseous molecules. The second term, Ei , re-

1
presents the average energy needed in an ionization event. Clearly an electron

‘must spend at least I to cause an ionization: the difference E11 —I=7TU is the

average kinetic energy of an electron no longer capable of further ionization

and closely approximates (though slightly exceeds) the average energy of a

(24)

subexcitation electron. The recent work of Douthat and of Fano and

(25)

Spencer corroborates this interpretation.

(26)

A relation of my theory with Fano's pioneering work must be pointed
out. Through an ingenious and intuitive argument he wrote down as an expres-

sion for W at high T [his Eq. (3)]

Wp={Z E p (T) +E, P, (D) +Ip,(D}/p,/(D), - (24)
where 21 dpl- E,T)
pil(T) = If dE 4 | (25)

is the probability that an ionizing collision creates a secondary electron that

is no longer capable of further ionization, and

piz(T) = pi(T) - pil(T) : (26)



TABLE 1. Values of U in Eq. (10) - It is appropriate to

Species U in eV evaluated Numerical solution of the Fowler equation compare Fano' S WI_-. With
by Eqs. (16) and (17) U in eV Author(s)
e W_ because both are sup-
H 3 4 Knipp et al. (15) a
Dalgamo and Griffing posed to give the asymptot-
(14)
He 9.5 12 Miller
Douthat (24) ic W value at high T. Note
(17)
H 14 15 Jones . -
2 Jones _16) that Eq. (24) can be re
Ar 11 - 11 Egarter 19 cast in the form
W_=2% E T/p,(T) +1+ (€, —D)p, (T)/p.(T) . 27
P =S E P (D/p (D) + 1+ E, ~Dp,, 1D/p D (27)

Comparison with Eqs. (12) and (16) shows that Fano's expression correspbnds
to choosing for U '
Up = (Ei1 -1) pil(T)/pi(T) . (28)

By the definition of pil(T) [Eq. (25)] UF is always smaller than U of Eq. (16),

and, therefore, WP

Fano's theory underestimates the energy wasted in producing subexcitation

is also smaller than Wa of Eq. (18). In other words,

electrons. Indeed, his result for He (38 eV) is considerably smaller than the
accurate values 45 to 46 eV obtained by Miller(14) and by Alkhazov. (16) To
avoid misunderstanding, I note here that Fano never discussed the intercept
U of the asymptotic Ni(T) with the T axis; Eq. (27) for UF was given solely for
close comparison with the present treatment.

Finally, a practical significance of the present résult may be indicated.

Equation (10) gives an average energy per ion pair
W(T) = (1—U/T)'1 W ‘ - (29)

an expression for T-dependent W valid at T >> 1. Evaluation of U by Egs. (16)
and (17) is straightforward once fhe‘ secondary-electron data for dpi (E,T)/dE

are at hand; otherwise U can be reasonably inferred from photoionization cross

\(22,23)

sections by Kim's method." If one substitutes Wa in Eq. (29) an experi-

mental W value at high T (which is known for many gases), then one obtains
a .prediction for W(T) at lower values at T, i.e., for a quantity of vital im-

portance that is begiﬁning to be experimentally accessible only recently. (27-29)
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Further work in this direction is in progress.

The Fowler Equation in a Generalized Form

The treatment in the previous Section was limited, deliberately for
clarity of presentation, to an ideal gas having a single ionization energy. For
any real gas, one'must face at least three complications: a) the dissociation
occurring in competition with pre-ionization (or autoionization) as emphasized

(30,31) b) the presence of many ionization thresholds correspond-

by Platzman,
ing to different (vibrational and electronic) states of an ion, and'c) the pos-
sibility of multiple ionization in a single elec¢tron collision. Let us consider
how these complications can be incorporated into the Fowler equation and its
approximate solution. |

It is simple to account for complicatibn a). For this purpose, any non-
ionizing collision may be grouped together with discrete excitations because

it gives rise to no new electron. Therefore, one can simply incorporate all

nori:ionizing collisions into the second term Zn pn (T) Ni(T - En) on the right-

“hand side of Eq. (7). The only new features are that En may now exceed the

first iloni'zation energy and that the summation may, in effect, include integra-

tion over a continuous spectrum of En. This modification clearly necessitates

no appreciable change of the treatment of the last Section, and, therefore,

we merely stipulate in what follows that the term Zn p‘n(T) Ni (T - En) includes
contributions from all non-ionizing collisions. (Likewise, contributions from
pure vibrational and rotational excitations may be included, but they are
usually negligible at high T..) :

It is also easy to see the influence of complication b) upon the Fowler

equation. Different ionization thresholds I, , where k = 1,2,3,..., merely

cause the third (integral) term té be replace]:i by a simple sum of terms having
the Same analytic structure.

Complication ¢), in contrast, is somewhat more tedious to treat. Sup-
pose that an electron of kinetic energy T collides with.a molecule and that

1 T2’ and T3

, T3;T) per inelastic collision. Let the threshold energy for the

three electrons of energies T emerge with probability

(2)
T (T1 , T2
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(2)

double-ionization process be I'"’. -Then the total double-ionization probability

pi (2). (T) per inelastic collision is

()

o, P = [ff arjar,ar,=? @1, 150 30)-

2

where the integral is taken with the condition

T, +T, +T =T—I(z).

1 T T (1)

The same process gives rise to new terms of the form

2, 2@ + [ff araryar, P 1 mim N @)+ N @)+ N @]

2

in the right-hand side of the Fowler equation, Eq. (7).

" 'With the above preamble it may be appropriate now to introduce a
generalized Fowler equation that incorporates complication a) implicitly, as
well as complications b) and ¢) ekplicitly. Suppose that an electron of energy
T causes an m-fold ionization resulting in m+1 electrons having energies
T1 ' T2 fe e ’Tm 41 This m-fold ionization may leave the resulting ion in any
of its quantum states to be designated by label k; each ion state thus has an
ionization threshold I (m) .

k
above-described process may be written as w

The probability (per inelastic collision) of the

(m) .
K (Tl""Tm+1'T)' The total
probability (per inelastic collision) of m-fold ionization leaving the ion in its

kth state is then

(m)

[...f dTl...dTm+11rk(m)(T1,...Tm+1;T)=pik (1) . (32)

The total probability of m-fold ionization regardless of the ion state is

(m)

%o, Mm=p ™. | | (33)

Finally, the gross ionization, or the expectation value of the number of ejected

electrons per inelastic collision is

T, ™ @ = b (1) | 39)
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and the total probability of an ionization event per inelastic collision is

(m) .\ _ .
YmPy (D= DD . (35)
Then, the Fowler equation in a general form becomes
_ (m) _
N (1) =), mp " (D) +) » (NN(T-E)
_ (m) . m+1
Flml S AT AT T (T1"“'Tm+1’T)H=1 N (T
| (36)
where the (m+ 1)-fold integral in the last term is subject to the energy-
¢onservation relation
m+1 (m)
), T, =T=1I . (37)
p=1 M k

Inserting again Eq. (10) into Eq. (36) and using Eqgs. (6), (32), (33),

- (34), (35), and (37), one obtains

w_ = z E Pn(D/py (T) + Ly, + U, (38)

where an average ionization energy IAV is defined by

(m) m ., ~
Ly = Dk P/ DD Py (@b, (D) (39)

The argument leading to the determination of U proceeds in the same

. way as we arrived at Eq. (17). The first estimate D1 for the inconsistency

arising from the use of Eq. (10) now becomes

| ] ( |
- Dy- Dl S Ty fAT_m m) (Tyveee T, 3T

m+1 A

%:1 (T, -v)/wW,_ . (40)

where the (m+1)-fold integral is to be taken over the domain defined by
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m+1 (m) -
T =T- Ik (41)
p=1 " ~
and _
(1) ‘
T < I1 for every p. (42)
Il(l)being the first ionization threshold for single ionization. Again demanding

D1 = 0, one obtains an expr}ession for an optimal U, similar to Eqs. (16) and
(17). In other words, U remains to represent approximateiy the averagé energy
of a subexcitation electron.

We have thus seen that the three complications necessitate no _funda— .

mental modification of the theory at all.

Concluding Remarks

The present theory should be a significaht improvement over the Fano
theory, and yet both theories are equally easy to apply. Numerical conse-

quences of the two theories for many monatomic gases are examined in the
following article. (8)
of Eq. (17), or more fundamentally,

1
of dpi(E,T)/dE for I < E < 2I, in theory of W(T). As Kim,(22'23) points out in" -

We ha§/e seen the key role of Ei

many instances, current secondary-electron measurements suffer from con-
siderable uncertainties precisely in that interval. I sincefely wish to see the
measurements improved in this respect. |

It is desirable to compare closely the present theory with other approxi- -

(32-35)

mate bookkeeping methods based on continuous slow.i.ng—down approxi-

mations. Work in this direction is in progress.

(4,5,14,17-19, 33) other than ions

Finally, the yield of initial species
(e.g., a particular excited state or a dissociation product) should be amenable
to'an analysis similar to the present treatment. Extension of the work in this
direction will establish a close link of various cross-section data with radiation

chemistry.
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' sp'ectral. data generated in our earlier work.

SYSTEMATICS OF THE IONIZATION YIELD IN MONATOMIC GASES UNDER
ELECTRON IRRADIATION™

Mitio Inokuti, J. L. Dehmer, and Roberta P. SaxonT

We have applied the Fano theory and the theory of the foregoing
article to all atoms in the first two rows of the periodic table. Results show
significant systematics hitherto little explored.

Introduction

(1)

As an initial application of the theory of the foregoing article, we
have chosen to study all monatomic gases in the first two rows of the periodic
table. The motivation for this choice is manyfold.

(2)

First, the W value of monatomic gases has so far remained unknown,

(3)

excépt for rare gases and mercury vapor. On the basis of the data on rare
gases alone, one might quickly hazard a naive assumption that the ratio W/I
would be about 1.7 for all atoms. As we shall demonstrate below, W, as well

as W/I, actually shows great variations from one atom to another, and clearly

- reflects the atomic shell structure.

Second, despite readily understandable obstacles in its direct measure-
ment, fhe total ionization in monatomic gases (other than rare gases) has
practical significance in some applications such as discharge and plasma
formation. In particular, the total ionization in the sodium vapor is pertinent

to some aspects of liquid-metal breeder reactors such as boiling phcnomena

-and radiation monitoring.

Third, basic data for monatomic gases are conveniently available for

use. Specifically in the present work we have used a comprehensive set of

(4)

Also, monatomic gases are

" simpler to treat theoretically than polyatomic gases because of the absence

*
Part of this work was presented at the Vth International Congress of Radiation
Research. See abstract published in Radiat. Res. 59, 230 (1974).

TPresidential Intermm, RER Division, February 1972 —February 1973. Present
address: Stanford Research Institute, Menlo Park, California 94025.
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of molecular internal degrees of freedom; it is a good approximation in mon-
atomic gases to assume that any energy transfer exceeding the first ionization

threshold results in ionization, while that is not so in polyatomic gases. (5.6)

Expressions for W

We recapitulate below some of the defintions and formulas of the fore-
going article. (1) |
An electron of kinetic energy T excites an atom to its discrete state n

at excitation energy Erl below the first ionization threshold I with the prob-
ability pn (T) per inelastic collision. The same electron ionizes the atom with
the probability pi(T) per inelastic collision. This probability is an integral of
the differential ionization probability dpi (E,T)/dE for a specified energy trans-
fer E over the interval I < E < £ (T+1).

(1)

The theory of the foregoing article gives the average energy W(T) per

ion pair generated by an incident electron of kinetic energy T >> I as
wm = (1-u/D7"wW_ . | (1)

Under the assumption of a single ionization threshold, U and Wa are evaluated—
by ’

and

w_= ), E P (I/p (D + Eq . | ©
where 21 dpi(E ,T)

Bi1 = If dEE —gg ./ Py (@D ' ?
and 21 dp, (E,T) |

Py (D) = fI dE 48 ¥

The Fano theory(7) gives for W(T) at high T
Wp= [ E P (D +E, P (D +1Ip,M1/p(D (6)

where Ei and P, 1(T) are the same as above and

1
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Py (T) = pi(T) - pil(T) . | (7)

We may consider WF as being on the same footing as Wa because

both represent an asymptotic value of W(T) as T — .

Choice of Cross Sections

(7)

We follow Fano

dpi (E,T)/dE at T >> I. According to the Bethe theory

in assigning the probabilities pn(T) . Py (T), and
(8,9) all inelastic col-
lisions of an electron with an atom may be classified into two kinds: glancing
(or dipole) interactions, ‘and hard (or knock-bn) collisions. The former is
quantitatively described by the relevant oscillator strength, and the latter may
be reasonably evaluated by use' of the Rutherford formula with modifications to
account for the electron'binding to the atom. In the following brief sketch we
shall use several notaticjns and concepts from Inokuti's review article(lo) on
the 'Beth’e"theory . |

’ Notice first that the Bethe expression for all ine].astic—scatterihg Cross

0
is the Rydberg energy), and that this factor drops out in the probabilities

~ sections has a universal factor 4w aozR/T (where a, is the Bohr radius and R

pn(T) , pi(T) , and dpi(E,T)/dE. In the present article we shall presume that T
1s much greater than the tirst ionization threshold but is still small enough to
allow the use of nonrelativistic formulas.

f‘or T >> I, the first term of Eq. (3) or Eq. (6) ;’nay bhe written as

Z N
nEn pn(T) _ Rfex In (4cexT/ R)

(8)

In the denominator of the right-hand side of the above equation .
_ 00 : '
2
M, = [ (R/E) (di/dE) dE 9)
I
is the integral of the dipole matrix element squared for ionization, and ci is

definéd by
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w .
Mi2 Inc, = If (R/E) (df/dE) In cpdE | (10)

A ‘where df/dE is the density of the dipole oscillator strength per unit interval of

the energy transfer E and c_, is the second parameter that characterizes the

E~
Bethe expression and depends upon the generalized oscillator strength (see

Sect. 4.1 of Ref. 10). In the numerator of Eq. (8)

ex=znfn (11)

' N
is ‘the total oscillator strength for discrete excitation and cex is defined by

f Inc =3 f lnc , . (12)
ex ex nn n .

c. ~y
where qn is the analog of CE for discrete excitation. Note that In cex is the
E with weight
~n
(R/E) (df/dE). To keep this distinction in mind, we let the notation C,, carry

average of In Cn with weight fn' while In ci is the average of Inc

the tilde.

Similarly, E,, of Eq. (4) may be written for T >> I as

i1

) Rfil 1n (_4ci1 T/R)
Ei1 = 2 ’ ' (13)
M, In (4ci1 T/R) . .

where
2 2 |
M, - If (R/E) (df/'dE) dE , o (14)
M “Inc, = _sz(R/E) (df/dE) Inc._ dE ' (15)
i1 i1 4 SR - :
21 .
£, = If (df/dE) dE , (16)
. 21
f,lnc, = If (d£/dE) Inc dE . (17)
Again obseérve the difference between cil and gi 1

Rigorous e\}aluation ‘of all the ¢'s requires complete knowledge of the

generalized oscillator strength. In the present work we follow Fano's
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(7)

choice
Inc  =1In(R/D) , (18)
ex
Inc, =In(R/D + ZR/(IMiz) , ‘ (19)
1n'c‘:'i1 = In(R/D) + ZIn 2/, (20)
Inc.. =In(R/D) +ZR/(2IM..2) , | ‘ (21)
il il ,

where Z is the atomic number.
Substituting Egs. (18)—(21) into Egs. (8) and (13) and using the result

in Eq. (3), we obtain

w fe PN f.1>\+Zln2
R * =3 : (22)
' Iin A + ZR/T IvIil A + (RZ/21)

where ‘

x=1n4T1/T) . : ' (23)
Similarly, Fano(7) obtained from Eq. (6)

2 2 1
We o [ tfy * WR WM™ = MO A +Z(z+In2)
R 2 . (24)
Mi N\ + ZR/I

We can now evaluate Egs. (22) or (24) as soon as we know fex’ fil'
Mi 12, and Miz, quantities that depend on the spectral distribution of the di-
pole oscillator strength only. We have used the spectral distribution (4) ob-

tained from the Hartree-Slater model for all atoms in the first two rows of the

- periodic table and computed the four spectral properties. Table 1 presents

these values, and Table 2 presents Wa values from Eq. (22), as well as WF

values from Eq. (24), both evaluated for T = 10 keV. Because both Wa and

. W_ are insensitive to T exceeding several keV, we may consider them virtually

F .
the same as the W value for electrons with any higher energies.

Figure 1 shows a plot of W_ and W_ against the atomic number Z. It

a (11,13)

also includes experimental W values for He, Ne, and Ar, as well as

theoretical values obtained by solving the Fowler equation numerically. (13-18)

The Wa value is greater than the‘WP value of each atom, as it should be, and
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TABLE 1. Values of Spectral Properties Pertinent to the W Value @)
2 2 2
Atom fex f11 f1 Mex Mi2 Mi ,
H 0.5650 0.335 0.4350 0.7166 0.279 0.2834
He 0.4935 0.8995 1.506S 0.3229 0.3917 0.4992
Li 0.7760 0.0673 2.2240 5.3703 0.1162 0.4946
Be 1.3644 0.1500 2.6356 5.1660 0.1708 0.5048
B 1.7321 0.4654 3.7332 0.8499 0.7018 1.3613
C 1.0202 0.8752 4.9798 0.6322 0.9434 1.7741 !
N 0.2981 1.6317 6.7018 0.4336  1.5211 2.4661 : ’
(o] 0.2636 1.6404 7.7364 0.3081 1.1648 2.1734
F 0.2372 1.6050 8.7628 0.2307 0.9057 1.9444
Ne 0.2236 1.5429 9.7764 0.180S 0.7131 1.7601
Na 0.9796 0.0025 10.0204 6.3414 0.0042 1.2427
Mg 1.8909 0.0073 19.1091 7.6758 0.0110 0.9429
Al 0.7804 1.8601 12.2196 3.1944 4.6420 5.4789
Si 1.1211 2.1871 12.8789 3.0340 3.8918 4.6720
P 1.2204 2.7162 13.7796 2.4529 3.6726 4.3999
S 1.8518 3.3517 14.8148 1.8552 3.5891 4.2721
Cl 1.3375 3.7803 15.6625 1.3953 3.2461 3.8907
Ar 4.7100 4.7100 17.0418 1.0412 3.4329 4.0444

(a)

All the data (except those for hydrogen) are based on the Hartree-Slater
model. For completeness, this table includes the total dipole matrix
element squared for discrete excitation

2 _
Mex - Zn(R/En) ‘

a quantity that has not been used in the present work.

is closer to experiment for He, Ne, and Ar. The difference Wa —WF is ap-

preciable for the first-row atoms, and is especially significant for neon. For

the second-row atoms, Wa differs only little from W_. Figure 2 shows a sub-

F
stantial discrepancy for Ar between experiment on the one hand and either Wa

or WP on the other hand. This discrepancy is in part attributable to the cross-

section aséignment, as opposed to the bookkeeping method. We shall soon

clarify this point by re-evaluation of Wa and WF from more accurate cross-
(1:5) [Such a re-evaluation was done for Ne by use

(16)

section data by Eggarter.

of the accurate spectral distribution adopted by Saxon; the result is

Wa= 32.5 eV and WP= 27 .9 eV.

to the Hartree-Slater-model distribution, W values naturally come out likewise;

Because the Saxon distribution is rather close

the discrepancy still remaining between Wa and experiment is probably attrib-
utable to our schematic treatment of hard collisions [Egs. (18)—(21)].

With these qualifications in mind, we still emphasize that the marked
Z-dependence seen in Figure 1 is realistic. The W values show prominent

maxima for fully closed shells (Z = 2, 10, and 18), and secondary maxima for
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TABLE 2. Values of LA [Eq. (22)] and Wp
[Eq. (24)] Evaluated for T = 10 kev(@)

Atom W_ in eV wa in ev WP/I Wa/I

F
H 35 36 2.6 2.7
He 39.4 41.7 1.68 1.78
Td 14.3 15 A ?2 AQ ? R4
Be 24.1 25.9 2.94 3.17
B 14.8 18.4 2.22 2.76
o] 15.7 17.4 1.75 1.94
N 14.7 16.1 1.28 1.41
(o) < 18.0 20.5 1.27 1.44
F 21.4 25.1 1.26 1.48
Ne 25.0 29.9 1.25 1.50
Na 8.8 10.1 1.72 1.96
Mg 14.9 16.5 2.16 2.40
Al 6.7 7.0 1.37 1.43
si 8.5 10.0 1.45 1.53
P 12.1° 12.8 1.45 1.53
S 14.7 15.5 1.43 1.50
Cl. 18.0 19.1 1.46 1.55
Ar 19.9 21.1 1.37 1.46

(a) To compute the ratios W,/I and Wg/1 for

each atom (except hydrogen), we used for
logical consistency the ionization energy I
given by the Hartree-Slater model, (4)
rather than the spectroscopic value.

nominally closed shells (Z=4 and Z = 12).

50 T T T T T T T T T

T

30

W/eV

20

FIG. 1.--Values of W5 and Wy
plotted against Z. Better theoret-
ical results (shown by squares)
for H by Dalgarno and Griffing (13)
for He by Miller, (14) and for Ar
by Eggarter, (15) as well as re-
presentative experimental values
(shown by circles) for He, Ne,
and Ar, are included for compari-
son. For He, the greater of the
two experimental values is due to
Bortner and Hurst(11) and the
lesser is due to Jesse and
Sadauskis. (12)

There are systematic variations also in the ratios Wa/I and WF/I, as

seen in Figure 2. These ratios tend to be smallest in the neighborhood of rare

gases —'a behavior understandable from their substantial fraction of the oscil-

lator strength at high E in the continua.

The maxima of the ratios for Be and

Mg, in contrast, must be due to the strong oscillator strength for the resonance

transition in these atoms. The above trend qualitatively explains the Jesse

measurement, (3) WwW/1 = 2.27 for Hg, an atom in the same column of the
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FIG. 2.--The ratios W5/T and Wg/I
plotted against Z. To compute these
ratios for each atom (except hydrogen),
we used the ionization energy given by
the Hartree-Slater model. (4) However,
data points for better theoretical re-
sults (11-13) (shown by squares) and for
experimental results(11,12) (shown by
circles) correspond to the ratios ob-
tained by use of the spectroscopic
ionization energy.

W/l

periodic table as Be and Mg.
(7)

The last point was indeed made by Fano,

o (2)

example, and also by Platzman,

who cited lithium as an
who referred to alkali-metal atoms in
general (in his footnote on p. 122). Now that experimental data, e.g., sum-

(17) (18) on df/dE are at hand, one

marized by Marr and by Hudson and Kieffer,
should be able to treat this point more quantitatively and realistically than we
have done in the present work. We plan to report additional work on this

aspect in the future.

Outlook

Although we have made substantial progress, much remains to be done.
Our plans for work in the immediate future include the following.

First, we can easily improve the assignment of the c values beyond
those of Eqs. (18)—(21). The improvement will make full use of the general
properties known about cn and cE (e.g., the sum rule(lg) oéolnglf)uti, Kim, and
Platzman), and will also take advantage of Kim's analyses of data on
dpi(E, T)/dE.

Second, the approximate solution of the Fowler equation can be readily

(1)

applied to molecules after some modifications. So long as the cross section

23
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assignment by the Fano method is justified, we can then calculate W values

by use of experimental data on the spectral distribution, which are now avail-

able in the literature for many basic molecules such as Oz, NZ' and CH4 and
0.

HZ
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CALCUILATIONS OF ELECTRON DEGRADATION SPECTRA

D. A. Douthat®

We are extending recent calculations of degradation spectra in helium
in order to test the sensitivity of the spectra with regard to the selection of
cross-section data.

The degradation spectrum (DGS) of particles in an irradiated medium
is just the distribution in kinetic energy of free particles in the medium. The
DGS is perhaps the most fundamental piece of information in a description
of the complete radiation field acting on the system. Recent studies(1_4)
have focussed on electron degradation spectra, and a few complete spectra
now exist, -

In view of the labor required to assemble the necessary data for the
calculation of spectra (a complete set of inelastic-collision cross sections
. over a broad energy range) the sensitivity of calculated degradation spectra
with regard to the various cross sections is important. The Spencer-Fano
method, (5) which is valid for energies greatly in excess of the ionization
energy, is based on .the insensitivity of spectra with régard to the detailed
form of small energy losses and consequently requires knowledge only of the
stopping power and the "hard" collision cross section. Klots and Wright(l)
found the continuous slowing-down approximation to be accurate to within
about 1U% for all energies tor their model cross sections.

We are currently calculating electron degradation spectra for gaseous
- helium usincj various "model" cross sections in an efforf to answer the fol-
lowing questions: 1) How sensitively do calculated spectra depend on the
input data? 2) What constraints should approximate cross sections meet in
order to enhance the reliability of the resulting spectra? and 3) What is the
best "prescription, " given the currently (limited) available data (e.g., cross

sections, mean excitation energy, mean energy per ion pair), for the

. ,
Kennedy-King College, Chicago, Illinois. Consultant, RER Division,
Argonne National Laboratory. '
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calculation of degradation spectra? Optimally, of course, spectra are calcu-

lated from a complete set of inelastic-collision cross sections which are, in

turn, based on a survey of all existing data, but such sets are available

only for He, H

(6—10)

2t and Ar.

The construction of model cross sections and analysis of results will

be done in collaboration with Dr. Y.-K. Kim and Dr. Mitio Inokuti.
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ENERGY DISTRIBUTION OF SECONDARY ELECTRONS.
I. CONSISTENCY OF EXPERIMENTAL DATA*

Yong-Ki Kim

The energy distribution of secondary electrons ejected by fast charged
particles from free atoms and molecules should show certain qualitative
features according to theory. Recent electron-impact data by Opal, Beaty,

(1)

and Peterson indeed exhibit these features clearly. The spectrum of fast
secondaries tends to agree better with the Mott cross section than with the
binary-encounter theory with the corrections for the initial momentum distribu-
tion of bound electrons. A method is proposed for extraplating the secondary-
electron spectra to ranges where experiment becomes difficult (e.g., for very
slow and very fast secondary electrons). - With this method, secondary-
electron spectra can be put easily on an absolute scale., provided that reliable
total ionization cross sectiohs are available. The method applies also to the

analysis of experimental data on electrons ejected by fast heavy particles,

such as protons and alpha particles.

Reference

1. C. B. Opal, E. C. Beaty, and W. K. Peterson. Atomic Data 4, 209
(1972).

*

Abstract of a paper published in Radiat. Res. 61, 21-35 (1975). See also
Bull. Am. Phys. Soc. 19, 82 (1974) and Argonne National Laboratory Radio-
logical and Environmental Research Division Annual Report, July 1972~
Tune 1973. ANL-8060, Part I, p. 55. '
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SECONDARY-ELECTRON SPECTRA*

Yong-Ki Kim

A simple but powerful method for constructing a consistent set of

secondary-electron spectra is illustrated through its application to H,.0 and

2

10 keV are presented in Figure 1.

ized to O,
ion

2

N,. For Nz, recommended speéectra for incident-electron energies ot 50 eV to
The area under each curve has been normal-

for corresponding incident energies T. The expected position and

width (but not the amplitude) of KLL Auger peaks are indicated. The area under

the Auger peaks should be proportional to the sum of the total cross scctions

for ionization and excitation of K electrons. The spectra between the ioniza-

tion threshold and R/E=0.832 (W= 0.77 eV) would depend on the energy reso-

lution owing to the sharp autoionization peaks and rapidly changing ionization

efficiency in that region. The shaded area is proportional to the number of

secondary electrons with kinetic energies less than the first ionization poten~

tial, viz., 15.58 eV.
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FIG. 1.--Secondary-electron spectra
of Ny for electron impact. do/dw =

_energy distribution of secondary

electrons; W = kinctic energy of the
secondary electron; E = W + first ion-
ization potential; T = incident electron
energy; R = Rydberg energy (13.6 eV);
a = fine structure constant; B = inci-
dent electron speed/'spegd of light;

ag = Bohr radius (0.529 A); Oion =
total ionization cross section.
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In the construction of the recommended spectra for N

2
impact data of Opal, Beaty, and Peterson(l) have been revised through renor-

, the electron-~

malization and extrapolation over some ranges of variables not covered in their
data. The spectrum for T = 10 keV in Figure 1 is a theoretical prediction based

on the revised experimental data for lower incident-electron energy.

Reference

1. C. B. Opal, E. C. Beaty, and W. K. Peterson. Atomic Data 4, 209 (1972).

*
Summary of a paper presented at the Fifth International Congress of Radiation
Research, Seattle, July 14-20, 1974. '

SCCONDARY ELECTRONS EJTECTED FROM He BY PROTONS AND ELECTRONS*
Y.-K. Kim and Tetsushi Noguchit

Experimental data on the energy distribution of secondary electrons

(1) (2)

ejected from He by fast protons and electrons are shown in Figure 1 to
exhibit the following features expected from the Ruthérford theory and the Born
approximation: a) the energy distribution of slow secondary electrons resembles
in shape that deduced from the photoionization cross section; b) the energy
distribution for fast secondary electrons converges to that predicted by the
Rutherford theory for proton impact and by the Mott theory for: electron impact;

c) the cross sections for fast protons are very similar to those for electrons
with the same velocity as the protons. Comparison of the secondary-electron

(3)

spectra with the optical data in Figure 1 indicates that some minor but

systematic corrections on the experimental data are necessary. The corrected

(4)

experimental data are consistent with the total ionization cross section.
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FIG. 1.--(a) Secondary-electron
spectrum of He as a function of energy
transfer from 4.2-MeV protons (1) (4)
and 2-kev(2) (0). The corresponding
Born cross sections(5) for the ejection
of zero-kinetic-energy electrons by
protons (A) and electrons (o) are shown
also. (b) Photoabsorption data(3) as a
function of photon energy. The dashed
curve in (a) indicates the secondary-
electron spectrum theuvietlcally adjust-
ed to the shape of the optical data in
(b) as well as to the Bom cross section
at the ionization threshold. The hori-
zontal line represents the Rutherford
cross section. do/dE = secondary
electron eneray distribution; F = energy
transfer; W = kinetic energy of second-
ary electrons; T = 2 mvZ, where m is the
electron mass and v is the incident
particle speed; R = Rydberg energy
(13.6 eV); ag = Bohr radius (0.529 A);
df/dE = differential dipole oscillator
strength.
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*
ATOMIC FORM FACTOR AND INCOHERENT-SCATTERING FUNCTION OF Ar -

T ¥

M. Naon, ' M. Comille,” and Yong-Ki Kim

The atomic form factor and the incoherent-scattering function of Ar
calculated from the Bethe-Goldstone method are presented. The results
include electron correlation effects in the M shell, as well as those between
L and M shells. The form factor calculated from the Hartree-Fock wavefunction
agrees within 2% with the result from the Bethe-Goldstone method for a wide
range of momentum transfer. However, the correlation effects reduce the
incoherent-scattering function for small momentum transfers (< 1 a.u.) by
~ 20% from the Hartree-Fock values.

*
Abstract of a paper to be submitted to J. Phys. B.

TCentre de Mécanique Ondulatoire Appliqée, 23 Rue du Maroc, 75019, Paris,

France.

iCentre Europ'éan de Calcul Atomique et Mole/culaire, Batiment 506, 91405,
Campus d'Orsay, France.

TOTAL CROSS SECTIONS FOR INELASTIC SCATTERING OF CHARGED PARTICLES
BY ATOMS AND MOLECULES. VIII. SYSTEMATICS FOR ATOMS IN THE FIRST
AND SECOND ROW™

Mitio Inokuti, Robherta P. Saxon, Tand J. L. Dehmer

The Bethe theory gives an asymptotic formula for the total cross section
0] t for inelastic scattering of fast charged particles. For a (structureless)

. to
particle of charge ze and (nonrelativistic) velocity v, it is written as

22 2 |
ctot = 41ra0z (R/T) Mtot In (4CtotT/R) ,

2
where R is the Rydberg energy, a. is the Bohr radius, and T =-§- mv , m being

0

2
the electron mass. Two quantities, M, = and Inc__,
- tot tot

dynamics of the atom. We have performed comprehensive calculations of these

depend upon the internal

quantities for neutral atoms He through Ar by use of independent-particle models,

and also have studied the influence of electron correlations for several atoms.
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2
Our calculations reveal certain systematics of Mtot and In ctot as functions of

2
the atomic number Z. Because Mtot is expressed as the ground-state expecta-
tion value of the squared sum of atomic-electron ccordinates, the trend of

Mto?: follows the size of the atom, governed by its shell structure (Figure 1).

The quantity Inc also varies with the atomic size, but within a fairly modest

tot
range (Figure 2). Hence, the variation of otot at fixed v from one atom to
another is chiefly governed by M toi'
T B I NLALL B N I N Y IR T ' ' ' ' - L

20— —

D}D

| 1.t 29
~
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z

I''G. 1.=--The total dipole matrix
element squared Mtogc = S(-1) as a -4} -
function of atomic number Z. The ' L ' ' L L L L
dots connected with heavy lines re=~

present the Hartree-Slater values ob~
tained in the present work, the squares FIG. 2.--The quantities Mtozt Inciot

the Hartree-Fock values from the lit- - and Inciot as functions of atomic
erature, and the circles more accur- number Z. The dots represent values
ate theoretical values also from the based solely on independent-particle
literature. The values indicated by models, and the circles values in-
the triangles stem from experimental cluding some configuration-interaction
oscillator-strength distributions. effects.

* .
Abstract of a paper to appear in Int. J. Radiat. Phys. Chem.
TPresidential Intern, Radiological and Environmental Research Division,
February 1972—~February 1973. Research Associate, Chemistry Division
March—October 1973. Present address: Stanford Research Institute, Menlo
Park, California 94025.
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*
ATOMIC PERIODICITY AS MANIFESTED IN THE OSCILLATOR-STRENGTH SUMS
J. L. Dehmer, Mitio Inokuti, and R. P. SaxonT

The moments S(p) of various order of p for dipole oscillator-strength
distribution of atoms pertain to numerous phenomena ranging from optical

dispersion to charged-particle collisions.

We have surveyed literature data

and have conducted comprehensive calculations using a Hartree-Slater model

for all atoms with Z = 18.

The general behavior of S(u) as a function of p

naturally classifies atoms into three groups. This is illustrated in Figure 1.

S—T—T— T 711 T T T 1
TIGHT ATOMS INTERMEDIATE

T T 1
LOOSE ATOMS

logyo S{p)

FIG. 1.--The moment S(u) for each atom as a
function of .. Note that the vertical scale is
logarithmic. The open circles connected by
broken lines show semiempirical or otherwise
better values for He, Ne, and Ar. The curve
for H is rigorous. All the other curves are
based upon the oscillator strength distribu-
tion for the Herman~Skillman model.

The first group, which we
call "tight" atoms (i.e.,
rare gases), has S(u) that
monotonically increases with
i, a behavior characteristic
of heavy concentration of
the oscillator strength at
high excitation energies.
The second group is com-
posed of "loose" atoms
(e.g., alkalis), and, in
contrast, has S(t) with a
prominent minimum near

= —1. An almost linear
decline of log S(u) for p< -1
indicates the dominance of
the strong resonance transi-
tion. Finally, the third
group of atoms in the middle
of the periodic table exhibits
an intermediate trend, in
part similar to the loose
atoms and in part similar
to the tight atoms.

*
Abstract of a paper to be presented at the Annual Meeting of the Division of
Electron and Atomic Physics of the American Physical Society, Chicago 2—-4

December 1974.
T

Presidential Intemn, RER Division, February 1972—February 1973.

Full account to be submitted to Phys. Rev. A.

Present

address: Stanford Research Institute, Menlo Park, California 95025.
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SYSTEMATICS OF MOMENTS OF DIPOLE OSCILLATOR-STRENGTH DISTRIBUTTONS.
EXTENSION TO ATOMS OF THE THIRD ROW

*
J. L. Dehmer and J. D. Hanson

An ongoing program to study systematics in the Z dependence of
moments of the dipole oscillator-strength distributions is being extended to
the atoms of the third row, K through Kr. The present work employs the real-
istic atomic potentials tabulated by Herman and Skillman. (1) Details of the
calculation are specified elsewhere. (2—4)

Our earlier study of the first two rows have shown dramatic periodic
variations with Z of moments of the oscillator-strength distribution. In
particular, we observed that the rarc gascs, which arc the atoms most easily
treated experimentally, usually represent extremities of this periodic variation.
The principal objective of the present extension of this work is to map out the
behavior of these moments along the transition metal series where the 3d sub-
shell is filling.

TABLE 1. Values of the Dipole Oscillator We report preliminary results for Kr
Strength Moments S{u) and L{u) :
for Krypton Based on the Herman- here. The moments S(l"') a.nd L(IJ.) for
Skillman Potential -6 < p < 2 are presented in Table 1.

For u = 0 the accuracy is € 0.1%. The
accuracy declines for p =1 (~ 1%) and

o S L) w=2 (5 to 10%) due to truncation at

-6 7.381 -1.126 high energy (~ 500 Ryd) in the calcula-

-5 6.466 -7.205 % 10~} tion of inner shell oscﬂlator -strength

-4 5. 918 -3.810 x 10”1 distributions.

-3 5.700 -5.004 x 1072 £

) 5 86 -1 References

- .869 4.635 x 10 A

-1 7.337 3.750 1. F. Herman and S. Skillman. Atomic

0 3.604 x 10™* 1.150 x 10™2 Structure Calculations. P'rentice-
+3 ©+4 * Hall, Inc., Englewood Cliffs, New

1 6.015 x 10 4.286 x 10
+6 +7 Jersey, 1963.

2 2,348 x 10 1.628 x 10 2. J. L. Dehmer and R. P. Saxon.

Radiological and Environmental Re-

search Division Annual Report, July
1972—-June 1973. ANL-8060, Part I, p. 102.

3. M. Inokuti, R. P. Saxon, and J. L Dehmer. Int. J. Radlat Phys. Chem.
in press.

4. J. L. Dehmer, M. Inokuti, and R. P. Saxon. Phys. Rev. A, to be published.

*
Appointee, Undergraduate Research Participation Program, Fall 1974, from

Kalamazoo College, Kalamazoo, Michigan 49001.



ELECTRON DENSITIES OF ATOMS, AND CROSS SECTIONS FOR SCATTERING
OF FAST CHARGED PARTICLES*

Mitio Inokuti and Michio MatsuzawaT

The cross séction o for elastic scattering of a particle of charge z and
of high incident energy k2 (Ryd) by a neutral atom of atomic number Z is writ-
z2, Bk_4 + ...), and the Born approximation gives(l)
A=8 % |F(K) ~z)%x®

A can be expressed directly in terms of the electron density p(r) as

ten as 0 = nzZ(Ak_
(o]

dK, B= —Z2 , where F(K) is the form factor. The same

4 N R maTa T 8 2, =
=3 ff p{r) p(r') R InRdrdr A—3Z [ p(r)r Inrdr ,

where R = [?—?‘, . In the cross section for inelastic scattering, the coeffic-
ient of the leading k_2 Ink term is the dipole matrix element squared. (1)
The coefficient of the k_2 term is given by a formula analogous to the one

above for A, except that p(r) now signifies an appropriate transition density.

Reference

1. H. Bethe. Ann. Physik (Leipzig) 5, 325 (1930).

* .
Abstract of a paper presented at the Annual Meeting of the Division of

- Electron and Atomic Physics of the American Physical Society, Chicago,

2—~4 December 1974. An account of the work will also appear in the
Proceedings of the International Symposium on Electron and Photon Interactions
with Atoms in Honor of Ugo Fano, Stirling, Scotland, 16—19 July 1974.

TVisiting Scientist 1972—1923. Present address: ‘The University of Electro-

Communications, Chifu-shi, Tokyo, Japan.
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ELASTIC SCATTERING OF FAST ELECTRONS BY ATOMS. I. HELIUM TO NEON”

Mitio Inokuti and M. R. C. McDowellJr

The total elastic~-scattering cross section for electrons on neutral
atoms is evaluated in the first Born approximation via tabulated values of the

form factors. The cross section at energy k2 Rydbergs is expressed as

3 . :

E aj (Z) k_2J , values of the coefficients aj (Z) being given for 1 =2 <10,
i=1 _

The theoretical results are compared with experiment for helium, neon, and

lithium. For lithium, comparisons are also made with Glauber and polari-
zation-Glauber models. A simple model is presented for low-energy total
cross sections in lithium, and its predictions compared with experiment.

Elastic differential cross sections for helium and neon are briefly discussed.

* .
Abstract of a paper published in J. Phys. B. 7, 2382 (1974).

TMathematics Department, Royal Holloway College, Englefield Green TW20
OEX, .England.
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ELECTRON ENERGY-LOSS SPECTROMETER. PROGRESS REPORT II

R. H. Huebner, David Spence, and O. J. Steingraber

The operational characteristics of the electron energy-loss spectro-
meter have been studied. Preliminary electron energy-loss spectra for molec-
ular nitrogen have been obtained at several scattering angles.

Introduction

¥

and construction details

(1) (2)

Previously we have reported the design
of the electron energy-loss spectrometer (EELS). ‘Mechanical assembly of
this new apparatus was complete at the time of the last progress report, and
major subsystem components had been tested. However, at that time, neither
the electron monochromator nor the energy analyzer had been tested. Progress
on the operation of these components and the completed system is reported
here.

In September 1973 an electron beam was obtained from the monochrom-
ator and collected in a Faraday cup. The beam intensity was optimized for
the lens element voltages expected from design considerations, although the
energy spread of the beam was not determined. A beam current of about
5 X 10_8 A was measured at the collision region for a cathode emission current
of 25 pA.

, Electrical connections to the energy analyzer were completed in
]anuary 1974 after modifications to the electrostatic shields and the installa-
tion of an electron collector behind a small hole in the analyzer hemisphere.
This collector is located on the beam axis of the entrance leg of the analyzer
and is used in aligning the beam. Other connections were made to several
lens elements to permit detection of the beam at critical points along its path.
With these modifications a procedure was established for passing the beam
threugh the electron-optical system.

. With the beam properly aligned, its energy distribution could be mea-
sured by applying a linear bias voltage to the analyzer. A typical energy dis-
tribution obtained in these tests is shown in Figure 1. At present our energy

resolution has been limited to about 200 meV full width at half maximum (FWHM),
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FIG. 1.--Measured energy distribu-
tions of the EELS electron beam for

AV=0.207 VOLTS FWHM incident energies of 10 and 100 eV.
T=100 eV

4v=0.195 VOLTS FWHM
T=190eV

BEAM INTENSITY (Arbitrary units)

) 1
05 025 0 025 5
ANALYZER BIAS VOLTAGE (volts)

which is a factor of 4 greater than our design objective. Some additional
modifications may be necessary for high-resolution work. However, beam
stability and current are sufficient for preliminary energy¥loss studies.

Tests of the system operating in the energy loss mode have been most
encouraging. By shielding the collision region from stray electric fields with
a molybdenum wire mesh and adjusting the system for maximum beam intensity,.
we successfully obtained our first energy-loss sApectra. In Figure 2 we show
spectra of molecular nitrogen obtained for an 80-eV incident beam at several
scattering angles. The peak observed at zero energy loss is due to elastically
scattered electrons. Even with modest energy resolution (~ 300 meV FWHM),
distinct energy loss peaks characteristic of N, are apparent,

Actually the observed peaks in Figure ; are composites of several un-
resolved vibrational bands: for example, the intense peak at 12.9 eV is made
up of 6 peaks spaced less than 0.1 eV apart. (3) However, the general shape
of the spectrum and peak positions closely match the early data of Lassettre
and co-workers. (4,5)

It is also interesting to note the trend of these spectra as the scatter-
ing angle is increased from 6° to 15°. First, the intensity of the inelastic
features decreases relative to the intensity of the elastic-scattering peak as
the angle is increased. This is expected, since the inelastic-scattering
cross section is usually more strongly peaked in the forward direction than
the elastic-scattering cross section. Second, the forbidden transition at

9.2 eV, the Lyman-Birge-Hopfield bands of N,, increases relative to the di-

2
pole allowed features at 12.9 and 14.0 eV as the scattering angle is increased.
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(6)

This behavior is the same as that first observed by Lassettre and Krasnow' ' and
demonstrates the different angular dependence expected between dipole allowed
and forbidden transitions.

Another interesting feature is the occurrence of a broad maximum at an

energy loss of about 34 eV in the ionization continuum of N, at scattering angles

of 9° and 12°. This maximum is not apparent in either the Z" or 15° spectra.

For the present experimental conditions, this angular range corresronds to
momentum transfer values [(Kao)z] between 0.37 and 0.50 in atomic units.
Qualitatively this can be understood by noting the generalized oscillator strength

(7)

(GOS) measurements of Silverman and Lassettre. They observed that between

energy losses of 24.5 and 34.2 eV in N, the GOS changes from a monotonically

decreasing function of (Ka 0)2 to a functizon that first increases to a maximum
before declining. In fact, their data show that the GOS for a 34.2-eV energy
loss :rises above the GOS at 24.5 eV for values of (Kao)2 above 0.40. Although
the GOS values they determined for 500-eV incident electrons should not be

precisely the same for the 80-eV incident electrons used in this study, the

" similarity between the two observations suggests a close relationship.

These preliminary results indicate the EELS capability for energy loss
measurements. Further tests are underway to test EELS operation for incident
energies of 100 eV and above. Attention is also being given to ways of

improving instrumental energy resolution.
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APPARENT OSCILLATOR-STRENGTH DISTRIBUTIONS DERIVED FROM ELECTRON
ENERGY-LOSS MEASUREMENT: METHANE AND Q-—HEXANE*

R. H. Huebner, C. H. Fergurson, TR. T. Celotta,'JF and

S. R. Mielczarek? .

High-quality "calibration" spectra of methane and n-hexane have

(1)

shown the possibility of quantitative analysis by electron energy-loss

spectroscopy. These spectra were taken for 100-eV incident electrons with

the NBS model AN-1 electron-impact spectrometer, (1.2) which recorded elec-
trons scattered within 20 milliradians of the incident direction. Research-
grade gases with stated purity of 99.99% were used without further purification.
The energy-loss spectra were obtained by digitally recording the intensity of
inelastically scattered electrons in 10-meV intervals. Each spectr:um was
swept between two selected energy-loss points, altemately for increasing and
decreasing energy loss, so that effects due to pressure and electron-beam
fluctuations would be averaged out.

Two corrections were made to the data. First, the count rate was ad-~
justed to allow for a 20—nsec dead time of the counting circuitry, and thus to
assure linearity of the measured intensity. Second, approximately equal parts
of helium and the sample gas were introduced simultaneously into the apparatus,
and the energy-loss scale was calibrated to the position of the 21P -~ 118
transition in helium at 21.21 eV. From the full width at half maximum of this
transition, we determined the energy resolution to be 39 meV and 42 meV,
respectively, for the methane and n-hexane.

Apparent oscillator-strength distributions were derived from the data by

(3.4)

a procedure that corrects for the finite angular acceptance of the apparatus

*

A preliminary version was presented at the IV International Conference on
Vacuum-Ultraviolet Radiation Physics, Hamburg, July 22—-26, 1974 and will
be published by Vieweg-Pergamon.

T

Undergraduate Research Participant from Illinois College, Jacksonville, Ill.
sponsored by the Center for Educational Affairs, Argonne National Laboratory.

iNational Bureau of Standards, Washington, D.C. 20234.
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and normalizes the distribution to an optical value at one value of the energy

loss. To test this procedure, we first compared the result for methane with

(5)

the energy-loss data of Harshbarger and Lassettre. Their data pertain to

500-eV incident electrons scattered at zero degrees. Both sets of derived
oscillator-strength distributions were normalized to an optical value of 0.1749

eV-1 at 10.33 eV measured by Watanabe et al. (6)

The distribution obtained from these two independent measurements agree well

and are compared in Figure 1.

within experimental accuracy between 8.0 and 14.0 eV. Thus, the same limit-
incj shape of the oscillator-strength distribution i§ reached even thouyh Lhe
Born approximation is unlikely to hold equally well for incident energies of 100
and 500 eV. Further, we obtain an integrated f value of 0.290 for the first
optically allowed transition (8.55 to 10.95 eV) that agrees closely with

(5)

0.277 + 0.035 given by Harshbarger and Lassettre. The latter value was

1 1
obtained by normalization to the oscillator strength of the 2P <— 1°S transition

"in helium and so provides an independent verification of the normalization

chosen in the present work.
The values presented in Hudson's reviewm of photoabsorption data,

(8)

along with other optical measurements, are compared with the NBS/ANL
oscillator-strength distribution in Figure 2. In the energy region shown, the
agreement is good. Where particular sets of optical values differ from the
present results, we feel that the electron-impact values are more reliable.
Our apparent oscillator-strength distribution yields an oscillator
strength sum of 0.754 for all transitions below the ionization potential (9) of

12.615 eV and 1.376 for all processes below 14.0 eV. This distribution is
(10)

also consistent with recent sum-rule calculations based mainly on a sum-~

mary of photoabsorption data.
Electron energy-loss data for n-hexane are shown in Figure 3. The data

were normalized at 10.067 eV to the df/dE value of 0.89 eV"1 from the optical
(11)

measurements of Raymonda and Simpson. Their values and those of

(8)

Lombos et al. are compared with the electron-impact results in Figure 3.
The apparent oscillator strengths for n-hexane are not as reliable as those for

methane, owing to the large uncertainty in the optical value used for
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FIG. 1.--Apparent oscillator-
strength distribution of
methane derived from electron
energy-loss data (+, Ref. 5;
solid line, present work).

FIG. 2.--Apparent oscillator-
strength distribution of
methane compared with optical

measurements. (Refs. 7 and . -

8). Solid line, present work;
) , Wilkinson and Johnson;

"+, Watanabe et al. A, Laufer

and McNesby; ®, Ditchbum;
2, Metzger and Cook;

*, Rustgi; x, Lombos et al.
(See Refs. 7 and 8).

FIG. 3.--Apparent oscillator-
strength distribution of
n-hexane compared with
optical measurements.

Solid line, present work;

X from Ref. 11; © from Ref. 8.
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normalization. But the relative shapes of the distributions are in satisfactory
agreement. The present results yield an integrated oscillator strength of

1.34 for the region below the ionization potential(lz) of 10.18 eV and a value

of 10.39 for the entire spectrum below 15.00 eV.
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DIPOLE OSCILLATOR-STRENGTH DISTRIBUTIONS DERIVED FOR SEVERAL HYDRO-
CARBONS FROM ELECTRON ENERGY-LOSS SPECTRA™

li i i

R. H. Huebner, R. J. Celotta, ' S. R. Mielczarek, ' and C.E. Kuyatt

An important input for calculating the radiation-chemical yields of
primary products is the dipole oscillator-strength distribution of the molecular
target. Such distributions can be obtained not only from photoabsorption mea-

surements, but also from electron energy-loss spectra by a method described

(1,2)

in detail elsewhere. We have derived relative oscillator strengths for a

number of hydrocarbons from energy-loss spectra measured for 100-eV incident
electrons scattered in the forward direction. After these data are normalized
to an optical value at one energy, the electron-impact values are found in good

agreement with optical values for other energies below 15 eV.

(3)

Besides the resuits presented elsewhere in this report for methane

and n-hexane, we have obtained the apparent oscillator strength distribution
for benzene. Figure 1a shows the benzene data normalized at 11.39 eV to a

df/dE value of 0.6424 eV_1 obtained by Person. (4) Other optical values(4' 5)

are included for comparison. This normalization yields an integrated f value

of 0.779 for the strong 1E1u -— 1A1g transition between 6.525 and 7.75 eV.

This is 15% lower than optical values of 0.91 and 0.88 measured by Yoshino

(5) (6)

et al. and Hammond and Price, respectively. If the electron-impact values

are increased by 15%, we obtain the distribution shown in Figure 1b. Recent

(7)

optical data obtained by Koch and Otto with a synchrotron light source are
also shown. This change in normalization improves the agreement between the
electron-impact and optical data below 9 eV. However, between 9.5 and

10.5 eV and above 12 eV the electron values are larger than the optical. A
more extensive combarison is shown in Figure 2 where all of the optical

(4,5,8-10)

data available between 9 and 15 eV are included. Although the

optical data éhow a considerable spread about the electron data in the

*
Summary of a paper presented at the Vth International Congress on Radiation

Research, Seattle, Washington, July 1974."

jN‘ati’onal Bureau of Standards,; Washington, D.C.
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FIG. 1.--The oscillator-strength distribution for benzene: (a) electron impact
values (solid line) normalized at 11.39 eV are compared with optical data of
Ref. 4 (diamonds) and Ref. 5 (crosses); (b) electron impact values (solid line)
normalized to give an integrated f value of 0.90 for the transition at 6.9 eV
are compared with optical values of Ref. 5 (crosses) and Ref. 7 (diamonds).
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FIG. 2.-~-Comparison of elebtron-impact oscillator-strength distribution of
Fig. 1b (solid line) with optical values of Ref. 4 (*), Ref. 5 (+), Ref. 7
(diamond), Ref. 8 (triangle), Ref. 9 (square and circle), and Ref. 10 (X).

(4)

Y.5- to 10.5-eV region, the usually more reliable measurements of Person

(8)

and Samson' ' lie 30% below the electron-impact curve. Such a large differ-

ence has not been previously noticed in similar comparisons for other poly-

(1)

atomic molecules. ‘The cause of this difference is not understood.

Above 11.5 eV the values derived from energy-loss data are higher than
most of the optical data. Also, some of the structure, e.g., the sharp rise
between 13.5 and 14.0 eV, is absent in the optical data. A similar unexplained

(11)

rise was observed by Skerbele and Lassettre for 300~eV electrons incident
on benzene. It is possible that optically forbidden excitations may contribute
increased intensity to the energy-loss spectrum in this region, although we are
aware of no supporting evidence for this contention. It may also be that the
energy-loss spectrum may be somewhat distorted for these large energy losses.
On the other hand, the opfical'values may be too low as the result, for example,
of photoexcited fluorescence in the sample. Recent sum-rule calculations(lz)
based on a éummary of photoabsorption data vyield a total f sum that is about

9.5% below the theoretically expected value of Z = 42 for the benzene molecule.
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This supports the suggestion that the optical measurements are too 'low, al-
though it is uncertain whether this is limited to specific regions or spread
over the entire photoabsorption spectrum.

The present analysis suggests that further studies in the 9.5~ to
10.5-eV region and in the region above 11.5 eV are needed before the dipole

oscillator-strength distribution of benzene can be regarded as firmly established.

References

1. R. H. Huebner and R. J. Celotta. Argonne National Laboratory Radio-
logical and Environmental Research Division Annual Report, July 1971—
June 1972. ANL-7960, Part 1, p. 49.

2. R. H. Huebner, R. J. Celotta, S. R. Mielczarek, and C. E. Kuyatt.

J. Chem. Phys. 59, 5434 (1973).

3. R. H. Huebner, C. H. Fergurson, R. J. Celotta, and S. R. Mielczarek.
Apparent Oscillator-Strength Distributions Derived from Electron
Energy~Loss Measurements. Methane and n-Hexane. This report.

4. J. C. Person. J. Chem. Phys. 43, 2553 (1965).

M. Yoshino, J. Takeuchi, and H. Suzuki. J. Phys. Soc. Japan 34,

1039 (1973). .
6. V. J. Hammond and W. C. Price. Trans. Faraday Soc. 51, 605 (1955).
E. E. Koch and A. Otto. Int. J. Radiat. Phys. Chem. To be published.
8. TJ. A. R. Samson. Planetary Atmosphere Studies III. Summary Report;
Experimental Results of Vacuum Ultraviolet Spectroscopy. GCA

: Technical Report No. 61-15-N (December 1961).

9. S. M. Bunch, G. R. Cook, M. Ogawa, and A. W. Ehler. J. Chem. Phys.
: 28, 740 (1958).

10. K. Goto. Sci. Light 11, 116 (1962). '

11. A. Skerbele and E. N. Lassettre. J. Chem. Phys. 42, 395 (1965).

12. 7J. Berkowitz, ANL Physics Division. Private communication.

(44

~



*
APPARENT OSCILLATOR STRENGTHS FOR MOLECULAR OXYGEN

R. H. Huebner, R. J. Celotta, TS. R. Mielczarek, Tand_

C. E. KuyattT

Oxygen, the second most abundant molecule in the atmosphere, plays
an important role in a variety of combustion and atmospheric photochemical
processes. Thus, the microscopic processes of energy absorption by O, are
of considerable interest, not only from a fundamental, but also from a
practical viewpoint. An apparent oscillator strength distribution for Oy (Fig-
ure 1) was derived(1:2) from the energy loss spectrum of 100-eV electrons
scattered within 20 milliradians of the incident direction. These data are
compared with optical data of Watanabe(3) in Figures 2 and 3. Integrated f
values of the order of 1075 for the v' = 2 to v' = 20 vibrational members of the
Schumann—Runge bands agree closely with high-resolution photoabsorption
measurements 4-8)

Runge continuum, previously assigned(g) to the (3509)3n~ Rydberg state,
contribute 0.46% of the total oscillator strength of 0.1616 obtained for the
Schumann-Runge bands and continuum. Oscillator strengths in the remainder
of the spectrum are given in Table 2. These data yield f sums of 0.1978 and

0.3833 for all transitions below 12.07 and 14.09 eV, respectively.
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FIG. 1.--Apparent oscillator strength distribution for 02 .

(Table 1). Vibrational peaks superimposed on the Schumann-

49



TABLE 1. Oscillator Strengths of the Schumann-Runge 3ards.of Oé

— "

Band origin,

Optical values

Electron values

eV Bethke (4) Halmann{5) Farmer et al.(7)  Ackerman et al.®) Hasson et al.{8)  This work

0-0 6.121 3.45 x 10710 3.3 x 10710

1-0 6.204 3.9 x 107 3.5 x 1070 2.7 x 1078
2-0 6.287 2.3 x10°® 2.6 x107®  2.69x 1078 2.38 x 1078 1.99 x 1078 6.2 x 10°°
3-0 6.366 7.4 x 1078 8.2 x 1078  1.5ax 1077 9.9 x 1078 6.8 x 1078 5.6 x 10°C
4-0  6.443 2.74x 107 2.4 x 1077 7.11x 1077 3.21x 1077 2.97 x 1077
5-0 6.516 7.28% 1077 7.48 x 1077 2.80 x 10°° 8.52 x 1077 7.39x 1077
6—-0 6.586 1.73x107°  1.77x 10 4.40x 107° 1.91 x 10'6 1.70 x 107°
7-0  6.652 3.56x10°°  4.2ax107%  s.15x107® 3.81 x 107° 3.50 x 1078
8-0 6.714 6.75x 107 6.59x 107 1.22x 1070 6.68 x 107° 6.85x 10°°*
9-0 6.772 1.07x 107> 1.13x 107> 1.50x 107> 1.06 ><_10'S 1.05 x 107
10-0 6.825 1.56 % 107> 1.42x 107> 2.05x 107> 1.57 x 107° 1.60 x 107°
11-0 6.873 2.16 x 107° 2.74 x 107° 2.09 x 107 2.26 x 107°
12-0  6.916 2.81 % 107° 3.58 x 107° 2.53 % 107° - 2.88x 1070
13-0  6.953 3.17 x 107° 3.66 x 107° 2.88 % 107° 3.41x 107>
14-0 6.985 3.24 % 197° 3.69 x 107° 3.03 x 107° 3.77 x 107°
15-0 7.011 3.26 % 107° 3.77 x 107° 2.92 % 107° 3.73 x 107
16 -0 7.032 3.16 x 107° 3.31x 10°° 2.59 % 107> 3.53 x 107°
17 -0 7.048 2,94 % 107° 3.16 x 107° 2.23% 107° 3.03 x 107°
18~-0 7.061 2.03 x 107° 1.83 x 107° 2.72 x 107°
19-0 7.070 1.74 x 107° 1.44 % 107° 1.98 x 107°
20-0 7.077 1.35 x 107> 1.64 x 107°

* .
A 10% correction to the 8 — 0 band was made to account for an

the diffusion pumps.

estimated contamination of less than 1 ppm of mercury vapor from

0§
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TABLE 2. Oscillator Strengths for Transitions in O2 from ‘ References
9.58 to 14.04 eV _——
— 1. R. H. Huebner and R. TJ.
E eV ' E . ev E,, ev  f-value Identification Celotta. Argonne National
3 Laboratory Radiological and
258 9.48 3.74 101X 10_3 Environmental Research
9.96 9.74 10.18 10.24 x 10 longest band e e
10.28 10.18 ‘ 10.44 8.04 x 10_3 second band Division Annual Report'
10.57 '10.44 10.62 1.47 x 1072 third band July 1971—June 1972.
10.66 10.62 10.71 6.50x 1071 a ANL-7960, Part I, p. 49.
10.76 10.71 10.86 2.42 x 10°° a 2. R.'H. Huebner, R. J.
10.90 10.86 10.96 9.00x 1074 b Celotta, S. R. Mielczarek,
11.03 10.96 11.17 1.59x 100 b, and C. E Kuyatt. J. Chem.
11.24 11.17 11.33 1.10 x 1073 c Phys. 59, 5434 (1973).
11.46 11.33 11.52 2.10x 1070 4 ' 3. K. Watanabe. Advances
11.55 11.52 11.59 s.ozx10% (%) Geophys. 5, 153 (1958).
11.64 11.59 11.74 2.05% 1070 4 4. G. W. Bethke. J. Chem.
11.82 11.74 11.87 1.63x 1075 4 Phys. 31, 669 (1959).
many 11.87 12.10 2.83x 1073 5. M. Halmann. J. Chem.
many 12.10 12.24 1.02 % 1073 Phys. 44, 2406 (1966).
12.34 12.24 12.40 3.79 x 1073 H 6. M. Ackermann, F. Biaume,"
12.48 12.40 . 12.53 7.25 % 1075 H and G. Kockarts. Planet.
12.61 12.53 12.66 11.76 x 10:2 H, H' Space Sci. 18, 1639 (1970).
12.74 12.66 12.78 14.38 x 10_3 H, H' 7. A.J. D. Farmer, W. Fabian,
12.84 12.78 12.91 »17.24><10.3 H' B. R. Lewis, K. H. Lokan,
'12.96 12.91 13.02 16,41 x 10_3 M, H' and G. N. Haddad. 7.
13.08 13.02 . 13.13 15.67 x 10_3 M ' Quant. Spectry. Radiative
SO L S fransior 8, 1739 (1960).
13.41 13.36 13.46 9.87 x 1075 M, M’ 8. V. Hasson, G R. Hebert,
13.51 13.46 13.57 10.33x 1078w and R. W. Nicholls. T.
13.62 13.57 13.67 9.52 x 107° M’ Phys. B 3, 1188 (1970).
13.75 13.67 13.79 11.66 x 107° M, (?) 9. D. C. Cartwright, W. J.
13.86 13.79 13.94 14.24x 107 g Hunt, W. Williams, S.
13.99 13.94 14.04 10.27 x 1075 Trajmar, and W. A.

Goddard, III. Phys. Rev.
A8, 2436 (1973).

*

Summary of a paper to be presented at the Annual Meeting of the Division of
Electron and Atomic Physics of the Amerlcan Physical Society, Chicago,
2—4 December 1974,

T

National Bureau of Standards, Washington, D.C.
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ABSORPTION CROSS SECTIONS FOR GASES IN THE EXTREME ULTRAVIOLET

REGION: C,H,, C(CH,),, CH,OH, C,H.OH, ¢c-C_.H,,, C.H., CH,C_H_,
AND CCl 274 374 3 2775 612 66 3765

4

James C. Person and Paul P. Nicole

Absorption cross sections or differential oscillator strengths measured
with the double ion chamber are presented for ethylene, neopentane, methanol,
ethanol, cyclohexane, benzene, toluene, and carbon tetrachloride. In all e
‘cases the upper energy limit is 21.2 eV and the lower energy limit is between
8.8 and 12.7 eV. The comparison of the present data with electron energy-
loss data is discussed, along with some possible assignments of the spectral
fealures observed. ,

Introduction

One valuable input for theoretical radiation physics is the oscillator-
strength distribution. As the differential oscillator strength df/dE is directly
porportional to the absorption cross section 0, absorption data are a natural
starting point in the construction of an oscillator-strength distribution. Un-
fortunately, many of the existing absorption data are unreliable and large
discrepancies in the results obtained by different workers are common. How-

(1)

ever, the double ion chamber has proved to be a reliable apparatus for o
determinations, as it is unaffected by low energy phofons’ which may result
from scattered light or from emission produced in the sample. We are pre-
sently using this technique to measure ¢ values over a wide range of photon
energy E (for E values above the ionization potehtial of the sample), and we
report values for E = 21 eV. The pr'eliminary o values are given for ethylene,
2,2-dimethyl propane (neopentane), methanol, ethanol, cyclohexane, benzene,
toluene, aﬁd carbon tetrachloride; and the df/dE values derived from the o

values are compared with relative df/dE values derived from electron energy-

loss experiments for methancl, ethanol, and benzene.

Experimental

The apparatus,; consisting of a light source, monochromator, and

(2,3)

double ion chamber, has'previous_ly been described. A hydrogen-discharge
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- or greater. The alcohols were the same as used previously,

lamp was used for energies up to 13.3 eV, and a high-pressure helium lamp
was used for 12.5 = E =21.2 eV. The double ion chamber has been modified
by inserting a stainless-steel end plate between the exit slit and the start of
the front chamber. The plate has a rectangular hole 0.53 X 0.25 cm (divided
into 0.18- X 0.25-cm open areas by wires 0.002 cm in diameter) to pass the
incoming light beam. The introduction of this plate has shortened the front
chamber to 7.39 cm, and the rear chamber is 21.07 cm long. The rear chamber
has a tungsten mesh (98% transparent) on each end, and the end plates, the
cylindrical walls, and the repeller plates in each chamber are all connected
to a positive potential (typically 17 to 23 eV) to provide the collecting field
for the positive ions. Thus, the new end plate provides a more uniform field
in comparison with that given by the interior of the slit assembly.

The gas pressure was measured using an MKS Baratron Type 77H-1
capacitive manometer, using the calibration supplied by the manufacturer.
The ethylene, neopentane, cyclohexane, benzene, and toluene were all
Phillips Petroleum Company research grade, with stated purities of 99.88 mol %
(3.4) and the CCl4
was Fisher Scientific Company, certified A.C.S. grade. All samples were

degassed before use, but there were no checks of sample purity.

Data Analysis

A small correction for scattered light was made by subtracting the ion
currents measured at E values where the lamp does not emit (24.8 eV for the
helium lamp and 17.0 eV for the hydrogen lamp). In some cases, the hydrogen-
lamp data were corrected by a linear interpolation between scattered-light
measurements at a high energy and at a low energy, below the ionization
potential of the sample.

" The relative responses of the electrometers used to measure the ion
currents were recalibrated, and tests of this calibration and of the relative
length of the two cells were done by measuring ¢ as a function of pressure.
over a wide range of pressures. These tests revealed that some of our earlier

(2.3)

data were analyzed incorrectly, and corrections as large as 5 to 10% may
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be necessary. The tests also indicate that any residual error in the cell
lengths or calibration factors would not introduce an error in O larger than

1to 2%.

Results and Discussion .

The data are presented in Figures 1-5, either as 0, or as df/dE. Most
of the data were.taken at wavelength intervals of 0.4 K (AE = 0.01 eV), and
three points were averaged — this tends to reduce the energy resolution (the '
monochromator bandpass was 0.9 3 FWHM). For each gas, only one pressure
was used with each light source, but results with other gases indicate that
the 0 values are reproducible to 1 to 3%. The energy scale has been adjusted
to match the peaks of various emission lines so that the E values should be

within 0.01 eV.
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FIG. 1.--Absorption cross sections for ethylene and 2, 2-dimethylpropane
(neopentane). The cross sections for ethylene have been multiplied by 2 before
plotting, and the resultant values give the curve that is lower except for a
peak around 12 eV. '
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FIG. 2.--Oscillator-strength distributions for methanol (lower curves) and
ethanol (upper curves). The present data are plotted as a line with some +
marks on it for E < 19.5 eV. Above 19.5 eV our data are plotted as +'s con-
nected by straight lines. The EELS data from Refs. 7 and 8 are plotted as lines
from 10 to 16 eV. The data of Ref. 15 are plotted as squares, and our previous
data (Ref. 4) are plotted as X's.

The results are preliminary in the sense that further experiments are
needed to check sample purity, pressure calibratidn, ‘and reproducibility at
different gas pressures. For most of the samples there are two sets of data
.for energies near 13 eV, and the comparison of the two lines indicates the
effects of different scattered-light corrections, and differing regions of low-
light intensity in the lamp.

The data for ethylene are shown in Figure 1; note that the ¢ value has
been multiplied by two in order to plot on the same scale as 2, 2-dimethyl
propane. Also, the data around 20.5 and 21.2 eV are represented as short

lines, not connected with the remaining data. Figure 2 presents the data for

CH,OH and CZH

3 OH, illustrating how the methyl substitution has increased

5
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FIG. 3.--Absorption cross secllons for ¢yclohexane (upper curve) and benzene
(lower curve and points). The present data are plotted as lines except that
points for benzene with E > 19.5 eV are shown as +'s connected by lines.

The data of Refs. 6, 16, and 17 are plotted as X's, triangles, and Y's,
respectively, but only the data for E > 12 eV are shown in the last two cases.

18 cmz) can be

the oscillator strength. The value of ¢ in Mb units (1 Mb = 10
found by dividing the df/dE values by 0.009112. In Figure 2 the experimental
points are plotted as +'s for E > 19.5 eV, as they also are in the benzene data
in Figure 3. The upper line in Figure 3 shows how the six additional electrons
in cyclohexane have increased the absorption in comparison with benzene.
These data will be useful in predicting the distribution of energy deposition by
ionizing radiation in benzene-cyclohexane mixtures. Figure 4 shows the low-
energy data for benzene in more detail, and Figure 5 gives the data for two
other solvents, toluene and CCl 4

We have previously reported data for four of the sample gases measured

using a cell with LiF windows and a photomultiplier to measure the light

absorption for E < 11.8 eV. Our old results are lower by 3 to 6%, 5 to 8%,

57



58

1.25

Illl'llllfllllll

] N N N O
9 10 11 12 - 13 14

ENERGY (eV)

—

—
"

‘ FIG. 4. ——Oscillétor—strength distribution for benzene from 9 to 15 eV. The

present data are shown as a line with + marks on it, and the EELS data of
Ref. 10 are shown as a line. The EELS data are above the present data except
for a peak around 9.3 eV and some peaks between 10.4 and 11.4 eV.

(5) (4) (6)

and 6 to 16% for ethylene, methanol and ethanol, and benzene,
respectively, and the old data are shown in Figures 2 and 3 for three of these
gases. We are investigating whether a difference iﬁ the calibration of the
pressure gauge could explain these differences, or if they result from other
effects, such as different corrections for scattered light, impure samples, or
the photomultiplier detecting fluorescence of visible. or ultraviolet light by

the sample. '

For the two alcohols and benzene, we compare our df/dE values with
values measured by obsérving the electron energy—loss spectra (EELS) at zero-
angle scattering for electrons with 100 eV of incident energy. (7-10) These
comparisons are shown in Figures 2 and 4, and we show similar comparisons

(11)

for n-hexane and methane in a companion report. The agreement is best
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FIG. 5.--Absorption cross sections for toluene and carbon tetrachloride.
The toluene data extend from 8.8 to 21.2 eV and the curves cross at 16.7 eV
with the toluene lower at lower energies. For E > 19.5 eV, the individual
points, connected by lines, are shown as +'s for toluene and X's for CCl4 ,

and the individual points are also shown for CCl4 at E < 13.3 eV.

(11)

in the case of n-hexane, where the relative shapes agree within 4% for
energies from 10.5 to 14.7 eV. For the two alcohols, the relative shapes
agree within 8% for energies from 10 to 15 eV. In these three cases, there

is a tendency for the EELS data to become too large for E > %-4 ;eV. In the case
10

of benzene, the EELS data have been previously normalized by comparison
with optical data for the strong transition around 6.9 eV, and the EELS data

are larger by as much as 30% (even for E < 13.6 eV). TFigure 4 shows that the
shapes differ considerably, 'so that lowering the EELS data by 10 to 20%

‘would make the EELS data considerably smaller at some of the peaks —e.q.,
9.4, 11.0, and 12.1 eV. These peaks are associated with Rydberg transitions,

and it may be s.ignificant that the largest discrepancies (for E < 14 eV) in the
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comparisons with the alcohols also occur in peaks associated with Rydberg
transitions. Because of the nodal properties of the wavefunctions for

Rydberg states with low principal quantum number, transitions to these states
usually show a more rapid variation of the generalized oscillator strength with
increasing momentum transfer than do transitions either to valence states or

(12—-14) Thus, one might expect such states to show

to ionization continua.
greater deviations between the optical df/dE value and the apparent df/dE
obtained in an EELS experiment, which integrates over a range of momentum
transfer. This difficulty will be accentuated for Rydberg states in series
converging on higher ionization potentials (provided that the Rydberg state
contributes a large fraction of the oscillator strength at that energy), because
the small-momentum limit increases as the energy transfer becomes a larger
fraction of the energy of the incident electrons.

In Figure 2, we compare with the absorption data reported by Ogawa
and Cook, (15) and their values are somewhat larger, especially those for

ethanol. For benzene, we have only shown ¢ values for E > 12 eV as reported

" by two other groups. There is a reasonable agreement with the values reported

(16)

by Bunch et al., which show considerable scatter, but our values are

definitely larger than those of Yoshino et al. (17) Comparison with other optical
data fof E < 14 eV can be made by comparing Figure 3, which compares with
EELS data, with a corresponding figure in the article discussing the EELS
data. (10)

Although some of the fine structure illustratéd by the spectra is within

the uncertainty in 0, much of the structure is real. For example, the ethylene

‘spectrum shown in Figure 1 shows fine structure for energies from 12 to 16 eV

that is likely the result of Rydberg series members converging to the vertical

(18) at 14.70 and 15.89 eV, and the sharp structures in

ionization potentials
the neopentane spectrum between 15 and 17 eV appear to be associated with
the vibrational members of the n = 4 and n = 5 members of a p-type Rydberg
(19)

series converging on the vertical ionization potential reported at 17.77 ev.
The lower energy peaks appear to have an asymmetric Buetler-Fano line profile,

and this area will be studied further.



The benzene spectrum shown in Figures 3 and 4 shows sharp features

(20)

resolved as well as in the best synchrotron work, and we plan work with
still higher resolution. The toluene spectrum in Figure 5 shows a strong sim-
ilarity to that of benzene.

The broad features in the spectra are also subject to interpretation.

(21) have assigned the broad bands they find

For example, Robin and Kuebler
centered at E= 11.90, 13.45, and 18.8 eV in their EELS spectrum of methanol
as the Rydberg transitions la" — 3s, 5a' — 3s, and 4a' — 3s, res‘pe‘ctively.

A comparison with Figure 2 suggests that they have failed to consider properly

$22,23 . ,
(7 ) that is required to convert EELS spectra

thial Lthe correction factor
into df/dE values will distort broad peaks to make the maxima appear at lower
energies in the uncorrected EELS spectra. Thus we find the corresponding peaks
to be around 12.1 , 14.1, and > 19 eV. These shifts will only change the term
values somewhat, but the shift of thc(e p;aak they report at 15.5 eV to the value
21

we find around 16.0 eV, makes their tentative assignment as a 5a' — 3p
Rydberg transition untenable. We also fail to observe the sharp feature they
report at 12.91 eV, and this feature is likely to be caused by a nitrogen im-
purity. (24)
Similar assignments should also apply to the efhanol spectrum. This
approach can be applied to the otfler spectra, and a more detailed analysis of
both the sharp and the broad spectral features.is under way in collaboration with
D. E. Fowler.
We wish to thank D. E. Fowler for his help in preparing the figures,
T. J. Kotek and J. Rundo for the use of their computer plotting program,
R. H. Huebner for helpful discussions and the use of EELS data in digital form,

and Y.-K. Kim for helpful discussions.
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NEW DETERMINATIONS OF THE OSCILLATOR-STRENGTH DISTRIBUTION AND
THE PHOTOIONIZATION YIELDS FOR METHANE AND n-HEXANE *

James C. Person and Paul P. Nicole

Experimental data on the differential oscillator strength are presented
for methane for energies E in the range of 12.8 and 40.8 eV and for n-hexane
for 10.5 =E = 40.8 eV. We also report the yield for ionization produced when
the energy is deposited within the gas, which may include ionization by
energetic photoelectrons, for 21.2 <= E =40.8 eV.

The data in the literature on the absorption cross section ¢ show con-
gidcrablc disagreement even {ur the simplest alkane, and not much data are
available for alkanes as large as hexane. As part of a program to determine
accurate oscillator-strength distributions over a wide range of energy, we are
measuring 0 for methane and n-hexane, using monochromatic light.

We also measure ionization, and one goal is to determine the photo-
ionization yield n(E), the probability that absorption of a photon with an energy
E produces an ion pair. Such data are especially timely for methane as an

(1)

earller estimate of the dipole-matrix-element-squared for ionization Ml;z"‘has

been called into question by recent electron-ion coincidence work in

(2)

Amsterdam that has suggested a lower value for Mi2 and that n may be sig-

nificantly less than unity for E > 23 eV.

The apparatus is described in a companion paper in this report. (3)
Three light sour¢és were used: the Hopfield continuum, the hydrogen many-
lined spectrum, and a hollow-cathode lamp used with a low pressure of either
helium or a helium-neon mixture to produce photons in the range 21.2 <E<40.8 eV.
Research-grade materials were used for all the samples.

The value of 0 is determined by assuming the Beer-Lambert relation

©)

and using the ratio of ion currents in the two chambers 1o determine

'I/Id = exp (-0On LF) , (1)

*
A preliminary version was presented at the IV International Conference on
Vacuum-Ultraviolet Radiation Physics, Hamburg, July 22-26, 1974, and will
be published by Vieweg-Pergamon.
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£ is the length of the front chamber, n is the gas dehsity, and I0 and

I are the photon fluxes entering and leaving the front chamber. Multiplication

of the value of 0 (in units of Mb = 10—18 cm2) by 0.009112 gives the value of

df/dE in units of eV-1 .

where L

Figure 1 shows the measured df/dE values for methane for
12.75 = E = 40.81 eV, with closely spaced points over most of the region from
13.21 to 20.59 eV. In addition to an estimated uncertainty of 2 to 4% in the
calibration of the MKS Baratron pressure meter (the factory calibration was
used), the data have an uncertainty of 1 to 2% for 14 < E < 19 eVand 2 to 6%
for the other energies. 'Figure 2 presents data in the energy range from 12 to

21 eV on an expanded scale in order to show the structure for 13.4<E< 14.1 eV
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FIG. 1.--The oscillator-strength distribution for methane from 12 to 42 eV.
The present df/dE values are shown as +'s connected by straight lines for

E < 13.21 and E > 20.59 eV; for the energies between those limits the data
points are closely spaced and only the line is shown with a few +'s. Some of
the data of Ref. 5 are shown as a line connecting Y marks. The data of

Refs. 2, 6, and 7 are plotted as triangles, *'s, and circles, respectively,
while the data of Ref, 8 are shown as a line connecting X marks.
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FIG. 2.--The oscillator-strength distribution for methane from 12 to 21 eV. The
present data are shown as a line connecting +'s, but only a few of the points
are shown for 13.21 < E < 20.59 eV. The EELS data (Ref. 9 for 12 < E < 14 &V)
are shown as a line, and the triangles show the data of Ref. 2.

that is produced by Rydberg series converging on excited vibronic levels of the

lowest electronic state of the ion. This state is split by the Jahn-Teller effect,

(4)

and the progressions labeled c and d in the photoelectron spectrum

candidates for the series limits.

(5-8)

Some of the data from other optical studies are shown in Figure 1;

our values tend to be larger for the lower energies, but most of the values are

(6) (7) (8)

within 10% of those of Ditchbum, Rustgi, and Lee et al.

reports values that are above ours for higher energies. The electron-ion coin-

(2)

cidence work produced df/dE values that are in rather good agreement, al-

though their values are lower for the lower energies, as is shown in more detail

(9)

in Figure 2. Also plotted in Figure 2 are df/dE values derived from electron'

energy-loss studies (EELS) at zero angle. These relative data were normalized

(10)

by comparison with absolute EELS data, and the agreement with our data .is-

rather good.

" are likely

The latter group
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Figure 3 shows the oscillator-strength distribution for n-hexane from
10.5 to 40.8 eV. The shape and the magnitude of the broad maximum is quite
‘ (11)

compétible with the trend shown by the smaller alkanes.

(12,13) and with the relative df/dE

Figure 4 shows
the comparison with other optical data,

(9)

values from EELS. The agreement with the EELS data is within 4% from
10.5 to 14.7 eV after normalization at one point, but we do not agree with
the other opﬁcal data.

The value of 'r]aIO, where na is the apparent ionization yield, is given
by the sum of ion currents, after correction for photons that are not absorbed
in either chamber; the value of I is determined by use of a noble gas that,

0
we assume, has n, = 1.0. The value of n_a is related to m by

ng=mn+n, . . (2)

n-HEXANE '
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' FIG. 3.--The oscillator-strength distribution for n-hexane from 10 to 41 eV.

For E > 20.59 eV, +'s show the individual data points. There are two different
determinations for energies around 13 eV.
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FIG. 4.--The oscillatbr—str_ength distribution for n-hexane from 7 to 15 eV.

The present data are shown as a line with a few +'s on it from 10.5 to 15 eV.
The EELS data of Ref. 9 are shown as a line with a normalization that has been
multiplied by 0.73 in comparison with the one used in Ref. 9. The data of
Ref. 12 are plotted as triangles and Ref. 13 data are shown as X's.

where ﬂe is the yield of additional ions produced by photoelectrons. As the
kinetic energy of the photoelectron is E — IPj . when the ion is produced at the

jth ionization potential, it is obvious that

M, =0 for E < 21P, . : (3)

Although ne > 0 complicates measurement of n, the opportunity to study g
presents an interesting method of learming about the low-energy behavior of
the W value, the energy to produce an ion pair.

Even when E > 2 IP, , one can still obtain n by measuring n, asa function

1
of gas density and extrapolating to zero density. We have not yet worked at
sufficiently low pressure to permit a reliable extrapolation,' and the na,va_lues

given in Table 1 are believed to be near the high-pressure limit, as we see
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TABLE 1. Apparent lonization Yields little effect over the limited pressure range we
£ ov ) ", have explored. For n studies at large E, rede-
CH, ‘,CGHH sign of the ionization chamber collecting plates
21.22 0.99+0.02®  0.98:0.02 would be desirable, as shown by Samson and
23.09  1.0040.02®  1.0220.02 Haddad.(14)
25.31  0.98+0.04 1.10 £0.05 For the large E values, double ionization
26.91 1.0120.03 ,
27.78  1.00%0.03 1.2320.04 3y occur, and this could make m greater than
3045 1112005 13420-97 umity, as we measure the yield of single ioniza-
30.55 1.10 £0.05 1.34 £ 0.07
tion plus twice the yield of double ionization.
32.69 1.1010.07 1.40 £ 0. 10 o )
: The energy required for double ionization IP
40.81 1.35%0.10 1.6 £0.15 (15)
- is reported for methane as 38.9 eV and 40.7
@ por this energy, n + m_. (16) . +2
a ev, and the ratio of IP /IP1 = 2.8 reported

for three alkanes(!®) can be used to predict IP+2 ~ 28.5 eV for n-hexane.

Note that na = n for methane for E < 25 eV, and the combination of the

(2.5)

low ionization yield near the ionization threshold and the distribution of

(4)

photoelectrons formed suggest that m will be close to nuntil E > 28 eV or so.

Thus, our n values at 23.1 eV and our na values at 25.3, 26.9, and 27.8 eV
(2)

dre in some disagreement with those of Backx and van der Wiel, who find

mn values around 0.9 for these energies.

We wish to thank C. Backx and M. J. van der Wiel for ¢communicating
their results, D. E. Fowler for his help in preparing the figtires, R. H. Huebner
for providing df/dE values in digital form, and W. Jivery for use of the hollow-

cathode lamp.
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POTENTIAL BARRIER EFFECTS IN INNER-SHELL PHOTOABSORPTION SPECTRA OF
ATOMS, MOLECULES, AND SOLIDS *

J. L. Dehmer

Advances in the field of potential barrier effects in the inner-shell
photoabsorption spectra of atoms, molecules, and solids are reviewed.

In the last several years discrete levels extending up to 20 eV above
inner-shell thresholds have been observed as intense peaks in inner-shell
contributions to absorption spectra. These levels are not Rydberg states, and,
in fact, when they are present, they seem to replace the normal Rydberg
series and may even rob intensity from the continuum, There is now evidence
that this phenomenon may be found in inner-shell spectra of atoms, molecules,
and solids. The unifyiﬁg concept which emerges from this array of observa-
tions is the presence of an effective potential barrier which hinders the

escape of the photoelectron. This barrier produces highly localized states

 which are strong in inner-shell absorption spectra while excluding Rydberg

and near-continuum .states from overlapping with the inner shells from which
excitation takes place. The purpose of this paper is to review recent progress .
in the area of potential barrier effects and to stress those aspects which unitec
the apparently unrelated observations in atoms, molecules, and solids.

The most familiar example of potential barriers in atomic physics is
the centrifugal barrier occurring in the effective potential for electronic states
with high (£ 2 2) angular momentum. This barrier results from the competition
between the repulsive centrifugal potential and the attractive electrostatic
potential acting on an electron in the field of an atomic ion. It was first

(1)

using the Thomas-Fermi model, and more recently by

(3)

described by Mayer
(2)

using the Hartree-Slater model. These barriers partition
the atomic potential into an inner well centered at r ~ 1 a.u., and an outer

well centered atr= £(£+1) a.u. In this two-well or bimodal potential, states

. . .
Summary of an invited paper presented at the International Conference on

X-Ray Processes in Matter, Helsinki, Finland, 29 July —1 August 1974.



with total energy below or near the top of the barrier are partitioned into two
classes. One class is referred to as "inner-well, " states which are highly
localized inside the potential barrier. The other class is referred to as
"outer-well" states and are excluded from the inner well, being distributed

4,5)

diffusely outside the barrier. Examples of both types of states are dis-
cussed.

Clearly the effect of this spatial segregation is most important in inner-
shell absorption. Since the core orbitals are fchemselves localized in the inner-
well region, their excitation selectively populates the inner-well final states,
while transitions to the Rydberg and continuum states held outside the barrier
are inhibited. Hence, inner-shell spectra will be dominated by transitions to
inner-well states, and Rydberg structure and normal threshold behavior will be
conspicuously absent. With this clue, one is able to find examples of potential
barrier effects in spectra of a variety of materials.

Potential barrier effects in atomic spectra fall into four classes. The

(6)

first class is exemplified by the M spectrum of Xe. This spectrum

v,V
represents intershell transitions exhibiting a delayed onset. To explain these

terms, we focus on the 3d — f channel which will dominate this spectrum. In
Xe, no nf subshell is bound in the inner well. Radial waves of f symmetry
penetrate the potential barrier only above threshold in the continuous part of
the spectrum, i.e., their penetration is delayed to higher energy. When this
occurs, the 3d — ef cross section exhibits a broad peak or shape resonance

in the cross section, a situation we characterize as delayed onset. When

this barrier penetration occurs, the f-wave function inside the barrier re-
sembles a 4f orbital in that it is located in the n = 4 shell. Thus the peak in

the spectrum corresponds to the intershell transitions 3d — “4f." This cross

@)

section is reasonably well reproduced with a Hartree-Slater model calcula-

tion.

(7)

A closely related class is represented by the N spectrum of Xe,

v,V
which can be characterized as an intrashell, 4d — "4f," set of transitions

with a delayed onset. Superficially this type of spectrum resembles its

~intershell counterpart. There is one significant difference, however — the
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can be seen by comparing the N

Hartree-Slater model fails to reproduce the height, position, or shape of the
experimental curve. The origin of this difficulty was first explained by

(8)

Starace in 1970, and is due to a strong exchange interaction between the
excited electron and the 4d hole, which is neglected by the Hartree~Slater
model. The magnitude of this interaction is as large as 1 a.u. near the peak
in the Hartree-Slater cross section. This large magnitude derives from the
extremely good spatial overlap between the 4d hole and 4f-like quasibound
pand of states causing the shape resonance in the cross section. Since
Starace's work, other workers have used other methods to achieve agreement
with experiment by incorporating this effect in their basis from the start or as

) (10) have

(11)

an improvement on a one-electron scheme. Amusia and Wendin

used random-phase-approximation methods, and Kennedy and Manson have
used a Hartree-Fock scheme. This class of spectra we shall characterize as
having delayed onset and strong intrashell exchange interaction.

The third and fourth classes involve atoms for which a bound inner-

well state is available as'a final state in the £ — £ + 1 transitions. In this

" case the spectral range near the onset of this transition is dominated by transi-

tions to this inner-well state since its overlap with the initial state is much
greater than that of the higher members of the same series. Examples of this
circumstance occur in the transition metal and rare earth elements, and are
usually studied as thin films. However, we discuss these cases in terms of
isolated atoms since the dominant photoabsorption mechanism involVes only
core levels and inner-well final states which are isolated from the environment
of the atom. Indeed, this remark pertains to the first two classes as wel(l ,) as
7

V.V spectra of gaseous and solid xenon.

Examples of intershell transitions of this type are the M
(12,13)

V.V spectra

of the rare earths. In these spectra the dominant features are the

.3ds 3 — 4f lines occurring below the M thresholds. These have been

2:2 ’
successfully treated theoretically by Sugar. (13,14)

The last class is represented by the N v photoabsorption spectra of

1v,
the lanthanides, and can be characterized as intrashell transitions dominated

by excitation of an inner-well final state which is bound in the ground state,



namely the 4f subshell. These spectra, measured by several workers, (15-19)

exhibit one or more intense lines above the N edge and many weak lines

v,V
below the respective ionization threshold. The dramatic change from the

(20)

analogous intershell M spectra was first interpreted in the context of

v,V
the Hartree-Slater model, which, as a first approximation, predicts the inter-

shell and intrashell spectra to be qualitatively similar. However, in this
representation, the exchange interaction between a 4f electron and the 4d hole

" again ranges up to 1 a.u. When taken into account, this interaction redistri-

94fN+1

butes the levels of the dominant 4d configuration over a 20-volt range.

The optically allowed (in LS coupling) terms are raised above the ionization

limit and give rise to the intense autoionizing peaks observed experimentally.

(21-24)

Subsequent theoretical work has succeeded in analyzing these spectra

in detail.
Based on these four examples, it is possible to qlassify £—20+1 (£>0)
transitions for all atoms in the Periodic Table. (5)
The first example of resonant x-ray absorption by molecules emerged

(25)

early in 1965 when LaVilla and Deslattes measured and compared the K

absorption spectra of the sulfur atom in HZS and SPG' This comparison is still

the best known illustration of potential barrier effect in molecules. ' The HZS

spectrum shows a few lines of a Rydberg series which converge to the ioniza-
tion limit with an average intensity in the discrete comparable to the intensity

beyond the limit. In contrast to this "normal" behavior, the SF_. spectrum is

6
dominated by a very intense single peak which appears to replace the Rydberg
series and to "rob" intensity from a 50-eV range of the continuum.

"~ The strong similarity between this spectrum of SF_. and the M

6 v,v
spectra of the rare earths already suggests the presence of an effective barrier

in the potential of the final state of photoionization of SF A related experi-

26,27) °

ment was performed by Zimkina and co-workers, who looked at the

region of the SI'. spectrum near the sulfur L edge and the fluorine K edge.

6 II, III
In the former case, the spectrum is dominated by three large peaks, and there
are no apparent Rydberg series. Because only even states will be populated

by ionization of a sulfur 2p electron, the three peaks should represent one
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the molecule's environment. b) Nakamura et al.

inner-well state for the three symmetries, a, , t, , and eg, which are formed

1g’ "2g
from s and d waves centered on the sulfur. One assumes the g-wave contribu-

tion will be very small. Hence, this spectrum shows one strong peak each for
all three allowed symmetries which can be constructed from s or d waves which

are available to the electron ejected from a core level on sulfur.

About the time this tentative interpretation was proposed, (28) three

important results were presented which prove this picture is quite sound:

(29)

a) First Blechschmidt et al. measured the sulfur L spectrum of solid

II, III

SF 6° It was identical to the gas phase data, demonstrating that the main peaks

are truly inner-well states localized inside the molecule, and uncoupled from
3

(30) repeated Zimkina's mea-
surements in the immediate vicinity of the LII III

to discover two Rydberg series converging to the LII ITI limits at 180.4 and

181.7 eV. This observation indicates that Rydberg states are populated in this

edge with higher sensitivity

process but are unusually weak, indicating they are excluded from overlapping

(31)

with the sulfur core levels. c) Lastly, Gianturco et al. tried to reproduce

" the SF_ inner-shell spectra by considering the virtual orbitals of a Hartree-

6
Fock LCAO calculation. Usually these unoccupied levels are disregarded as

unrealistic, owing to the limited spatial region spanned by the basis set.

However, in this case, the calculation succeeded amazingly well in reproduc-

“ing the number and positions of the main peaks. This calculation, which

generally confirmed our assignment, succeeded just because the peaks in the
inner-shell spectra are inner-well states which occupy a region of space about
the size of the molecule and, therefore, unlike more typical excited states, lie

within the basis set space used to compute ground-state properties.

(28)

In all, the collected evidence on some twenty or so molecules sug-

gests that an effective potential barrier occurs on the outer rim of molecules
where electrons accumulate on electronegative atoms, such as the F atoms in

SF_.. The existence of a potential barrier in molecules was introduced by

6 (32) (33) (34)

Barinskii, Nefedov, and Fomichev and Barinskii, starting in late

1968. Since then, the concept has been used extensively in the interpreta-

(28,35)

tion of molecular x-ray absorption spectra. Generally speaking, the
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T

barrier is attributed to a net repulsion of the excited electron near the electro-

negative atoms in a highly coordinated molecule such as SF_. or BF... The

6 3
existence of a barrier in the case of BF3 has been demonstrated by Cadioli
et al. (36) However, the precise origin of the barrier has not been determined.

It is commonly attributed to the requirement of orthogonality to occupied orbitals
of the electronegative ligands and to exchange interaction with nonbonding
electrons located on the periphery of the molecule. However, direct Coulomb
interaction and centrifugal forces may contribute in part.

Therefore, although potential barrier effects in inner-shell photoabsorp-
tion of atoms and moleculec arc discussed in the same conceptual framework,
relatively little is known about the potential barrier in the case of molecules.
Elucidation of the anatomy of the molecular potential barrier is, therefore, an
important 6utstanding problem in this area.

In the case of ionic crystals, each positive ion is surrounded by a
"cage" of negative ions. If we ignore the remainder of the lattice for a moment,
we have a situation bearing a strong resemblance to the molecule case we have
just discussed. That is, in NaCl, each sodium atom is surrounded by six
chlorine ions. In this "molecular" unit there exists all the ingredients of the

effective potential barrier existing in SF.. In the language of solid state

physics, for a range of energies near the6 bottom of a conduction band, the final
states may be either localized within the first layer of atoms or excluded from
this volume. The former class constitutes a set of highly localized excitons

or inner-well states. They exist in a quasimolecular environment and are most
logically described in a real space representation using molecular symmetry.
The outer-well states, in this context, are band states which are best

(37—41)

represented in momentum space. Several recent papers pertain to this

rather new topic.
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, . *
COMMENT ON SOFT X-RAY ABSORPTION BY ALKALI HALIDE CRYSTALS

¥

T. f\berg and J. L. Dehmer

Soft x-ray absorption spectra of alkali halides exhibit prominent peaks
near the ionization threshold of alkali core orbitals. These experimental
features, generally attributed to highly localized excitations, confined within
the first layer of nearest neighbors, have been treated both from an atomic
or molecular point of view and from a band structure point of view. The
relationship between these two representations is discussed for the case of
the Lit K-spectrum of LiF, recently treated by Kunz et al. (1973) using a
Hartree-Fock band calculation.

*
Abstract of a paper which appeared in J. Phys. C 7, 1278 (1974).

TLaboratorY of Physics, Helsinki University of Technology, 02150 Otaniemi,
Finland.

77



78

PARTIAL PHOTOIONIZATION CROSS SECTIONS FOR Hg BETWEEN 600 AND
250 A. EFFECT OF SPIN-ORBIT COUPLING ON THE D5/2D3 BRANCHING
RATIO OF Hg*

J. L. Dehmer and J. Berkowi’chr

By means of photoelectron spectroscopy, we have measured the branch-
ing ratios for production of the ZSL ' 2D 5, and 2D 3 States of Hg'+ by photoioni-
zation of Hg in the wavelength rar?ge 6020 5 to 250211. These branching ratios are
combined with earlier measurements of the total photoionization cross section
to produce partial photoionization cross sections for the above processes.
These are shown in Figure 1. The wavelength dependence of the "Ds :ZD 3
branching ratio exhibits a systematic deviation relative to the statis?:icalavalue
of 3:2 (Figure 2). That is, this ratio is greater than statistical where the re-
spective partial cross sections are increasing with photon energy and is less
than statistical when the partial cross sections are decreasing. This effect
was previously predicted and is a consequence of spin-orbit coupling in the

ionized subshell, in this case, the 5d subshell of Hg.
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FIG. 1.--Partial photoionization cross
- sections for Hg.

Summary of a paper published in Phys. Rev. A 10, 484 (1974)
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VALENCE SHELL EXCITATION ACCOMPANYING PHOTOIONIZATION IN MERCURY*
li 1

J. Berkowitz, J. L. Dehmer, Y.-K. Kim, and J. P. Desclaux

The 584 1°x photoelectron spectrum of mercury vapor exhibits weak peaks

corresponding to formation of the excited (Sd)10 (6p) ZPL 3 lonic states, in

addition to the one-electron transitions, which produceztlhze (Sd)10 (6s) ZSL
and (Sd)9 (65)2 ,ZDé 3 states of Hg+. Although the ZPL 3 states are fo‘rbidzden
by the usual shak;-:uep mgchanism, they can occur eit;u,elf by a "conjugate"
shake-up process or by configuration interaction (CI) in the initial state.

We present calculations which indicate that the latter is responsible for

~ 80% of the ZPL 3 intensity observed. The 304 A photoelectron spec'trum -
provides evidenéc,ezfor formation of additional excited ionic states which may
have the configuration (Sd)9 (6p)2 and/or (Sd)9 6s7s. Our. calculations show
that the energies of these states are in the region of peaks experimentally
observed. The (5d)9 (6p)2 states can be formed by the initial-state CI
mechanism, whereas the (Sd)9 6s7s states are attainablfa via the shake-up

process. The probabilities for these two transitions are comparable.

*
Abstract of a paper published in J. Chem. Phys. 61, 2556 (1974). For a pre-
liminary account, see Bull. Am. Phys. Soc.. 19, 82 (1974).

TPhys ics Division.

3

Institut Max von Laue-Paul Langevin,A Grenoble, France.



A GRAPHICAL ILLUSTRATION OF THE QUALITATIVE ASPECTS OF THE COOPER
ZERO FOUND IN DIPOLE OSCILLATOR STRENGTH DISTRIBUTIONS

*
J. D Hanson and J. L. Dehmer

One of the more outstanding spectral features of atomic dipole oscil-
lator strength distributions is a deep minimum caused by a zero in the dipole
matrix element for certain dipole-allowed excitation channels. This feature
occurs in the photoabsorption spectra of many atoms and has become commonly
known as the "Cooper zero." Here we illustrate the cause of the Cooper zero by
plotting the wavefunctions and the integrand of the dipole matrix element for:
the 4p — ed transitions in Kr which exhibits a zero at € = 3.75 Ryd.

The zero in partial photoabsorption cross sections caused by a change
in sign in the dipole matrix element was first discussed by‘Seaton(l) in 1951
in connection with valence excitation in the alkali metals. Independently,

(2)

Cooper discovered the same phenomenon while studying the systematics of
outer shell photoionization using the independent electron model. Cooper
treated, among other cases, the rare gases, which exhibit a strong shape

~ resonance in fhe same channel that at higher energy contains the zero matrix
element. This combination of circumstances brought about the terms "Cooper
maximum" and "Cooper zero" to denote this pair of spectral features. Sub-
sequently, these terms have become commonly used by most workers in the
field of photoabsorption phenomena.

(3)

The Cooper zero has been extensively documented in experimental
and theoretical studies in the past decade. Moreover, the cause for this
phenomenon is well understood in terms of cancellation in the dipole matrix
element produced by a final state node traversing the outer loop of the initial
state wavefunction as the final state energy increases. However, although
the zero is caused by a final state node, this requires a subsidiary circum-
stance to prevail, namely the presence of a node in the initial state. This

(4)

has apparently prompted the view that it is the initial state node which plays

*
Appointee, Undergraduate Research Participation Program, Fall 1974, from
Kalamazoo College, Kalamazoo, Michigan 49001.



the p‘rimary role in the cancellation which causes the zero. Specifically, it is
stated in Ref. 4 that "At higher photoelectron energies [in the 4d — ef channel
of Hg], the continuum orbital starts to overlap the nodes of the bound orbital,
cancellation occurs, the dipole matrix element decreases and finally changes
sign." To clarify this, we have prepared a plot of the integrand of the dipole
rﬁatrix element, together with the pertinent wavefunctions, to illustrate the
cause of the Cooper zero in the 4p — ed channel in Kr. ‘A similar illustration
of the origin of the Cooper maximum was given by Manson and Cooper. (8)

In the independent electron approximation, the partial cross section

for the process 4p — €d in Kr ic given by

2
16Troca0 (e = e4p) 5

04p——<-:d - 3 R4p—>ed )

(1)

The Cooper zero in this channel is caused by a change in sign of the radial

dipole matrix element R cd defined by

4p —
o0
R4p —_— ed = jo‘ P4p (1') Y Ped(r) dr ’ . (2)
where P ap and P€ q are solutions of the radial Schroedinger equation
d2 £(2+1) :
= + V() 1 T - p r)=20, (3)
er r2 Es

where r is in Bohr units and E is in Rydberg units. The radial wavefunctions

P, and P
4p ed
range, respectively. In the present example, V(r) is a Hartree-Slater potential

(6)

are normalized in the standard way to unity and to unit energy

taken from the tabulation of Herman and Skillman.

. P ,,and P

' 4p’ " ed 4p
three values of € = 1.0, 3.75, and 4.40 Ryd. The plot for € = 1.0 represents

Figure 1 contains a plot of the quantities P rP_,at
the situation at the Cooper maximum. The integrand function is composed of
four main bumps. (We disregard the very small positive hump occurring below

r~20.2 ao). The first one, extending from near the nucleus out tor ~ 0.75 ao
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is generated by the nearly coincident initial and final state nodes outside the
n=23 shell (i.e., outside the first loop in the ed function, and second loop in
the 4p function). The second contribution is dominant at this energy ‘and causes
the net negative dipole matrix element. It is bounded atr ~ 3.2 a0 by the
second node in the final state wavefunction, whose movement with energy will
play a dominant role in producing the net zero in the matrix elemcnt. The next
two humps, produced by successive nodes in the final state wavefunction are
already appreciable at this energy, but do not dominate the integrand until the
kinetic energy is higheér.

Note that thc hump bounded by initial

state nodes plays a very minor role in the

net integral, and that this role does not

40 5 60 10

RADIUS, BOHR change over the énergy range pertinent to

a discussion of the Cooper zero. This

results from the relative insensitivity of

the nodal structure of the final state in the

atomic core in this energy range.

Between € = 1.00 and € = 3.75 Ryd,

o 30 N0 & e o
/] RADIUS, BOHR
\

the second node of the final state moves
fromr ~ 3.2 a, tor ~ 2.0 aol. This shift
diminishes the second main hump in the

integrand and makes the next hump dom-

inant. At this energy, a near perfect

cancellation occurs between the positive

and negative contributions to the integrand,

-mt

PiIG + 1.--Plot of P4p (o) Ped Note also that although the main qualitative
(---), and P

rPed (—) for Kr

causing a zero in the dipole matrix element.

4p -
at kinetic energies of ¢ = 1.0 Ryd

(@), 3.748 Ryd (b), and'r4.4 Ryd
(c). '

cause of the Cooper zero can be most
simply understood by focussing on the
motion of the second node of the ed
wavefunction through the outer loop in the

4p wavefunction, the successive nodes
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play a non-negligible role. From Figure 1 it is clear that actu’ally;the cancel-
lation in the integrand involves contributions from several humps in the inte-
grand caused by successive nodes in the' final state.

The final set of curves in Figure 1 illustrates thé situation at € = 4.40
Ryd, where a slight shrinking of the radii of the final state nodes have. shifted
the balance so that the nét matrix element is now positive. As the final state
energy continues to indrease, the integral increases, reaching a maximum a,t'
€ ~ 8 Ryd, whereupon it begins a monotonic decrease toward zero. However,
for reasons not clear from a graphical-type argument, we see no further zeros

(at least for € < 500 Ryd).
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THEORY OF ANGULAR DISTRIBUTION OF PHOTOELECTRONS EJECTED FROM
GAS~-PHASE TARGETS™

Dan Dill f

The angular distribution do/dQ of photoelectrons ejected by electric
dipole interaction from isolated randomly oriented atomic or molecular targets
is restricted (Yang's theorem) to the general form

do _ 9 » .
a0 an [1 +’ BP2 (cos 6)] ;

g is the integrated cross sectiou, P is the asymmetry parameter, and @ is the
ejection angle measured from the electric vector of the incident light. The
goal of the study of anguiar distribution is to usilize —-obtainéd either by
measurement or by direct calculation —as a probe both of statio (0.g., EVYm=
metry) information on the inittal and [lual larget statc ,‘ and of dynamic inform-
ation on the‘photoionization process itself. To extract such information in-
volves essentially unravelling geometry from dynamics in the theoretical

analysis of B. This unravelling has yielded a general formulation of angular

“distribution theory, in terms of the angular momentum transferred in the photo-

ionization process. The formulation provides a unified framework within which
specific treatments of photoelectron angular distributions can' be understood.

Further, it reduces the general problem of the evaluation of a small number of

dynamical parameters which characterize the unique properties of any particular
system; geometrical parameters common to all systems have been evaluated
once and for all. Finally, it has pr’ovided new insight into dynamical informa- -
tion uniquely probed by angular distribution studies, notably anisotropic inter-

action experienced by the electron as it departs the target.

*Abstract of invited talk for the Annual Meeting of the American Physical
Society Division of Electron and Atomic Physics, December 2—4, 1974,
Chicago. ,

TAppointee, Faculty Research Participation Program, Center for Educational
Affairs, Argonne National Laboratory. Permanent address: Department of

Chemistry, Boston University, Boston, Massachusetts 02215.



85

EFFECTS OF ANISOTROPIC ELECTROI\L—ION INTERACTIONS IN ATOMIC PHOTO-
ELECTRON ANGULAR DISTRIBUTIONS

: §

Dan Dill, TAnthony F. Starace,” and Steven T. Manson

The photoelectron asymmetry parameter 3 in LS-coupling is obtained as

an expansion into contributions from altermative angular momentum transfers j .

The physical significance of this expansion of B is shown to be that 1) the
electric dipole interaction transfers to the atom a characteristic single angular
0 where IO is the photoelectron's initial orbital momentum,
whereas 2) angular momentum transfers j ¢ = f

momentum jt= £
0 indicate the presence of aniso-
tropic (i.e., term-dependecnt) interaction of the outgoing photoelectron with the
residual ion. For opcn-shell atoms the photoelectron-ion interaction is gen-
erally anisotropic; photoélectron phase shifts and electric dipole matrix elements
depend on both the multiplet term of the residual ion and the total orbital mo-
mentum of the ion-photoelectron final-state channel. Consequently, B depends
on the term levels of the residual ion and contains contributions from all allowed
values of jt' These findings contradict the independent particle model theory

for B, which ignores final-state electron-ion interaction and to which our expres-

sions reduce in the limiting cases for which only jt= £ _is allowed, namely

1) spherically symmetric atoms [e.g., closed-shell atooms] and 2) open-shell
atoms for which the electron-ion interaction is isotropic [e.g., very light
elements]. Numerical calculations of the asymmetry parameters and partial
cross sectiono for plivtolonization of atomic sulfur are presented to illustrate
the theory and to demonstrate the information on electron-ion dynamics that
can be obtained from the theoretical and experimental study of B for open-shell

atoms.

*Abstract of paper submitted to Phys. Rev. A.

TAppointee, Faculty Research Participation Program, Center for Educational
Affairs, Argonne National Laboratory. Permanent address: Department of
Chemistry, Boston University, Boston, Massachusetts 02215.

Behlen Laboratory of Physics, The University of Nebraska, Lincoln, Nebraska
68508.

§Department of Physics, Georgia State University, Atlanta, Georgia 30303.
Consultant, RER Division, Argonne National Laboratory.
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' *
ANGULAR DISTRIBU_TION OF PHOTOELECTRONS FROM HALOGEN ATOMS

1

Steven T. Manson, TAnthony F. Starace, ™ and Dan Dill§

Calculations of the cross section and asymmetry parameter for photo-
ionization of the outer p subshell of F, Cl, and Br have been carried out.
Numerical Hartree-Fock discrete and continuum wavefunctions were employ -
ed. 1) The halogens were chosen for study because they are the likeliest
group of open-shell atoms to be experimentally investigated. 2) The electron-
ion interaction is found to be anisotropic for Cl and Br as exhibited by the dif-
fering phase shifts of the continuum wavefunctions in the various final-state
channels. Consequently, we find, as in sulfur, (3) that the asymmetry para-
meters for Cl and Br 1) depend on the final state ionic term level and 2) have
contributions from all allowed angular momentum transfer.
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*
SPECTROSCOPY AND COLLISION THEORY

U. Fano T and Dan Dilli

We outline and restate the main concepts and formulas that have been
employed since 1969 in a group of extensive studies of spectral data. Seaton's
Multichannel Quantum Defect Theory, complemented by the concept of eigen-
channels of the short-ranged electron-core interaction, has served mostly as
a tool for semiempirical analysis. Reference is made to extension of the treat-
ment to negative ions, and to the direct ab initio calculation of the eigen-
channel parameters which should constitute a new interface for comparison of
theory and experiment. Illustrative results are presented, as well as a guide
to relevant literature.

" )
Abstract of an invited paper presented at the IVth Conference on Ultraviolet
and X-Ray Spectroscopy of Astrophysical and Laboratory Plasmas (Colloquium
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No. 27 of the Intermational Astrophysical Union), Cambridge, Massachusetts,
9—11 September 1974. .
TDepartment of Physics, The University of Chicago, Chicago, Illinois 60637.
iAppointee, Faculty Research Participation Program, Center for Educational
Affairs, Argonne National Laboratory. Permanent address: Department of
Chemistry, Boston University, Boston, Massachusetts 02215.

ELECTRON-MOLECULE SCATTERING AND MOLECULAR PHOTOIONIZATION
USING THE MULTIPLE-SCATTERING METHOD”

Dan DillT and J. L. Dehmer

We have adapted the multiple-scattering method to treat unbound
electronic states of molecules in the independent electron approximation. An
inhomogeneous linear system is derived whose solution.yields the K matrix
for the electron-molecule interaction. Using the K matrix, we derive con-
tinuum electronic wavefunctions by imposing boundary conditions correspond-
ing to electron-molecule scattering and molecular photoionization, i.e., the
wavefunctions satisfy the so-called outgoing-wave and incoming-wave
normalization, respectively. These wavefunctions are then used to obtain
expressions for elastic scattering and photoionization differential cross
sections. -

*

Abstract of an article published in J. Chem. Phys. 61, 692 (July 1974).
TConsultamt, Argonne National Laboratory. Permanent address; Department of
Chemistry, Boston University, Boston, Massachusetts 02215.
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PRELIMINARY RESULTS ON APPLICATION OF THE MULTIPLE-SCATTERING
TECHNIQUE TO ELECTRON-MOLECULE SCATTERING AND MOLECUILAR
PHOTOIONIZATION: THE Hg RESONANCE IN e-N2 SCATTERING

*
J. L. Dehmer and Dan Dill

We have performed a prototype calculation of the well-known 2.5-eV
shape resonance in e-Njy scattering to test the usefulness of the multiple=
scattering method for electronic continuum molecular wavefunctions. The
results of this demanding test are very encouraging.

We will not dwell here on the tormal development or phlluosupliy ol the
multiple-scattering approach to mole¢ular wavefunclions in the electronic con-

(1.2) Here, instead, we de-

tinuum. Both are described in detail elsewhere.
scribe very preliminary prototype calculations designed to indicate the ability
of this new approach to reproduce well-known characteristics of real syslems.
We have chosen to compute the energy dependence of the IIg eigenphase
sum for elastic e-Ny scattering. This makes an ideal test case for two rea-

sons: a) in this scattering channel for N, there is a distinct shape resonance

2

" at an electron energy of 2.5 eV, which has been exhibited in both experi-

(3) (4,5)

ment and theoretical calculations; b) the combination of diatomic geo-

metry and low kinetic énergy is most susceptible to the main weakness of the
present version of the multiple-scattering approach — the muffin-tin approxi-

mation. Moreover, aside from this possible trouble area, this resonance has
a

(6)

proved illusive to other approaches. It is known that spherically averaged

representation of the e~N, potential using the Slater exchange approximation

2
fails to reproduce this resonant behavior because the potential is too attractive,

. binding a discrete m state. The single-center expansion of Sawada, Ganas,

(7)

and Green also produces behavior indicating that the shape resonance has

been "pulled" into the discrete.

In the present calculation an approximate e-N, potential was prepared

2
using the re-expansion-of-atomic-charge-distribution method of Johnson et al.

"

*Consultant. Permanent address: Department of Chemistry, Boston University,
Boston, Massachusetts 02215.

It is recommended that the reader consult Ref. 8 for a detailed account of the
application of the multiple-scattering method to the electronic structure of
molecules.
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- 1
2—like potential, two N 2 (1s2 Zs2 2p3'5)

charge distributions were superimposed with a separation of 1.0977 .li The

To best describe the short-range N

long—range potential was taken to be the monopole term of the polarizability
expansion. These two were joined at their crossing point. To leam the sen-
sitivity of the calculation to the strength of the statistical exchange approxima-

tion used, we scaled this contribution to the potential between a=0.5 and a=1.0

o),

(the Slater value This range includes the Kohn-Sham value(lo) of a = 2/3.

The resulting eigenphase sums are shown in Figure 1. Note the transition
from a bound Hq state at o« = 1 to sharp resonant behavior ata ~ 0.6 (i.e.,

rapid increase in eigenphase sum by ~ w). The curve o = 0.6 agrees with the

(4)

and coworkers, and is believed to represent the

(10)

physical situation very well. Note this behavior occurs near the Kohn-Sham

most recent work of Burke

value of a = 2/3. Also notable is the smooth, artifact-free behavior of the
curves. This shows the discontinuities in the model potential are averaged
out.

A more detailed report is being prepared which includes the effect of
using a self-consistent field version of the potential described above, and
also treats all scattering channels and the resulting total, differential, and

momentum transfer cross sections.

L a=10
1.0 . 2

% T —————==3 = TFIG. 1.--Eigenphase sum for the Iy
0el channel in e™-N, scattering. Curves
Nk a-0° are labeled by the value of the coef- .

ficient of the Slater exchange term used.

06F o a:=06

EIGENPHASE SUM (MOD 7)

o4

02

00 | AUUSY ST TN VANUR IUUNNS Y WA SO [OVS UDUD TR WA SHNY W T SR S A |
05 Xe] 1.5 20

KINETIC ENERGY {Rydbergs)
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We wish to emphasize that this type of application is the most dubious
limit of applicability of the multiple-scattering approach. It is best suited for
studying spectral properties extending over large energy ranges, such as
extended fine structure in inner-shell photoionization cross sections. Con-
vergence is expected to be faster in this multicenter representation than for
single-center representations so that higher kinetic energies are more easily
studied. . Moreover, complex molecules are easily treated by multiple-scat-
tering methods, while convergence propertics of single-center models remain
untested. Also, highly coordinated molecules and small molecules with -

disparate atomic sizes (HCl, H,O, etc.) should be far better represented by

2
the muffin-tin model than homonuclear diatomics. Therefore, the outlook is
good for the model, even in its present form. Naturally an eventual improve-

ment of the treatment of the core region is desirable.

.
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*
SYSTEMATICS OF FESHBACH RESONANCES IN THE MOLECULAR HALOGENS

David Spence

(1)

Using an electron-transmission spectrometer "we locate the energet- -
ically lowest-lying Feshbach resonances in the molecular halogens FZ' Clz.,
Br,, and I,. A typical spectrum of the derivative of the electron current tfan_s—

2 2
mitted through a bromine target is shown in Figure 1. These resonances. are

associated with Rydberg states and have symmetry (ing)' (nscr)2 [znl 3], where

212

n=3,4,5, 6forF,, Cl,, Br,, and I_, respectively. The binding energy of

2 2 2 2

the lowest pair of nso electrons to Lthe yround-state positive-ion core decreases

monotonically as the size of the molecules increases from 4.45 * 0..05 eV in
fluorine to 3.57 + 0.05 eV in iodine, as tabulated in Table 1 and shown
graphically in Figure 2. A simple qualitative theoretical argument, based on
atomic model, satisfactorily describes the decrease in the binding energy as
being due to increasing core "size" as the principal quantum number of the
Rydberg electron increases from 3 to 6 from Fz to I2 . This increasing core
sizc moves the exlrema of the largest loops of the radial wavefunction to the
lowe-st ns Rydberg electrons shown in Figure 3 to larger distances from the

ion core, thus reducing their binding energy accordingly.

T T lj T 1771 T 1T T 1 T T
| ! FIG. 1.--Derivative of the transmitted electron

current vs. electron energy in molecular bro-
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~Summary of a paper which appeared in Phys. Rev. A 10, 1045 (1974).
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BINDING ENERGY OF PAIR OF nso- ELECTRONS (eV)
N _
I

W

AMPLITUDE OF NORMALIZED rs WAYEFUNCTIONS

02
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o2 . =
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0 5 0 B 20 25
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FIG. 2.--Binding energies of the
lowest pair of nso electrons to ground-
state positive-ion cores for the
molecular halogens. The binding
energy of the nso pair decreases
monotonically by almost 1 eV as the
molecular size increases from

fluorine to iodine.

FIG. 3.--Hartree-Slater radial wave-
functions for the lowest ns Rydberg
electrons in F, Cl, Br, and I. The
radial coordinates of the extrema of
the largest loops are indicated by
the arrows, and show the increase

in size of the electron orbit {rom F
through Cl and Br to I.
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TABLE 1. Ionization Potentials: and Lowest: Observed’ Festibach: Resonances;in-the- Moleculary
Halogens., together with-the Binding: Energies: of the Lowest: Pair-ofinso’ Electrons.
to the:Positive Iom: Core-in These: Molecules:

Molecule: Ionizatiom pétentiaifn eVi Resonance energy;,. Resonance:Principal; (p-gc)z'binding
eV’ quantum numbery energy, eV
Potts and  Comnford:
Price 2)  et-al.(3) Present: experiment
E“Z) 15.70 15.7 11..25¢ 3 ’ 4. 45-
Clrz, I1.51 11..49; 7...46; 4 4., 05;
Br, 10. 5% 10.51 . 6..7:2 ‘ 55 3.79;
935 () Cn 5..78' (v) . .
Iy 9.33 (@) 3¢ 5..65; (a)* & .57 '
(v) = vertical. T
(a) = adiabatic.
References
1. L. Sanche and G. J. Schulz. Phys. Rev. A 6, 69-86 (1972)..
2. A. W. Potts and W. C. Price. Trans. Farad. Soc. 67, 1242 (1971). ‘
3. A. B. Comford, D. C. Frost, C. A. McDowell, J. L. Rayle, and
I. A. Stenhouse. J. Chem. Phys. 54, 2651 (1971).,
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*
ELECTRON-TRANSMISSION SPECTROSCOPY IN MOLECULAR CHLORINE

David Spence

(1)

Using the technique of electron-transmission spectroscopy, we
locate a vibrational progression of resonances with spacing 0.080 eV in the
total cross section for scattering of electrons by molecular chlorine, as shown
in Figure 1. The first member of this series occurs at 7.48 £ 0.05 eV. From
measured vibrational spacings and Franck-Condon factors of this progression,
which are tabulated in Table 1, and using calculated quantum defects, we

o-
determine the configuration of these resonant states to be [in, 012] (4509)2

‘ [zn] . The lowest Rydberg state in chlorine, with which this progression is

+
associated, is located at about 8.0 eV and has configuration [in, Cl,] 4scrg
1,3 2

7o
. :_«5 I I | l' I T l [
Sj AE = 8080808080 meV
o V=012345 , ,

. B FIG. 1.--Derivative of a transmitted
= electron current through a target of
g:_) molecular chlorine as a function of
% incident electron energy. The band
O of resonances derives from the
a additive of two nso electrons to the

_ E er[g positive ion core.
=
wn
= -
<
0:.

'_

w

o

[ON]

=

'._

s

gl 11
a7l 7.5 7.9 8.3

ELECTRON ENERGY (eV)

* .
Abstract of a paper presented at the Chicago Meeting of the American Physical
Society, 4-7 February 1974. ‘ ‘
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TABLE 1. Comparison of Vibraticnal Intensities Observed for Progressions of .Feshbach
Resonances in the Present Experiments with the Appropriate Vibrational
Intensities Observed for the Molecular Chlorine (X2II) Positive Ion Stites

Vibrational intensities

Vibrational Negative ion system Positive ion system
quantum : - —
numbers Present experiment Potts and Pricef(2) Cornford ‘et al.'(3.)
ezt v=0)=c1l(w) crits?, v=0) = c1f (X1, v
2' g’ 2 2 g’ 2 !
0 0.42 0.46 0.'39
1 0.89 0.88 0.91
2 1.00 1.00 1.00
3 0.83 0.74 0.63
4 0.50 0.36 0.23
5 0.19 0.16 0.11

References

L. Sanche and G. J. Schulz. Phys. Rev. A 6., 69 (1972).

2. A. W Potts and W. C. Price. Trans. Farad. Soc. 67, 1242 {(1971).
3. A. B. Cornford, D. C. Frost, ‘C. A. McDowell, J. L. Rayle, ‘and

I. A. Stenhouse. J. Chem. Phys. 54, 2651 (1971).
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ELECTRON-TRANSMISSION SPECTROSCOPY IN THE ACID HALIDES™

- David Spence and Tetsushi Noguchi

Using an electron-transmission spectrometer(l) we have made the first
measurements of the energies of Feshbach resonances in the acid halides HF,
HCl, HBr, and HI. These resonances, which consist of two electrons bound
to a positive ion core, are associated with Rydberg states of the neutral mole-
cule. Each acid halide exhibits several isolated resonances and bands of
resonances with the positive ion cores in either the ground or excited states.
These resonances are correlated with known Rydberg parent states, thus allow-
ing determination of the resonance electron configuration and the electron af-
finities of the Rydberg states. :

Reference

1. L. Sanche and G. J. Schulz. Phys. Rev. Letters 26, 943 (1971).

*
Abstract submitted for the Chicago Meeting of the Division of Electron and
Atomic Physics, American Physical Society, 2—4 December 1974.

- TOTAL CROSS SECTIONS FOR DOUBLE EXCITATION IN He BY ELECTRON IMPACT"

David Spencs

By modulating the amplitude of the trapping potential in a trapped
electron apparatus we have made the first measurements of the total cross
section for excitation by electron impact of the (252)18 and (2s2p) 3P doubly
excited states in helium from threshold to 7 eV. These cross sections are
made "absolute" by normalization to the known 23S cross section. The
(2s2)13 cross section peaks to a value 3 x 10-20 ¢m?2 at threshold, has a
subsidiary peak in the region of the (Zs?pz)zD resonance and then decreases
monotonically. The (252p)3P cross section has a minor peak of magnitude
2 X 10720 cm? at threshold, then rises to a broad maximum of magnitude
3x 10720 cm2 4.0 ev above its threshold.

*
Abstract submitted for the Chicago Meeting of the Division of Electron and
Atomic Physics, American Physical Society, 2—4 December 1974.
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ELECTRON CORRELATION EFFECTS NEAR THRESHOLD FOR ELECTRON- IMPACT
IONIZATION OF HELIUM™

David Spence

Using a modification of the trapped-electron technique, (1) we have
measured the total intensity of electrons inelastically scattered from helium
as a function of both incident and final energies near the ionization threshold.
We find that a "cusp, " first observed by Cvejanovic and Read, (2) which appears
in the scattered electron intensity at the ionization threshold for electrons of
near-zero final energy, decreases in visibility as the energy of the scattered
electrons increases. This effect is illustrated in Figure 1 where we have plot-
ted the inelastically scattered current as a function of incident energies for
fixed final energies of 0.07 eV, 1.0 eV, and 2.0 eV. For scattered-electron
energies greater than about 2.0 eV, the intensity is smooth through the ioniza-
tion threshold, as shown for clarity in Figure 2. The physical reason for the
cusp is the formation of states with two excited and strongly correlated

T 1T 1T 1T 11
M
It{; wW=007V
E I I jr"‘"ﬁ’ . . .
= | ] FIG. 1.--Spectra showing total yield
R4 .
3. “\Tl of scattered electrons from He with
z S final energies eW as a function of the
T e [ I' incident energy e(Vy + W). The ion-
] ¢ | ization threshold is marked I.
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* . ) .
- Expanded abstract of a manuscript submitted to Phys. Rev. Letters.
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electrons. (3) These experiments define the range of excess energies above
the ionization threshold for which correlation effects are important, and hence
measure the energy range of validity of the Wannier law of threshold ioniza-
tion.

FIG. 2.--Comparison of spectra of
scattered clectron intensities as a

’_
P-4
w
o
x
]
(&
ZA
o function of incident energy e(Vy + W)
53 for different values of final energy
ﬁg cW. Thu icnizatien threahnld ic
<
i | W= 1-00V marked I.
T I 0.40V
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<T
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ACCELERATING VOLTAGE, Va (volts)
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SEARCH FOR LOW-LYING RESONANCES IN ELECTRON SCATTERING BY
ATOMIC HYDROGEN®

David Spence and Mitio Inokuti

Measurements of the transmission of an energy-selected electron beam
through atomic hydrogen fail to indicate any resonance below 9.5=eV electron
energy. The negative result, shown graphically in Figure 1, contradicts
recent suggestions by Rudkj;efbing(1 +2) and by Van Rensbergen(3 +4) that some
diffuse interstellar absorption bands might be attributable to preionizing
transitions in the hydrogen negative ions. A bulk of reliable theoretical
data, (5-7) however, justifies our finding.

*
Summary of a paper which appeared in J. Quant. Spectry. Radiative Transfer

14, 953-957 (1974).



99

ATOMIC HYDROGEN 3

. l——GIBOK-EA(H) \ (
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DERIVATIVE OF TRANSMITTED CURRENT (ARB UNITS)

ELECTRON ENERGY (ev)

FIG. 1.--A plot of the derivative of the current transmitted through atomic
hydrogen as a function of electron energy. The arrows at low energies

indicate the energies at which resonances would occur if proeionizati‘on’
transitions in H™ were responsible for the 6180 A and 4430 A interstellar
absorption bands. The arrows in the region of 10 eV indicate the positions

of several resonances predicted theoretically in which both electrons are

in n = 2 orbitals. Higher-lying structures are due predominantly to resonances
in molecular hydrogen, which constitute a small percentage of the target gas.
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MEASUREMENTS OF THE H'(3p2) 1 STATE BY ELECTRON-TRANSMISSION
SPECTROSCOPY*

‘ David Spence

Using an electron-transmission spectrométer we measure structures in
the total cross section for e-H scattering, a typical spectrum shown i Figure
1. In the center trace, where the dissociation is about 90%, the series of
resonances between 11.0 + 13.0 eV are molecular in origin, with the exéeption
of the large deflection at 11.86 eV which we attribute to the H-(3p2) 1D state.

Increasing the dissociation to essen-

tially 100% removes all molecular

T T T T

neo— n=3 HYDROGEN structures leaviilg one isolated rcoo-

nancc in thic onorgy region, as shown

D
in the lower curve. Also marked on the
|
lS ‘ : lower curve are the theoretical locations
l x5 of several resonance states in which
‘ -—‘ : both electrons have principal quantum

number of 3. From a series of 26

URRENT (ARB UNITS)
S

measurements of spectra of the type

Z

~——DISSOCIATION ~ 90%" shown in Figure 1, we find the energy
TP P exp-ge oV of the (3p2) D state of H™ to be

-

W][ P 11.860 £ 0.030 eV above the ground

state of atomic hydrogen. This result

DERIVATIVE OF TRANSNITTED ¢

DISSOCIATION = [00%—= is compatible with measurements of

autoionizing states of H obtained

from ion-neutral collision experi-

(1)

TS T I B

920 100 no 20
ELECTRON ENERGY (eV)

ments, which yield the energy of

thi | . +0.
FIG. 1.--Derivative of the electron is state to be 11.860 £ 0.040 eV and
current transmitted through a beam of from measurements of structures in the

part;ally dissociated hydrogen. 12-2p excitation cross section, (2)

*
Abstract of a paper submitted for publication in J. Phys. B. Atom. and Molec.
Phys.
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which vield a value 11.89 £ 0.020 eV. The experimental results, however,

are in significant disagreement with the theoretical Value-(s) of 11.819 eV for

the energy of the H (3p2) 1D state.
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INTRODUCTION TO THE SYMPOSIUM ON THE JESSE EFFECT AND RELATED
PHENOMENA*

Mitio Inokuti

Nearly a quarter of a century ago Jesse discovered that a minute amount
of contaminants greatly enhances the total ionization of helium gas by alpha
particles. The discovery has stimulated many workers to study the role of
metastable and other excited species in gaseous mixtures, a subject that now
has numerous ramifications and applications. The present Symposium was
conceived for reviewing the current understanding of the Jesse effect and its
microscopic mechanisms, which include collisions and quenching of excited
atoms, Penning ionization, properties of diatomic rare-gas molecules, photo-
ionization, and transport of resonance radiations. Related macroscopic phen-

omena concem gaseous discharges and vacuum ultraviolet lasers.

* .
Abstract of a paper presented at the Symposium on the Jesse Eiffect and
Related Phenomena, Gatlinburg, Tennessee, November 9—-10, 1973 and
published in Radlat Res. 59 (1974).



102

PHOTOIONIZATION AND THE JESSE EFFECT: A COMPARISON OF YIELDS AND
ISOTOPE EFFECTS™

James C. Person

The comparison of the ionization yield from the Jesse effect nI and the

(1-5)

photoionization yield n , as first made by Platzman, is updated, with

P

the major results given in Tables 1—3 . The majority of examples snow n] ™

and most of the other n. values are about 10 to 20% lower than the nP values.

J

Isotope effects are also compared, and the nI data are used to estimate the
fraction of ionization via direct ionization. This is a large fraction for most
cases, provided that the branching yield for competitive preionization p is

as large as 1.4. However, it is a small fraction in most cases if p =1.2.

The general tendency for part of the data to show ~ 7, and part to show n
M ]

values 10 to 20% smaller could be rationalized either by some contributions

from metastable Jesse pfecursors with nM < 'qP or by contributions from

molecular excited states as Jesse precursors, with these states tending to

TABLE 1. Ionization Yields with Helium as Parent Gas

(a)

Additive n T om n

gas I I P N

21.2 evl® 21.2evl®)  19.8-21.2 ev
: 5 {d)
H2 0.92 0.93-0.98 1.00 1.U00
) ’ ,
N, 0.85@ 0.91-0.96 0.98 1.00 0.96 —1.00
o :

o, 0.9 @ 0-95 1.00  0.93-1.00%
co . 0.84-0.87 0.96 0.97 0.97 —0.98@
co, 0.879 0.88-0.92 1.00 1.00 0.99-1.009
CH, 0.83® 0.81-0.83 0.96 1.00
C,H, 0.80® 0.90 0.98.
C.H 0.78'® 0.98

274 (e) (h)
C.H 0.81 0.88-1.05
66
(a)Calculated from data of Ref. 13; (b) Refs. 22, 23; (C)Ref. 21; (d)Refs. 1,3;
©pet. 6; Dret. 12; Dpet. 14: Mpe. 15. '

*

Based on a paper presented at the Symposium on the Jesse Effect and Related
Phenomena, Gatlinburg, Tennessee, November 9-10, 1973. Abstract of
paper in Radiat. Res. 59, 408-421 (1974).



TABLE 2. Ionization Yiélds with Neon as Parent Gas

(a)

Additive M n n
gas T ) P
16.7 + 16.8 ev® 16.6 —16.8 &V
H, 0.83 0.84-0.92 0.94
N 0.79-0.87 0.90
2 (@) (e)
H,0 0.55'%. 0.72 0.72-0.74"%
co 0.77-0.79 0.87
2 @
CH 1.00 1.00
4 (@
C,H, 0.93 1.00
n-C H 0.91@ 1.00
4710 ©
C.H 0.77 0.92
2772 @
C.H 0.78 0.98
24 (@ 0
C.H 0.72 0.95~1.01
66
® Galculated from data of Ref. 13; ®Refs. 22,23; ©rets. 1,3; Dret. 6
© pet. 18; DOret. 15. '
TABLE 3. Ionization Yields with Argon as Parent Gas
(a) {b) {c) (6] (e)
Additive gas TLI nI nI nP nP ﬂP
Ethane . 0.08 0.05 0.02-0.08
Propane 0.26-0.29 0.31  0.25  0.23-0.25
c-Propane 0.31-0.34 0.41 0.53-0.51
n-Butane 0.32  0.33-0.36 0.35 0.32  0.36-0.43 0.35-0.430
i-Butane 0.30-0.32 0.44 0.34-0.41
Acetylane 0.64-0.73 0.87 0.80 0.77-0.84 0.69-0.88'9
Ethylene 0.24 0.23-0.25  0.24  0.20 0.23-0.17  0.18-0.269
Propene 0.23-0.24 0.23 0.23-0.25 0.24'9
Butene-1 0.39-0.42 0.31 0.30-0.37
Benzene 0.39  0.36-0.39 0.47 0.6
Ethanol 0.22-0.23 0.20 ‘ 0.22-0.25Y
Acetone 0.16-0.17 0.21 0.22-0.23"
Methy! iodide 0.48-0.51 0.74

(@ (b)Calculated from data in Table I of Ref. 16; (C)Data from

(@

Calculated from data of Ref. 6;
from Ref. 16 using Bl =0.0106 from Ref. 17;
window, Refs. 19, 22;

Data for argon resonance lamp with LiF

®

Data for monochromatic argon resonance light, Ref. 17; Data for

seven EP values from 11.56 to 11.78 eV, Ref. 10; (g)Data for seven EP values from 11.56

to 11.78 eV, Ref. 8; '(h)uatum for E_= 11.64 eV, Ref 7, revised by NO values of Ref. 20;

X P
(I)Data for seven EP values from 11.56 to 11.78 eV, Ref. 9: U)Data for seven E_ values from

P
11.56 to 11.78 eV, Ref. 11.
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[REGWEN

transfer smaller energies. The cases with nID/n larger than nPD/nPH
would be more consistent with the former explanation, if the competitive pre-
ionization process is approximately independent of the mode of excitation,

but several cases exhibited approximately equal isotope ratios and would be
consistent with either explanation. In addition, we have suggested that a
systematic variation of chamber geometry may provide a-test for the importance

of vacuum ultraviolet radiation in the decay of the Jesse precursors.
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ROTATIONAL EFFECT IN THE IONIZATION OF A HIGHLY EXCITED)ATOM;:BY
COLLISION WITH A POLAR MOLECULE.

*
Michio Matsuzawa

If the collisional ionization is chiefly due to energy transfer from the.
polar-molecule rotation to an electron in a high Rydberg, state of the:atom,
then theory predicts that the cross section averaged over a thermal distribution
of rotational states should show step-like structure-as a function:of the energy
of the Rydberg state. This structure has been experimentally detected, and it
can be considered as direct evidence of the rotational effect in the collisional:
ionization.

(1-3)

Recently I proposed a mechanism for the collisional ionization
of an atom in a high Rydberg state with a polar molecule in which:a Rydberg
electron becomes ionized by gain of energy from rotationall de-excitation of

the polar molecule in a rotationally excited' state at thermal energies, namely,
*% + .
A (m,4)+M(J — @A +e) + M(J') . (1)

Here n and [ are the principal quantum number and the angular momentum: of
the Rydberg electron, and J is the rotational quantum number of the polar mol-
ecule. This mechanism explains the relative dependence of the ionization
cross sections for various combinations of an atom and' a polar molecule. 3).

The present article points out that the step-like structure in the n
dependence of the cross section for process (1) is theoretically predicted
from the proposed mechanism, provided the rotational states of the polar mol-
ecule are populated according to thermal distribution. (4) This step-like
structure, if experimentally detected, can be considered as direct evidence
of the rotational effect.

Using the Born approximation with a point-dip'ole interaction between
an electron and the polar molecule, I write the collisional ionization cross

(3)

section for process (1) as

*
Visiting Scientist, October 1972—~March 1974. Present address: The
“University of Electro-Communications, Chofu—shi, Tokyo.
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D

_ 82w M 2 T ' :
.oi(n,I—’I—l)— 3 ( E) D 21+ 1 Id(n,eo) . (2)

* %
Here u is the reduced mass of the colliding system A + M, D is the dipole

moment of the polar molecule, and E is the energy of the relative motion. The

notation Id(n, eo) signifies

© dF_(Q.€)
1, €) = bf —qo Q.

Here an (Q, €)/de is the form factor density of the atom in Rydberg states n
per unit range of energy € of the ejected electron, and € 0 is the difference
between the rotational excitation energy 2BJ and the binding energy of the

Rydberg electron

€y =28 —E ., - ‘ o (3)

and B is the rotational constant of the polar molecule. ' (Here and in what fol-

-lows, atomic units are used unless otherwise specified.)

Experimentally, it is very difficult to specify the particular rotational

.state of the polar molecule at thermal energies. 'Hence, the experiment is

carried out under a condition in which the polar molecule has a thermal distri-
bution over rotational states. Then the average of expression (2) over the
rotational states of the polar molecule yields for a llnear rigid rotor under the

usual experimental condition an n-dependent ionization ¢ross section

8\N2m ( M

1 .
2z _2
oi.(n) =73 E > D Irot(n) . (4)

Here Irot(n) denotes the average of a quantity [J/(J+1)] I q (n, eo) over the

rotational states, namely,

(¢ o] .
> {1/(7+1}14(n,e)) - (27+1) exp { —BJ(J +1)/kT}
I=7

0

Irot(n) = (5)

00

), (2T7+1) exp { = BJ(J + 1)/kT}
J=0
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Here IO is the smallest rotational quantum number which satisfies e0 z0 at
given En.

Figure 1 is a plot of the calculated quantity Iro t(n) vs. En for the
H** + HF system. Id(n, eo) was evaluated with the recent data on
an (Q,€)/de of the H atom(4) and molecular constants of HF given by

Herzberg. (5)

It should be noted that step-like structures appear at every bind-
ing energy that satisfies the relation En = 2BJ(J=1,2,...). This step comes
from the fact that the polar molecule with rotational quantum number J can only

ionize high Rydberg states with the binding energy En = 2BJ.
(h) '

Chupka has experimentally detected this step-like structure in
Kr** + HF and Kr** + HCI systems. By mass spectroscopy he observed SPg
ions produced by photons of fixed wavelengths in mixtures of SF6 and Kr. The
partial pressure of Kr was about 2 X 10_4 Torr, and that of SF6 was about
1 X 10—4 Torr. The SF; ions result from the process

Kr  +SF, — Ke' +SF. | (6)

6 6
k% ' -
where Kr denotes a Rydberg state of Kr excited by photons. When a small
amount (corresponding to a partial pressure less than 10_5 Torr) of a dipolar
gas, e.g., HF, is introduced, then there is a competition between process (6)

and the process'
* Kk L+
Kr -+ HF() —Kr +e+ HF(" . (7)

In the experiment the-electron resulting from process (7) is quickly accelerated

by an applied electric field and is not captured by SF Figure 2 shows the

influence of HF on the SF; production. The step—like6 structure occurs at
photon wavelengths corresponding to the rotational states that begin to con-
tribute to process (7), in agreement with the theoretical prediction (Figure 1).
Figure 3 shows the similar effect of HCI.

There is sorﬁe quantitative discrepancy between experiment and theory
as to the n dependence in the interval between one step and another. This may
"be attributed to the simplified treatment, namely, the Born approximation with

a point-dipole interaction for the rotational de-excitation of the polar molecule
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FIG. 1.--Step-like structure in the

n dependence of the collisional ion-
ization cross section for H** + HF
system. The arrows denote the posi-

tions of E, = 2BJ(J=1,2,3,...),

where 2B=0.00519 eV. The rotational
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FIG. 2.--The number of SFg ions
produced in Kr-SFg mixtures with
and without HF by photons of
mixed wavelengths. (Courtesy
of W. A. Chupka)

constant B of a HF molecule is adopted

- from Ref . 5.
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FIG. 3.--The number of SFg ions pro-

duced in Kr-SFg mixtures with and with-
out HCI by photons of fixed wavelengths.
(Courtesy of W. A. Chupka)
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by the electron impact (see also discussion in Ref. 3). I maintain that the
detection of this step-like structure is clear-cut evidence for the proposed

mechanism in the collisional ionization.

Acknowledg ement
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IONIZATION OF A MERCURY ATOM BY COLLISION WITH AN EXCITED ARGON
MOLECULE

*
Michio Matsuzawa

(o]
+
The cross section for the ionization process Ar3(1250 A)+Hg—2Ar+Hg +e
is evaluatad hy the use of data on the photoionization of a mercury atom and on
the emission spectra of an excited argon molecule.

It is well known that a small amount of impurity greatly increases the

ionization produced by charged particles in noble gases. This is called the

(1)

Jesse effect and is usually attributed to excitation transfer by a metastable

noble-gas atom to an impurity. In He contaminated with a trace of Ar, the

m .
metastable helium atom He = gives rise to ionization according to the process

Hem+Ar——He+Ar++e, (1)

which is usually known as Penning ionization. Recently, Hurst and co-

(2)

workers have investigated the Jesse effect in various noble gases contam-

*
inated with other gases, and pointed out that an atom A excited by optically
*

- allowed transitions and a molecule Az also produce ionization by excitation

transfer processes analogous to (1), namely,

* +

A +B-—~A+B +e (2)
and '

* +

A2+B——2A+B +e. (3)

(3)

~ Recently Jesse investigated the pressure effect of the W value in argon
admixed with mercury and found that the kinetics were quite different from the
res_ults obtained with contaminants in He. This seems to suggest an important
role of excited species other than the metastable atom.

For elucidation of this finding, we need the cross sections of proces-
ses (2) and (3). Actually, Process (2) has been theoretically treated by many

(4-6)

authors so far. The purpose of the present report is to evaluate theo-

retically the cross section for a p.articular example, (3),

*
Visiting Scientist, October 1972—March 1974. Present address: The
University of Electro-Communications, Chofu-shi, Tokyo.
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* o
Ar, (1250 B) + Hg — 2Ar + Hg' +e, (4)

which may be useful for the understanding of the result described in Ref. 3.

(4)

Katsuura's treatment of process (2) with a slight modification yields

the expression for the ionization cross section 0 for process (3),

/5

o=18.14 [(Av) * fpz(E)}.Liz(E) dE] 2 (in cm?) , (5)

where ey (E) and My (E) are the dipole matrix elements for the photoionization

B+hv——B++e, (6)

and for the emission

* .
Az—>2A+hv , (7)

respectively. Here E=hv is the excitation energy in the :photoionization 6),
or the de-excitation energy in the emission process (7) aﬁd v is the velocity
of relative motion. Expression (5) is derived under the following assumptions:
i) straight-line trajectory for the relative motion,
ii) rotating-atom approximation, and
iii) multipole expansion of the interaction between A; and B.
Details of the derivation of the formula (5) are given in the Appendix.
The squared matrix element u,z (E) for Hg — Hg+ + e can be evaluated

from the experimental data (7-9)

on the photoionization of mercury using the
relation |
Gph = 41r2 E(h c)_1 piz (E) (in cmz) .
The data of Refs. 8 and 9, which report relative values, are normalized to the
data of Ref. 7 at photon energy E = 11 eV. The consistency of these data is
tested in Figure 1. Agreement among these data is not so good in the high
energy region of the peak at E = 11 eV. The values of the curve tentatively
drawn in Figure 1 are used for the evaluation of the ionization cross section.
The energy dependence of the squared matrix element pz(E) for Ar;
can also be evaluated from the data on the emission spectra of Figure 18 of
Ref. 10. The structures at 1100 3 and 1300 3 are removed because these may

] 2
come from other excited species. The absolute value of pe(E) can be deter-
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200r : | FIG. 1.--The photoionization cross

ol . section of 'Gph of mercury. The circles
= represent 'the data of Ref. 7, 'ghe crosses
EilOO‘ | those of Ref. 8, and the triangles those

of Ref. 9.
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mined from the measurement of the emission lifetime T. However, there is

controversy about the measured'absolute value of the lifetime of the 1250 Zi

(11)

emission of the excited argon molecule. Thornard and Hurts obtained

2.8 psec for this emission. There are two spectrally unresolvable molecular

: + + .
states (1Zu, 3Zu) » which decay independently to the molecular ground state

+
‘ (1Zg) . The authors of Ref. 12 contend that the 2.8-psec lifetime is probably

associated with the 3Zu state of the excited argon molecule. Recently Koehler

et al. (13) measured the lifetime of this emission and obtained 6 nsec for the
+
12: - 12; emission and 30 nsec for the 3Zu - 12; emission.

For the time being, we will employ the result of Ref. 11. Then there

is a relation between T and th_e optical oscillator-strength density df/d),

1_ 15 1 df .
L = 6.670, x 10 j' 7 dx (A in B) ,
where df/d) is given invterms of the quantity ¢(p,\) measured in Ref. 10 as
df/d\ = N \2 ¢, N (\ in A) .
Here N is a normalization factor. The value T = 2.8 psec gives
N =2.91x 10727, Then we get
' 2 =32 .5 \
lue(E)l =0.70 x 10 X (P, N (ina.u.) ,

where )\ is measured in A. The data obtained for HZ (E) and uiz (E) are shown in



' Figure 2. Using these data, we get
2 -
[ w® }Lz(E) dE = 0.460 x 10 (ina.u.) .
For thermal velocity (v = 1.35 x 10-4 a.u. at 300°K), we have for process (4)

o=11.8a.u. ~3 A2, (8)

[+]
based on the result of Ref. 11. If we adopt the 6-nsec lifetime for the 1250 A
emission and use the same line profile, the calculated cross section should be
multiplied by a factor of (2.8 X 103/6)2/5

0= 137 a.u. ~ 10 82 . (9

~ 12. Then we get

Finally, we should make some comments on these final results. There is
ambiguity about how the curves are drawn in Figure 1 and how the structures

at 1100 A and 1300 A are removed from Flgure 18 of Ref 10. However, the

final result is rather insensitive to this ambiguity because of power 2/5 in

the expression (5). The assumption ii), namely the rotating-atom approximation,
gives the cross section for process (2) only about 20% larger than that without

(6)

However, the error from this approximation can be considered at most within

this approximation. This result may not be directly applied to process (4).
a factor of two. It should be noted that assumptions i) and iii) can be well

[<]
justified if the resulting cross section is found large. The value 3 A2 of the
cross section is not large, so that one suspects that this absolute value may

. . ) -
not be hiylily 1ellable. In the calculation leading to o = 40 A2, the assumptions

60 —60

5ok {50 FIG 2. -—The dipole moments
s E) and E The left-hand
! o 4 ® and .
o _a"’ scale applies to My (E) and the
= 301 430 =
[} s right- hand scale to Wy (E) The
=+ 208 % scale of o (E) is normalized to

1or 110 give the emission lifetime of

0 0 2.8 usec.

Efev)
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i) and iii) become better satisfied, and the final result (9) is more reliable.
At present there seem to be no clear-cut grounds as to which values

we should adopt for the lifetime of the 1250 10\ emission. However, we cannot

eliminate the possibility that there may exist different excited species in two

(11,13) because of different experimental conditions. For analysis

experiments
of experiment on the Jesse effect, one should probably use the result (8) be-

cause of the similarity of the experimental conditions between Refs. 3 and 11.

APPEN DIX

The initial state of the colliding system in process (3) is designated by
the wavefunction ¢, which is the product ¢(A; l?;) ¢ (B l?b) of the eigenfunction
of an excited molecule and that of the ground-state atom, where ra and rb
represent the position vectors of the electrons. In the final state, the mole-
cule A2 is in the repulsive ground state and the atom B is excited to the con-
tinuum. Thus the wavefunction of the final state ¢eB is given by

o (2A ,;;) ¢(B++e l;;) . Here € and E , are the energies of the ionized electron

d
and of the dissociating motion of the atoms in the repulsive potential,
respectively. We assume that these wavefunctions are real and orthonormalized

as

(dlo)y = 1,

(qJeEd,l‘pelEdl) = 6(6 —el) 6(Ed—Ed') )
and ‘

<¢I_¢6Ed> =0.

Under assumptions i) and ii), one can write the total wavefunction ¢ as

follows

Y= Ci(T)d)exp(-iEit/‘h) fff dedE,Ccle,E 1) q;elEdexp(—iEft/ﬁ) .
(A-1)

Here Ei and E_are the total energies of the initial and final states. Substitu-

£
tion of this expression into the time-dependent Schrédinger equation gives the

following set of coupled differential equations:
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ifvdCi/dx = [ dEy [ deCyle,Ey) (¢|V[y, o ) exp[-i € ~E)x/tv] .

Eg
ihvd Cy(e, E )/dx = ci(¢e,Ed|v|¢> exp [1(E, —E)x/fv] , | (A-2)

where V is the interaction between the atom and the molecul;a . From assumption
i) (straight-line trajectory), one may consider that the excited A2 molecule or
the center of mass of the dissociating molecule travels with constant speed v
parallel to and at a distanc:'e‘R0 from the x axis, while the atom B is located at
the origin. Thus we have changed the variable t to x using the relation x=vt.
Further, we have neglected (¢|V|4) and (be gy |V|¢eled) because they are
short-ranged. The equations (A-2) with the initial condition Cf(e,E d) =0 at

—ocoyield

X
dCiG0/dx = — (hv) > [ de ded(q:IV(_R’)]qJe'Ed)' _foo dx' G, (x")
X <¢G,Ele<Tf'>l¢> exp[-i(E, —E) (x=x)/fv] . (a-3)

Here Eis the positive vector of A2 relative to B, and one gets the relation
R2 = R02 + vztz. The exponential function exp[—i(Ei —Ef) (x-x")/Hv] is a

rapidly varying function except for x = x'. Thus the main contribution to the

integral over x' comes from the region x ~ x'. Hence, we get

dCi(x)/dx = —w(ﬁv)"lci(x)fdeded]<¢]v-(ﬁ') e d) lza(Ei—-Ef) :

E
(A-4)
Here we have made use of the relation
X (x —x")
[ e dx' = -iP(1/y) + m&(y) (A-5)
—00 .

and neglected the energy dependence of (¢,V,¢e p ). Thus the cross section

for (3) is written as d

0

o= 2m fo P(RO)ROdRO ,
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where "
-2m 2
P(R)=1—-exp {— dx [ de[($]|V(R) [y ) _ .
0 { i _foo. Jeeleelvm] € Eq | Ei—Ef} (A-6)
*

2 with B at

Here P(RO) is the probability of excitation transfer by collision of A

an impact parameter R0 .

If we make use of the multipole expansion of V(E) (assumption iii) and

' retain only the leading term, namely, dipole-dipole interaction under assump-

tion ii, we have
-3
(."’e,EdIVM) = - 2u B OR . | (a-7)

Thus we get the expression for process (3)

2/5

v=18.14 [('hv)_l‘ f degz(Ed)uiz(t) IE ___E] (A=-0)
i °f

The initial and final state energies Ei and E

E,=E
i

£ are given by

*
A,

and

Ef=€+Ed+IB'

where E \* 1S the excitation energy relative to A+A, I_ is the ionization

A B
potentialzof the atom B relative to the ground state. Thus the condition
Ei =E £ vields
= —_ = + R
E=E A§ E g I he

The energy E can be interpreted as the transition energy in the photoionization
(6) or in the emission (7). Hence, the change of variable € to E gives the

final expression (5) for the collisional ionization (3) in the text.
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SPECTRAL PROPERTIES OF ATOMIC IONS: A NEW PROJECT

*
J. W. Cooper, J. L. Dehmer, U. Fano, f Mitio Inokuti, Yong-Ki Kim,
S. T. Manson, ¥ and C. E. Theodosiou$

We have initiated an attempt at elucidation of the systematics of the
spectra of atomic ions, including highly stripped ions.

Our new collaborative efforts aim at a theoretical survey of basic
spectral data, e.g., energy levels and oscillator strengths of atomic positive
ions in general. With the advent of intense heavy-ion accelerators and of the
beam-foil spectroscopy, analyses of those spectral data now form a new branch
of basic radiation physics. Purthermore, the physics of some highly stripped
ions plays an important role in controlled thermonuclear research, specifically
in plasma diagnostics and in the understanding of atomic contamination of
plasmas.

Our extensive experience in theoretical spectroscopy of neutral atoms
leads us to stress the following two points of view.

a) Extensive and diverse observable data can be usefully represented
in terms of limited sets of physically significant numerical parameters (e.g.,
phaseshifts, oscillator strength densities, amplitude‘ratios of wavefunctions

| at the nucleus and at infinity). The variation of such parameters along the
periodic system and along isoelectronic sequences generally lends itself to
easy and instructive mapping.

b) "Relativistic" effects — often understood as the differences of com-
putational results based on Dirac and Schroedinger equations, respectively —

can be usefully resolved into contributions of separate physical effects which

* .
National Bureau of Standards, Washington, D.C. 20234.

TDepartment of Physics, The University of Chicago, Chicago, Illinois 60637
Appointee, Faculty Research Participation Program, Center for Educational
Affairs, Argonne National Laboratory.
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§Depa’r’cment of Physics, The University of Chicago, Chicago, Illinois 60637.
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correspond, e.g., to different terms in the Pauli approximation of the relativ-
istic equation. Such are the s.pin—orbit interactions and the influence of the
kinetic energy term p4/8m302, where p is the electron momentum, m is the
electron mass, and c is the light speed. Each of these effects can then be
studied from the point of view of a). A limitation to the above picture arises
because the effects of relativity on different electrons do not remain independent

(1)

but must be evaluated self-consistently; one of the initial tasks will be to
extend our approach to this phenomenon.

Our idea now is to consider the practical applicability of these points
of view to an estimation of relcvant characteristics of the unknown spectra of
highly stripped ions. Moure specifically, we should estimate values and trends
of the few most important parameters throughout the periodic system, and then
see how dependably one can interpolate further values, and predict from them
the spectral data of practical interest.

Initial tasks would probably include;

1) Mapping of zero-energy phaseshifts over the whole "surface" (Z,0)
(Z = atomic number; 0 = order of the spectrum). These parameters yield,
among other things, the .order in which éubshells-are filled. The Z dependence

(2.3)

alone has been studied foro=1.

2) (Z,0) mapping of phaseshift splits due to spin-orbit interactions. ‘

(4)

This mapping has been done for 0 = 1 only.

3 N
3) (Z,0) mapping of the effect of p4/ 8m3c , extending the recent
(5)

work which was also limited to ¢ = 1 only.

A considerable share of our early activities should consist of analyz-
ing, interpreting, and correlating data already available from various sources.
For example, we‘ should examine the scaling properties, if any, of the ioniza-
tion potentials tabulated by Kelly and Harrison(s) for all (Z,0) with Z = 36.
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ELECTRON OPTICS OF ATOMIC FIELDS ™

¥

U. Fano, TC. L. Theodosiou, ' and J. L. Dehmer

We present a unified discussion and illustrations of the electron-

opti_cal aspect of electron penetration into, or escape from, the inner region

of atoms. Both processes may focus or defocus the amplitudes of wavefunc-

tions and shift their phases, as manifested in countless phenomena ranging

from level shifts to B-decay rates. A background survey begins by discussing

. the Fermi-Segre formula for hyperfine splittings and emphasizes the interplay.

nf hydrogenic and WKB approximations. The phase-amplitude method, which
determines amplitude ratios and phase shifts directly, proves useful for
interpreting the systematics of these parameters along the periodic system.
Survey calculations have been carried out throughout the periodic system
using Hartree-Slater potential fields of: a) aﬂ(O)/ocﬂ(OO) , the ratio of the
wavefunction's amplitude at r = 0 to that outside the atom (Figure 1);

b) d 6£/dE ,E= 0 the energy derivative of the phase shift at E= 0 (Figure 2);
c) The § s (E=0) and oc-e(O)/'a a(oo) induced by either a unit perturbation local-
ized near r = 0 or a relativistic correction. The paper provides only general
discussions and rather crude solutions, intended to serve purposes of orienta-

tion in surveying problems and in checking results, while standard methods

* .
Summary of paper to be submitted for publication. Part of this work was

presented at the Chicago Meeting of the Division of Electron and Atomic
Physics, American Physical Society, December 2—4, 1974.
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seem preferable for work’ing‘ out specific applications accurately.
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RELATIVISTIC EFFECTS IN OUTER SHELLS OF ATOMS”

Yong-Ki Kim and J. P. DesclauxJr

The contraction of the inner orbitals due to relativistic effects changes
the outer orbitals through the self-consistency requirements of the atomic
field. The relativistic (r) for the 6s orbitals of Hg and Au are ~ 15% smaller
than the nonrelativistic results, whereas the relativistic (r) for the 5d orbitals
are ~3% larger. Consequentiy, the f values calculated from the relativistic
wavefunctions show a substantial departure from the nonrelativistlc values.

For instance, the f values for the resonance transitions of Hy are:

(1) Nonrelativistic Relativistic
Transition Experiment Hartree-Fock - Hartree-Fock
6180---61P1 1.11 £0.10 : 3.03 1.99

. The introduction of a limited configuration interaction in the outer shells reduces

_the relativistic f value to 1.53
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STANDING-WAVE MODIFICATION OF REGGE TRAJECTORIES AND ITS APPLICA-
TION TO ATOM-ATOM AND ION-ATOM SCATTERING AT THERMAL ENERGIES*
T

Smio Tani ' and Mitio Inokuti

We consider the global behavior of the phase shift §(k, £) as a function
of linear momentum k and angular momentum £. The loci of points at which
§(k,2) = /2 (mod m) represent essential features of an interaction potential.

In a series of examples, we illustrate close relations of these loci to 1) the
strength of the interaction potential, 2) the presence of glory undulation in

the total cross section, 3) the orbiting effect due to penetration through the
centrifugal barrier at low energies, and 4) the domain in which semiclassical
approximations are valid. On certain theoretical grounds, one may consider
thie ncw mcthod to be a standing=wave modification of the direct-channel
Regge trajectory approach. An application to the He-Lit scattering is presented
(see Figure 1). The data are based on the Sutherland potential defined in our
earlier work. (1) Each contour is labeled with an integer n. Positive-n contours
are looped and chiefly characterize the
attractive part of the interaction potential;
in contrast, negative-n contours extend

to infinity and chiefly characterize the
repulsive part. The broken curve shows
where the energy becomes equal to the
height of the centrifugal barrier. Notice
the close approach of the contours with
n=1 and 2, for example, reminiscent of

an avoided crossing of molecular terms.

In the vicinity of such a region, the phase
shift §(k, £) changes by w either as a
function of k for fixed £ (a resonance) or
as a function of £ for fixed k, and therefore
may bring about a structure in the scatter-
ing cross section.

L L B LA L I

Reference

1. S. Tani and M. Inokuti. J. Chem.
Phys. 54, 2265 (1971).
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FIG. 1.--The loci of points at
which 6(k,2) = n/2 (mod w) for the
He-Lit scattering.

*Summary of a paper published in J. Chem. Phys. 61, 4422 (1974).
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LOW-ENERGY PHASE SHIFTS IN THE SUTHERLAND MODEL FOR THE Li
SCATTERING

* 1

*
Venkata S. Krishna and Smio Tani

We present some numerical results that illustrate effects of barrier
penetration and orbiting.

+
We investigated the low-energy phase shifts in the Li -He scattering,
using a Sutherland-model potential. The loci of points where the phase shift
is equal to /2 (mod ™) have been plotted in- Figure 1 of the preceding

(1)

article. We noticed characteristic pattems of the trajectories at several
points, e.g., atabout k= 8 and £= 23.

It is important to understand the meaning of such a pattern and to know
how it influences the cross sections. We have calculated both the quantal
and the WKB (semiclassical) phase shifts in the vicin;ty of such a pattern.
The results for linear momentum k = 8 and k = 9 are shown in Figures 1 and 2.
The classical deflection angles © are also shown in the lower part of each

" graph.
(2)

An orbiting occurs when the value of energy is equal to the height

of the ocentrifugal barrier. The loci of such values of {and k were shown by

(1)

a broken line in Figure 1 of the preceding paper. For k = 8, this occurs at

ZO = 20.28, and the quaﬁtal phase shift makes an abrupt change by an amount
nearly equal to m. For k = 9 the classical orbiting occurs at JZO = 21.54, but
an abrupt change in quantal phase shift is absent there.

Another abrupt change in the phase shift occurs slightly below £=23
for k = 8, and slightly above £=23 for k = 9. Such an abrupt change should
be associated with the first mentioned characteristic pattern. When the phase
shift is plotted as a function of k for fixed £, a sharp resonance will be revealed
as. a sharp rise of the phase shift in a narrow interval. When the phase shift

is plotted as a function of £ for fixed k (as is done in Figures 1 and 2), it is

*
Physics Department, Marquette University, Milwaukee, Wisconsin 53233,
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likely that sharp resonance will be revealed as a sharp drop of the phase shift.

If the drop of the phase shift is infinitely sharp and exactly equal to w,
it will cause no change in the cross sections. Since this is not precisely the
case, there will beé some influence on the cross sections. Thus it is interesting
to compare differential cross sections derived from the quantal and classical

phase shifts.
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SEARCH FOR LONG-LIVED DOUBLY-CHARGED NEGATIVE IONS

*
W. A. Chupka, David Spence, and C. M. StevensJr

(1-3)

In recent years there have been three experiments reported which
purport to have detected long-lived (= 10-5 sec) doubly-charged negative ions
in free space. In all of these experiments, two of which use an electron bom-
bardment source(1 +3) and the third(z) a Penning ionization source, the results
are open to the criticism in that the observed ion peaks may be experimental
artifacts. @) In view of the fundamental importance of the possible existence
of long-lived double-charged negativeé ions and of their practical application
(e.g., in high~energy accelerators), we have attempted to verify the existence
of such ions. We have used a 100" radius double-focusing mass spectrometer
of such a design that artifact peaks (caused, for example, by collisional dis-
sociation of a diatomic ion into an atomic ion plus neutral), cannot occur. We
have repeated the electron-impact experiments over a range of pressures and
electron currents which spans the two earlier experiments(1 +3)
9 HI, CFacl, CH3 2 2

of any doubly-charged atomic halogen ions. Whereas earlier experiments

for the gaseous

We find no evidence

(1.3)

I, and mixtures of H, plus I

" claimed values of doubly-charged/singly-charged species (x=/x_) of 10"1 to

10 7, we set lower limits of x:/x- of < 10_11.

Changes have been made in our Penning ion source which should allow
us to duplicate the pressures and elements of the earlier experiments. (2)
However, it seems very likely that the éarlier reports of long-lived double-
charged negative ions produced by electron impact are in error. Our conditions
of flight time and electric field strength in the source region do not differ suf-
ficiently from those of the earlier electron-impact work to offer a plausible

explanation for our lack of observation of doubly~charged negative ions.

*
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The only positive result of our experiments was the detection of the
negative ion HI from our Penning ionization source. This ion has not

previously been observed.
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CALCULATION OF RELATIVE RATES FOR NEUTRAL AND IONIC INHIBITION IN
HYDROCARBON FIAMES™

David Spence and E. T. McHaleT

(1)

In a previous report it was suggested on .purely qualitative grounds
that inhibition of hydrocarbon flames by lanogenated hydrocarbons was pre-
dominantly of an ionic nature. Putting these arguments on a quantitative basis
forces us to rewrite this conclusion.

_ Many halogenated organic compounds exhibit a chemical inhibiting
effect on hydrocarbon flames. Most mechanisms for the inhibition of such
flames involve only néutral species, although several authors have been con-
cerned with the possible role pl{ayed by negative ions in the inhibition pro-
neSs. (2-4) . 'he most comprehensive somiquantitative description of the pos-
sible role of ions in flame inhibition by halogenated hydrocarbons is that given
by Mills. (4) In this model, the halégenated hydrocarbon undergoes dissocia-

tive electron attachment to form a negative halogen ion and a free radical, a

typical such reaction being ¢ + CF_Br — Br + CF,. Mills proposed that the

3 3
negative ion and/or free radical so formed then reacts with flame-free radicals
O, OH, and/or H in reactions of the type GF3 +H = CF3I-I (recombination)
and Br + H - HBr + e (associative electron detachment). The ionic inhib~

ition mechanism is thus:

k
RX + e 1 X +R : (dissociative attachment) (1)
X +H— HX +e (associative detachment) , (2)

“where X is a halogen ion and R is a radical.

Mills, however, was unable to give convincing quantitative arguments
in support of this m?del. Reaction-kinetic calculations, based on experimental

data from Ref. 5 and other studies, are presented which support the case that

*
A full account of this work will appear in Combustion and Flame.
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an ionic inhibition mechanism cannot compete with neutral inhibition processes

of the type

k3
RX+H — R+ HX 3)

at electron densities found in flames. The calculations are based on the as-
sumption that removal of H atoms is sufficient to effect flame inhibition.

Data are available which allow a comparison of the rates of the coupled
ionic reactions (1) and ‘(2) with the direct neutral inhibition step (3). Consider-

ing first reaction (2), from the known binding energies(s) of the molecules XOH

(7)

and XO and the electron affinities of X, we can calculate that the activation
energies for the reactions X + OH(O) — XOH(XO) + e are much too high for
these to be significant at the temperatures of interest, being typically 1.5

to 2 eV.

In the case of X + H, the rate constant k_, for associative detachment

(sF

1
k, = 2ne(o/p) 2 , (4)

will have no exponential term and may be given approximately by

where e is the electronic charge, a is the polarizability of the H atom, and

1 is the reduced mass of the H + X system. This rate, known as the polar-_

9 3

ization rate constant, yields values of k, of approximately 2.0 X 10" 7 cm

sec - and is virtually the same for all ssecies of X . The reactions cl

+H— HCl+eand F + H —+ HF + o havc been studled experimentally at room
temperature by Fehsenfeld et al. () using a flowing afterglow. The measured
specific reaction rates are 1.0 (£ 0.2) X 10-9 cm3 sec_1 énd 1.6 (£ 0.2) X 10_9
cm3 sec_l, re'spectively, very close to the polarization rate constant. Although

(10)

these measurements were taken at room temperature, Herzenberg has shown
that associative detachment rates will be insensitive to a temperature below
several thousand degrees K.

The rate of reaction (1) is governed by the steady-state electron density
in a flame. Using Egs. (1) and (2), and making the assumption that under

inhibited conditions, the concentration of X is in steady state

d[x7]

gt = 0=k [R{] [e] —k,[X ] [H] (5)
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Wk E ]
[e7)= 2~ (®)
' Ky [RX]

Consider as a numerical example the case of 1% of CF,Br inhibiting an atmos-

3
pheric pressure CH 4-air flame. Using measured values of the cross section
for negative ion production in CF3Br at 1200°K from Ref. 5, we can calculate
k, from
1

k, = 0% N cc/mol sec , ‘ (7)
-15 2 A 7 . :
where 0= 9.8 X 10 cm”~, v=1.9% 10" cm/sec is the average velocity of

" an electron at 1200"K, and N is Avogadro's number. Estimates of the value of

[H] in a methane-air flame can be obtained from the data of Fenimore and

Iones(ll) and yield values between ~ 5 X 1014 and ~ 5 X 1016 atoms/cc,

depending on whether the flame is lean or rich. For a stoichiometric mixture,

[H] ~ 5 X 101° atoms/cc, a value of k2 =1.2X% 101.5 cm3/mol sec, cited
earlier, is taken. Inserting these values into Eq. (6) yields
- -3 - '
[eT1=10"[x]. (8)

Since the total concentration of negative charges in a flame Is eyual to the
concentration of positive ions, the electron concentration in an inhibited flame
is reduced to about one-thousandth of the positive ion concentration. The
concentration of positive ions in a stoichiometric—methane'—air flame at 1

(12)

atmosphere is about 5 X 1011' ions/cc, and hence, in an inhibited flame
the electron concentration is about 5 X 108 electrons/cc.

We can now compare the effectiveness of inhibition by an ionic mech-
anism to that by a neutral route by examining the ratio of the rates for reactions
(1) and (3): |

Rate (3) _ k3 [H]
Rate (1) k,[e7]

(9)

where [e7] is the electron density in the inhibited flame determined above

and the measured k3 is 1015'64 exp(—17,450/RT) cc/mol sec. (13)
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For CPSBr inhibiting an atmospheric pressure, methane-air flame we

find at 1200°K

Rate (3) _ 2 :

Rate (1) 3 x 107 . . (10)
It is clear that in this case the ionic mechanism is insignificant compared to
the neutral mechanism in the inhibition process. Similar calculations for the

comparatively poor inhibitor SF ., where attachment cross sections are very

6
.. high and neutral reaction rates rather slow, (and must be regarded as the limit-
ing case for the maximum effect of ionic inhibition), show that the ratio of

rate (3) torate (1) is 7:1. It should be noted, however, .that SF .. is generally

not regarded as a chemical inhibitor, since its effect on flames ian be ac-
counted for by its physical action alone.

The assumption, mentioned earlier, that removal of H atoms causes
flame inhibition, is generally accepted. (This does not exclude the possi-
bility that direct removal of other species, e.g., O or OH, also occurs in -
inhibited flames.) While the present study does not prove or disprove this
assumption, it can be pointed out that reaction (3) is competitive with the

branching reaction

H+0, — OH+O. (11)
. . . .~14.35 (14)
The rate coefficient of the latter is 10 exp (-16,800/RT) cc/mol sec.
The ratio of reaction (3) to (11) is 1200°K and 1% CF3Br addition is thus
computed to be 4
Rate B) _ 5 46 . | (12)

Rate (11)

At the 1% level, CF_Br would only produce moderate inhibition of a CH  -air

flame. At the 5% le3vel, where extinguishment occurs, the ration of ratt (3)
to rate (11) is 3.8 . ’

The foregoing calculations suggest that ions play no significant role
in inhibiting flames. The numerical estimates clearly establish that neutral

inhibition reactions are far more important than ionic processes.
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