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The Kp/Ko. radiative-transition probabilities have been measured for 26 elements ranging
in atomic numbers from ~~Na to 45Rh. The samples were in an amorphous state except ~7Cl
and»Br, which were in crystal form. The elements &&Na, &2Mg, ~9K, and 2pCa were studied
in both amorphous and crystal forms. The K vacancies were produced by radiation from com-
mercial 74W and 24Cr x-ray tubes. The corrected measured ratios are compared with the
most recent calculations based on a relativistic Hartree-Fock —Slater (RHFS) potential and
relativistic screened Coulomb potential. Although the form of the dependence of this ratio on
atomic number predicted on the basis of a RHFS potential seems to be correct, the experi-
mental values are consistently higher than the calculated results. Comparison with other re-
cent experimental results is also made.

INTRODUCTION

Several recent measurements of the Kp/Ko. '

transition-probability ratios were reported. ~ 4

Basically these were performed on elements with
atomic numbers Z ~ 30. Two most recent experi-
ments' pushed these measurements down to „Ar.

Relativistic calculations of the Kp/Ko. transition
probabilities were recently carried out by Scofield, '
Babushkin, ' Rosner and Bhalla, ' and Lu et al. '
The calculations in Refs. 7, 9, and 10 use a rela-
tivistic Hartree-Fock-Slater (RHFS) potential for
the atom, and their results are in good agreement
over the region covered in this experiment. Ba-
bushkin based his calculations on a relativistic
screened Coulomb (RSC) potential; he took into
account the electron screening effect as prescribed
by Slater» and Burns. ' His results based on a
potential screened by Burns's prescription show
better agreement with experimental values. '3

These are later compared with the results of this
experiment. Two reviews of this subject have re-
cently been made. ' '"

This work was initiated primarily to measure
systematically the KP/Kn radiative-transition-
probability ratio near the limit of low atomic num-
bers and to investigate the effect of embedding the
atom in an ionic crystal on its radiative-transition
probability.

EXPERIMENTAL

The amorphous samples studied were thick
blocks of the elements of varying purities but all
were better than 99. 5% pure. The crystals were
also thick samples and were mounted with their
clearly cleaved surface exposed to the exciting

radiations. No attempt was made to rotate them
about the direction of the exciting beam. K va-
cancies in samples with Z ~ 23 were produced by
an unfiltered x-ray beam from a 74W commercial
x-ray tube; and low-Z elements were excited by
radiation from a commercial z4Cr x-ray tube.
The exciting tubes were activated by a constant
potential provided by a commerical x-ray unit.
The samples under investigation were locked in a
single-crystal spectrometer which was partially
evacuated (-0.2 mm of Hg). The detecting unit
is a flow proportional counter using a mixture of
argon and methane, some 90% Ar and 10% CH, .
While the spectrometer scans the region of in-
terest, the data were plotted on a chart recorder.
Several different diffraction crystals were used
(see Table 1). At least three complete runs were
taken for each sample. Because of the interesting
dip observed at 3QZn, ten complete runs were taken
for each of the elements 3QZn and 29Cu. To reduce
experimental uncertainties in the study of the ele-
ments»Na and»Mg, eight complete scans were
taken for each of their amorphous and of their
crystal samples.

The geometrical setup is such that the emerging
beam makes an angle of about 30' with the surface
of the sample under investigation. Under this ge-
ometry it was found that the measured KP/Kn ratio
varies slowly with the value of the potential on the
exciting tube. As an example, the value of Kp/Ko. '

for»Y increased by about 5% when the voltage
across the „W tube increased from 19 to 22 kV,
and also increased by about 5% when the voltage
increased from 22 to 30 kV. Thus with such a
value of the takeoff angle, the effect of self-absorp-
tion in the irradiated sample on the value of Kp/Ko
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Z Element Form Diffraction crys tal Kp/K~

11 Na
11 Na
12 Mg
12 Mg
13 Al
14 Si
15 P

. 16 S
17 Cl
19 K
19 K
20 Ca
20 Ca
21 Sc
22 Ti
23 V
24 Cr
25 Mn
26 Fe
27 Co
28 Ni

29 Cu
30 Zn
31 Ga
32 Ge
35 Br
39 Y
40 Zr
41 Nb

45 Hh

amorphous
Na(OH)
amorphous
MgO
amorphous
amorphous
amorphous
amorphous
Nacl
amorphous
KCl
amorphous
CaCO,
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous
amorphous
amo rphous
amorphous
amorphous
MgBr2
amorphous
amorphous
amorphous
amorphous

Lymr
Lymr
Lymr
Lymr
Gypsum
PET
PET
PET
PET
PET
PET
PET
PET
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF
LiF

0.008
0.009
0.011
0.012
0.018
0.030
0.038
0.059
0.095
0.123
0.124
0.128
0.130
0.133
0.135
0.137
0.138
0.138
0.136
0.138
0.136
0.134
0.132
0.143
0.150
0.168
0.190
0.192
0.193
0.250

TA BLE I. Kp/Kz radiative-transition-probability
ratios. The diffraction crystals have the following com-
positions: Lymr Pb(C&4H2&O&) 2, Gypsum CaSO4 ~ 2H&O,

PET C 5H(20(4.
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of atomic number in Fig. 1. Also plotted are the
theoretical results from Refs. 7 and 8, curves
1 and 2, respectively.

The transition probability KP/K& was assumed
to be proportional to the ratio of the areas under
the two characteristic lines. The area is taken
as the product of the height of the peak and its
full width at half-maximum. The raw data were
corrected for differential self-absorption by as-
suming a mean depth of formation of characteristic
lines in the irradiated samples. The values of
the mass-absorption coefficients used were those
tabulated by McMaster et al. ' Corrections for
the efficiency of the flow proportional counter as
a function of the photon energy were also made.

The diffraction efficiency of a mosaic crystal
is proportional to the value of the wavelength of
the diffracted radiation, and away from the crys-
tal absorption edges, it is nearly proportional to
the mass-absorption coefficient of the diffraction

crystal, "which is inversely proportional to ~ .
Thus under the present geometry and for our choice
of diffraction crystals, the crystal ref lectivity is
nearly independent of the reflected wavelength, and

no correction was attempted for such an effect.
An error analysis was carried out for all the

studied elements. The resulting experimental un-

certainties were nearly equal to or smaller than

2% for all the elements with 13 «Z «45, except for

is not very sensitive to the magnitude of the voltage
on the exciting tube, a fact that reduces the com-
plexity of correcting for self-absorption. Under
the present setup, the diffraction crystals may be
exchanged by remote controls and locked in their
proper position without disturbing the vacuum in
the spectrometer.

Previous experiments of this type were limited
at low-Z elements by the resolutions of the spec-
trometer detector used. This work was carried
systematically for low-Z elements until it became
difficult to detect the presence of the KP lines. In
6 out of 32 runs taken for»Na and, zMg, the KP
lines were not distinctly apparent.

In all the observed spectra the KP and the K&
lines were well resolved and were all measured in
the first order, except those of »Na and»Mg, for
which the spectra were studied in the third and
fourth order, respectively.

RESULTS AND DISCUSSION

The results of this work are presented numer-
ically in Table I, and also graphed as a function

20—
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FIG. 1. Kp/Kz radiative-transition-probability ratio
as a function of atomic number Z. Curve 1 is from Ref.
7 and curve 2 is from Hef. 8. The solid dots are from
amorphous samples and the crosses are from crystalline
samples.
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zQCu and 3QZn, where such uncertainties were found
to be about l. 5/o. Uncertainties of about 25% were
calculated for both»Na and»Mg in both crystal
and amorphous samples. Our corrections for the
efficiency of the counter and for sen-absorption
and our lack of correction for the ref lectivity of
the diffraction crystal. s could have introduced ad-
ditional errors.

The results of this experiment as well as those
from previous works agree well with the theoret-
ical results based on a RSC potential, ' for elements
with Z~31. As a matter of fact, the values of the
KP/Ka radiative-transition probabilities for ele-
ments with 31 & Z ~92 are well established, and
our work on the elements 35Br 39Y 4QZr, 4,Nb,
and „Rh was performed as a check on the accuracy
of our correction calculations. Although the shape
of the dependence of the Kp/Ko. ' ratio on atomic
number is well represented by the results obtained
with calculations based on a RHFS potential. , ' these
theoretical results are consistently 10-20% lower
than the most trusted experimental values. Fur-
thermore, the theory predicts the existence of two
small "dips" in the value of Kp/Ko." one at ~QCu

and the other at ~,Cr. Previously performed sys-
tematic measurements of this ratio" detected no
dips in the "flat" region 20 & Z ~ 30; McC rary et
al. ' did not measure the ratio Kp/Ko. 'for the crit-
ical elements 3QZn and»Ga. In this work, the
Kp/Kn ratio for, ~Zn was found to be consistently
lower than those for ~,Cu and»Ga, and no dip was
detected at ~4Cr.

The existence of a dip in this region of atomic
number is of some significance, as it is the result
of the effect of the 4s and 3d electrons on transi-
tions from the lower p states. The theoretical dips
occur for elements with only one electron in the
4s state. The theory also predicts dips under
similar conditions of electronic structure in the
ratios Ly, /LP, [(L» —N, v)/(L» —M,v)] and

LPa, &5/Lo' [(Lait Ntv v)/(Lie ~iv)l for t"e ele
ment 6,Tb. Measurements of the two ratios" show
a clear dip at 6,Tm, which corresponds to the

presently observed dip at 3QZn.

The Kp/Ko. ' ratios for the four elements»Na,
&zMg, »K, zQCa were measured in both amorphous
and crystalline forms. C ontrar y to what one may
expect, at least for the low-Z elements, for all
four elements the ratio Kp/Ko' was larger from
crystalline samples. The difference is small and

is within experimental error. Prior to corrections
the CaCO, sample gave a value of KP/Kn for zoCa
some 5% larger than that from the amorphous sam-

ple; most of that difference was found to be due to
the differential self-absorption by the oxygen atoms
of the crystalline sample. Both»Br and»Cl were
only measured for crystal. line sample; in the case
of ~,Br, one expects the same value of Kp/Ko. '

from both amorphous and crystalline samples, as
the studied transitions are deep within the atom.
Although difficult to judge because of the l.arge
slope of the curve at Z=17 (see Fig. l), the value
of Kp/Kn for»Cl. from NaC1 crystal. seems to be

larger than what one would expect for, atomic chlo-
rine.

CONCLUSION

The present results prove the existence of a dip
in the value of the KP/Ke. radiative-transition
probability at 3QZn. This dip has never been ob-
served before. Except for that important point,
our results and those reported in Refs. 5 and 6
are in good agreement in the region covered by
these previous works.

Values of the KP/Kn radiative-transition-prob-
ability ratios are reported here for the first time
for elements „Na ~Z ~»Cl. The presence of low-
Z atoms in amorphous or crystalline samples
seems to have very little effect if any on their val-
ues of KP/K&.
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Many-body perturbation theory is used to calculate the total photodetachment cross section
of 0 from threshold to 1.1 keV. This nonrelativistic calculation uses the velocity form of
the dipole approximation. We include the effects of resonances owing to 2s 2p and 1s 2p

excitations. Comparison is made with experiment and other theoretical treatments.

I. INTRODUCTION II. THEORY

The photodetachment cross section of 0 has
been the subject of several theoretical and experi-
mental studies, primarily because of its astro-
physical applications . The first calculation was
performed by Bates and Massey. ' Since the ac-
curate deter mination of the electron affinity of
oxygen and the accurate measur ement of the ab-
solute cross section by Smith, good results in the
range from threshold to about 3. 2 eV were obtained
by improving the Hartree- Fock calculation through
the us e of polarization potentials ~ Utilizing
Temkin's method of polarized or bitals, ' the calcu-
lation of Henry showed good agr eement with ex-
periment up to about 3.6 eV.

In order to take into account the effect of electron
correlations on the photodetachment cross section
of 0, we present here a detailed calculation of
that cross section using the many-body perturbation
theory of Brueckner and Goldstone and our
techniques for the application of this theory to
atoms. ' ' Recently, the Brueckner- Goldstone
theory was used to calculate the photoionization
cross section of Fe, both initial- and final- state
correlations being included. "' 6

In Sec. II we discuss the theory. Section III
contains the details of the calculation and also the
numerical results. We present results for the
total photodetachment cross section, contributions
to the cross section from the individual subshells,
and also our lowest-order results, which are es-
sentially Hartree- Fock results. The discussion
and conclusions are presented in Sec. IV.

In applying many-body perturbation theory to the
photoionization problem, we use the perturbation
expansion for the frequency-dependent polariza-
bility'4 n(»d) together with the relation'

v((g) = (4»»»d/c)imn(&u).

Here &r(&o) is the photoionization cross section, a&

is the photon energy, ana t." is the speed of light
(137.037 in atomic units).

The lowest-order contribution to n(&u) due to the
electronic state lp) is given by'

—& I(k I I»I'(
(~p ~&+ QP &p ~k

where z represents g»"=, z». Since s~- z"™~
vanish, we add a small imaginary part ip. We

then obtain

llm(z», —z», +M+»7)) =P(z», —ty+(0)
'I-0

isa(z, s„+(o),—(3)

where I' represents principal- value integration.
Since our continuum states are normalized accord-
ing to

P»(r)-cos[kr+5»+(q/k)ln2kr- z(l+I)z], (4)

where V(r)- q/r as r- ~, we may replace the
summation over k in E»1. (2) by (2/v) fdk "'z.
Using E»I. (3) we obtain

Im n (co ) = (2/k ) I (k I
z

I p) I
~,


