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The spectrum of Krvin has been observed between 180 and 2000 A by using foil excitation of 2.5-3.5-
MeV krypton ions. Twenty new transitions have been classified and eleven new excited-state energies have
been determined within the n = 4-7 shells. The ionization potential is derived to be 10158004200 cm™".
The excited-state energies and fine structures are compared with recent relativistic Hartree-Fock
calculations. The 4p-state lifetime has been measured by performing a simultaneous analysis of decay data
for the 4p level and for its dominant cascade-repopulating levels. The 4p lifetime is found to be 30%
shorter than previously measured values and is in excellent agreement with the result of a recent
multiconfiguration Hartree-Fock calculation. The source of the discrepancy between this result and earlier

measurements is discussed.

I. INTRODUCTION

The experimental determination of the atomic
structures and excited-state lifetimes in highly
stripped alkalilike ions is important in modeling
and diagnostic studies of both laboratory and astro-
physical plasmas as well as for detailed testing of
current relativistic atomic calculations. Ions of
the Cul isoelectronic sequence are prominent as
impurities in high-temperature magnetically con-
tined plasmas! and the emission spectra are also
observed in spark sources,?™ in laser-produced
plasmas, ®7 and with beam-foil excitation.?™?
However, the atomic structures of moderately
ionized copperlike systems are scarcely known.
The alkalilike character of these spectroscopically
important ions suggests that fairly reliable calcu-
lations of both the atomic structures and lifetimes
should be possible, and several such theoretical
studies have been reported recently.!*™?

For copperlike KrVIII, transition wavelengths
for the 4s-4p resonance multiplet have been mea-
sured by Fawcett ¢t al.!? in a high-temperature
(¢) plasma. Tentative identifications for the 4p-
4d transition wavelengths were reported in a re-
cent beam-foil study by Druetta and Buchet,!? al-
though no indication of the associated wavelength
precision was given. No other excited states in
Krviar have been classified previously, although
an extensive wavelength list for foil-excited kryp-
ton spectra has been compiled by Cardon.?’ Pre-
cise wavelength measurements involving more
highly excited states in KrvIIl are needed in order
to provide atomic structure data for testing the
accuracies of current relativistic calculations in
the regime of moderately high ionicity for copper-
like systems.

Lifetime measurements for the 4p state in
Krvil have been performed previously by several
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groups using beam-foil excitation.!’*? However,
these measurements are all in serious disagree-
ment with theoretical calculations carried out
using various methods."*™'® Similar discrepancies
between theory and experiment exist for the life-
times of low-lying excited states in other ionized
members of the Cul and Nal isoelectronic se-
quences. It has been pointed out by Crossley et
al.®! and by Younger and Wiese?? that such An=0
transitions involve an unusually difficult experi-
mental situation for which the excited states are
heavily repopulated by cascades from highly ex-
cited high-! states, including some with lifetimes
comparable to that of the level being studied, as
well as from other low-lying states. For these
reasons, a careful remeasurement of the 4p life-
time in KrvIil is clearly needed, with special at-
tention being devoted to the effects of cascade con-
tributions.

In this paper we present new wavelength classi-
fications involving » =4,5,6, and 7 states in
Krviil, based upon our observations of the beam-
foil spectrum of krypton. The excited-state ener-
gies that are derived from these wavelengths al-
low detailed comparison to be made with current
relativistic atomic structure calculations for this
region of the Cul isoelectronic sequence. Using
these newly identified transitions we have been able
to perform the first direct measurements of the
decay characteristics of states that repopulate this
4p level by cascade feeding. We have utilized
methods involving the simultaneous treatment of
correlated-decay data in order to extract the 4p
lifetime from measured decays for the 4p state
and cascading states. We have also analyzed the
4p-state decay data, using multiexponential-fitting
techniques, to show how even this approach can be
made more reliable. Our results are compared
with the previously measured lifetimes and with
current theoretical calculations.
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II. JOINT ANALYSIS OF CASCADE-RELATED DECAY
CURVES
The measured decay curve? of the 4p level,
I,,(t), is related to its direct cascades from the
ns and nd levels, I,(¢) and I,4(¢), by the instantan-
eous population equation

T8 Elidt) + 2 Ealo®) + el
- a4prl4p(t) ) 1)

where £,, denotes a normalizing constant which,
if known, would convert the arbitrary units of the
various decay curves to a common scale, and a,,
=1/7,, is the reciprocal mean life of the 4p level.
Equation (1) can be rewritten in the form

y=a4p"€4¢(x+xo) » (2)
where
y ==d(lnly,)/dt , (3)
x =L (8)/1,(¢) , (4)
_ o [Enala(£) + & sl e(2)]
"o _g Eaaly(2) ) ®

Written in this fashion, y contains all information
concerning the primary decay curve, x contains
all information concerning all of the yrast (I ==
—1) cascades, and x, contains all information
concerning all of the nonyrast cascades. In a
case where the dominant cascade repopulation is
from the yrast chain, Eq. (2) becomes

Y Eay, - Eyx. (6)

The reciprocal mean life and normalizing constant
can be obtained from the intercept and slope of a

y vs x plot, with y and x computed regionwise
from the measured I,, and I,;. Neglecting cascades
outside the yrast chain, we express the initial re~
plenishment ratio® R(0) in terms of the fitting pa-
rameters by

R(0) = £,4144(0)/ 014 14(0) . (7

The largest contribution to x, would be expected
to arise from the 4p-5d transition. As will be dis-
cussed in Sec. V, there is a fortuitous cancella-
tion in the 4p-5d transition integral for Krvig,
causing it to branch nearly 100% to the 5p-5d and
4f-5d channels. Cascading from the 5s state was
found to have little influence on the analysis, as
will be discussed later. This situation makes
Krviil uniquely well suited among members of the
Culisoelectronic sequence for analysis by this
method.

II1I. EXPERIMENT

The Dynamitron accelerator at Argonne National
Laboratory provided beam currents of up to sever-

al p A of Kr* ions in the energy range 2,5-3.5
MeV. The ions were excited by passage through
5-ug/ cm? carbon foils, which introduced an energy
loss® of about 2%, yielding a post-foil ion veloci-
ty for 3.5-MeV incident ions of 2.81 mm/ns. The
emission from excited krypton ions was dispersed
by using either a McPherson 2.2-m grazing-inci-
dence monochromator or a McPherson 1-m norm-
al-incidence monochromator. Photons were de-
tected with a windowless Channeltron electron
multiplier or an EMR 541F multiplier phototube
(LiF window), in conjunction with standard pulse-
counting electronics.

Spectra were recorded by scanning the detector
along the Rowland circle with a synchronous motor
for the grazing-incidence monochromator, and by
advancing the grating drive with a stepping motor
for the normal-incidence monochromator. The
wavelength range 100-2500 A was surveyed in this
manner.

The first-order linewidths were less than 1 A
for all spectra recorded. For the normal-inci-
dence work, this required refocusing®® of the
monochromator to eliminate the first-order Dop-
pler broadening that results from observing the
moving source with an instrument having a large
acceptance angle. Emission line centers could
be located usually to within +0.1 A by means of
computer fitting and reference to wavelength
standards. Above 400 A, Kr VI and VII lines were
available as standards. Additional standards were
obtained by using a foil-excited He* beam to pro-
duce the Hell Lyman series, and foil excitation of
O* ions to produce the vacuum-ultraviolet standard
lines of Edlén.X® Both the first and second orders
of dispersion were employed to study the spectra.

For lifetime measurements, the grazing-inci-
dence monochromator was used, with a modified
entrance slit? placed close to the beam for much-
improved spatial resolution. The resultant “time
window” along the beam that was accepted by the
monochromator was about 30 ps. Photons repre-
senting a chosen transition were collected at
various distances from the foil for counting peri-
ods determined by the collection of a fixed amount
of ion charge in a Faraday cup. The spatial separ-
ation of data points along the beam was about
30 u (~20 ps) for the more rapid portions of the
decays near the foil, with wider intervals being
used in the decay tails. The decays were studied
over a distance corresponding to about 5 ns, or
some twenty 4p lifetimes. The detector dark
count was below one per minute and was negligible
compared with the signal over most of the decay
lengths. Decay data were obtained by advancing
the foil along the beam using a stepping motor.
The control of stepping motors and the acquisition
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and storage of data were accomplished by an on-
line PDP 11/45 computer.

IV. RESULTS
A. Spectra

We have classified 25 transitions in the level
scheme of KrVIII from the beam-foil spectra (see
Table I). Twenty of these lines represent new
classifications. Also listed in Table I are the
theoretical wavelengths provided by relativistic
Hartree-Fock calculations of Cheng and Kim.!®
In Table II we tabulate the excited-state energies
derived from our wavelength observations (the
4p levels are based upon the more precise wave-~
lengths for the resonance doublet reported pre-
viously by Fawcett ef al.!®). An energy-level dia-
gram summarizing these results is shown in Fig,
1.

Examples of sections of our beam-foil spectra
are given in Figs. 2 and 3. In Fig. 2 are shown
the well-resolved fine-structure components of
the 4p-4d multiplet at 434.1, 450.7, and 453.3 A.
The nearby line®® at 445.33 A has been classified

recently'”? as the 4s4p°P,-4s4d °D, transition in
Krvil and may be used as a reference wavelength
for these Kr v lines. We note that the °P,-%D,
component of this KrVII multiplet lies®®?® at

434.28 A and is not resolved from the KrvIlI 4p, /-
4dy,, line at 434.1 A. This blending has been taken
into account in the determination of the Kr vl
wavelength by assuming that the line intensities
within each multiplet are those predicted for LS-
coupling conditions.

The 4f-5g transition is expected to lie in a rela-
tively complicated region of the beam -foil spec-
trum near the Krvi 4s?!S-4s4p !P resonance line
at 585.37 A. We have classified the feature ob-
served at 583.2 A as the 4f-5g transition in
Krvil, In Fig. 3 this line is clearly stronger with
respect to the Krvil transition at 3.6 MeV than at
2.5 MeV and follows the intensity of 5g-6h transi-
tion at 1157.2 A that we have also classified in
Krvii. Furthermore, in Fig. 3b, 583.2 A is seen
to be broader than the Krvi line, reflecting the
unresolved fine-structure interval that is expected
to be about 0.2 A (see note added in proof).

The observations of resolved fine-structure

TABLE I. Wavelength observations in Kr vii,

Wavelength (R)

Transition This work Other experiments Theory #
45 /9-5p /5 181.5+ 0.2 183.7
451 /9-51 /9 182.8 £ 0.2 185.0
4d; /5-5f5 /4 285.0 £ 0.2 288.0
4d5/2—5f5/2'7/2 286.2+ 0.2 289.1
4py,5-551,2 288.5 0.3 292.7
41)3/2—581/2 297.1+£0.2 301.1
4py 19-4dy 7y 434.1£0.05 435" 439.5 440°
43 j9~4ds 450.7 + 0,05 450° 455.9 455°
A3 j9=4dy /5 453.3 0,1 453° 458.6 457°
4dy 19-4f5 /5 530.0 + 0.1 536.1
4d5/2—4f7/2 533.8 + 0.05 539.9
4dy /3-5py /5 571.2 % 0.05 578.7
4dy /9-5py /5 579.3 + 0.05 586.8
4f-5¢ 583.2 + 0,1 596.5
45 /9-4D3 /5 651.6 % 0.1 651.57 0,03 ¢ 657.0 658°  659°
454 79-404 1 695.9 + 0,1 695.91 + 0,03 9 700.7 699°  1700°
5p1 /-5y /5 1059.3 + 0.2 1067.1
5p3 /9-5d5 /5 1096.7 0.1 1103.7
5g-6h 1157.2 £ 0.1 1162.7
5dy /9-5f5/5 1191.6 + 0.1 1203.2
5ds5 19=5f5 12,1/ 1199.5 0.1 1211.9
4f; 19-5ds 4 1267.4 0.1 1278.8
45 /9-5dy /4 1276.9+ 0.1 1288.9
58y /9-51 /3 1766 +2 1774.6
6h-Ti 1929.4+ 0.2 1931.8¢

2Cheng and Kim, ¢ relativistic Hartree-Fock, unless indicated otherwise.

® Druetta and Buchet, 1% beam-foil.

®Weiss, 1 Hartree-Fock with relativistic corrections.
dFawcett, Jones, and Wilson, 1? high-temperature plasma.
° Cowan, 15 Hartree-Fock with relativistic corrections.

THydrogenic value,
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TABLE II. Energy levels in Kr v,

Energy (cm*)

Level Experiment Theory ®
4sy/9 0 0
4y /s 143697+ 6° 142711
4y /9 153475+ 7° 152 210
4dy /2 374060+ 25 370249
4ds 375350 + 25 371536
554 /9 490100 £ 100 484310
5Py /9 546 680 + 30 540 661
5p3 /9 550420 + 30 544 340
4 1 562690 £ 30 556 745
4f5 ), 562750 + 35 556 786
5dy /4 641080 + 35 634374
5ds /5 641600 + 30 634944
5f 724980+ 35 717470
5g 734190 + 45 724 403
6h 820610 + 45 810 406
7i 872440 + 45 oo
limit 1015800 + 200

3This work, unless indicated otherwise.
bCheng and Kim, ' relativistic Hartree-Fock.

° Fawcett, Jones, and Wilson, ** high-temperature

plasma.

components for most of the multiplets allow us to
determine the energy splittings for the 4p, 4d, 4f,
5p, and 5d states. These are listed in Table III,
along with the relativistic Hartree-Fock predic-
tions of Cheng and Kim'® and our own isoelectronic

cm')
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FIG. 2. Partial beam-foil spectrum of krypton, show-
ing the 4p-4d multiplet in Kr vin at 434.1, 450.7, and
453.3 A and the 4s4p °P,-454d 3Dy transition in Kr vir at
445.3 A.

extrapolations using the Dirac-Sommerfeld
screening parametrization method.?

B. Decays

Detailed decay curves were measured for the
4{)1/2, 4173/2, 4(13/2, 4d5/2, and 4f levels. About
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FIG. 3. The beam-foil spectrum of krypton between
1153 and 1180 A. Spectrum (a) was measured by 2 de-
tector with a LiF window, which absorbs radiation be-
low 1050 &, Spectra (b) and (c) were measured at dif-
ferent ion energies with a windowless detector to include
second-order emission between 577 and 590 A.
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o

TABLE III. Fine-structure intervals in Kr vui.

Interval (cm-!)

Levels This work Other experiment Theory? Semiempirical ©
4p(4-3) 9770 + 30 9778 + 9 9949 9783
5p(3-3) 3740 + 40 3679 3783
4d(3-3) 1290 + 359 1287 1324
5d($-3) 530 + 45 569 589

4 (3-1) -60 + 45 —41

2Fawcett, Jones, and Wilson, !° high-temperature plasma.

? Cheng and Kim, !¢ relativistic Hartree-Fock.

¢Curtis, ¥ Dirac-Sommerfeld screening parametrization.
4This uncertainty reflects our 4p-4d wavelength uncertainty combined with the uncertainty

in the 4p interval from Ref. 19.

ten individual decay curves were obtained for

each level, and the data were summed to provide
curves such as those shown in Fig. 4 for the 4p,,,
and 4d;,, states. These data sets were then
analyzed by the various fitting techniques discussed
in Sec.V D.

V. ANALYSIS AND DISCUSSION

A. Spectra

The classifications listed in Table I were as-
signed with the aid of isoelectronic term-value
interpolations, the use of a screening parameter
interpolation of fine-structure separations,?®® and
in particular with the guidance provided by rela-
tivistic Hartree-Fock calculations of Cheng and
Kim, !¢ who utilize a computer program originated
by Desclaux.’! The charge-state dependence of
the variation of line intensity with ion energy was
employed to confirm the Krvmi classifications.
Most lines were observed in both first and second
order (occasionally in third order) for the purpose
of improving the wavelength resolution and elim-

Counts

1 1 1 1
(0] | 2 3 4 5
Time since excitation (ns)

FIG. 4. Intensity decay data for the foil-excited 4 p3/,
and 4d;/, states in Krvin,

inating certain line-blending problems.

The spectrum of Kr vl is strongly excited in the
beam-foil source at the ion energies we used.
Transitions among low-lying levels and transitions
involving high I states for higher n are normally
strong, so that most of our spectroscopic classi-
fications are unambiguous. The existence of
several closed loops within the level scheme for
each of the two strong (AJ +0) fine-structure com-
ponents provides confirmation for the classifica-
tions. The 4p-5d transitions (near 200 A) were
not observed, but this is not surprising since
there is an accidental cancellation in the associ-
ated transition integral'®3 for Krvii, allowing
the 5d state to deexcite almost entirely via the 5p
and 4f states. This absence of cascade repopula-
tion of 4p by 54 is important in the analysis of the
decay of the 4p state, as will be discussed below.
The Z-dependent characteristics of such cancella-
tions have been discussed recently by Curtis and
Ellis.*? Our independent determinations of the 4p-
and 5d-level energies predict wavelength values
of 201.05 and 204.87 A (+0.02 A) for the 4p-5d
transitions. Our classifications of the 4p-5s tran-
sitions at 288.5+0.3 A and 297.1 + 0.2 A and our
5p -level determination via 4d are consistent with
our classification of the 5s -5p, ,, transition at
1766+ 2 A. The 5s-5p,, transition should then ap-
pear at 1657 +2 A and is probably masked in our
spectra by a strong neutral carbon multiplet emit-
ted by excited atoms sputtered from the foil.

Comparison of our observed level scheme with
that predicted by relativistic Hartree-Fock calcu-
lations!® for KrvIIl indicates that the theoretical
excitation energies (relative to 4s) are uniformly
about 1.0% too low for all the levels observed, If
we scale the theoretical energies by this empirical
correction factor, the agreement between the the-
oretical values'® and our results becomes better
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than 0.1% for the 4d, 4f, 5p, 5d, and 5f states,
whereas the theoretical 5s-, 5g-, and 6k-level
energies remain about 0.2% too high and those of
the 4p levels lie about the same amount too low.
It is interesting to note that qualitatively similar
trends are revealed by comparison of the results
of Ref. 16 with recent measurements of the spec-
tra of copperlike SeVI® and Mo X1V, ® suggesting
the presence of at least an /-dependent effect that
is not accounted for in the calculations.

Our wavelength results show that the 4f state
in KrVIHI possesses inverted fine structure (see
Table III), in agreement with the relativistic Har-
tree-Fock values.!® The results of Ref, 16 reflect
the difference in the interactions between the core
and valence electrons for 4f;,, and 4f;,;, within
the Hartree-Fock approximation, that are included
in these relativistic calculations. Our observations
are consistent with the anomalously small, but
positive, 4f splitting observed by Reader et al.®
in copperlike MoXIV, Similar inversions or dis-
tortions of fine-structure intervals have been
known for some time in certain series of excited
states in alkali-metal atoms.’® These fine-struc-
ture anomalies are attributed to the effects of
configuration interaction with core-excited inverted
doublet terms lying above the series limit, %3¢
and they have been the subject of recent calcula-
tions.%®

Finally, we point out that the wavelength values
reported previously by Druetta and Buchet!® for
the 4p-4d multiplet in KrvIi are inaccurate by
~1 A. Furthermore, the tentative classifications
suggested and tabulated previously by Kelly and
Palumbo®® for the transitions 4p-5s, 4p-4d, and
4p-5d are incorrect.

B. Ionization potential

Since no more than two members of any Rydberg
series have been established for this ion, it was
not possible to determine the ionization potential
through Ritz expansions of the quantum defects.
However, the energies relative to the ground state
for five “nonpenetrating” levels were measured
in the experiment, so it was possible to determine
the ionization potential from a screened hydrogen-
ic model with core polarization. For nonpenetrat-
ing orbits (i.e., I greater than the value of any
core electron) the energy E(n,!) relative to the
ground state (neglecting fine structure) can be
written®?

E(nyl)Zlo_TH(n,l)"ad<y-4>nl_aq<’r-6>nl ’ (8)

where Ij is the ionization potential, T (n,!) and
(r®,, are the Sommerfeld term value and expec-
tation value of 7* for a hydrogenic system of effec-

tive charge given by the atomic number minus the
number of core electrons, and a, and a, are the
effective electric dipole and electric quadrupole
polarizabilities of the core. The units of E(n,1)
are Rydbergs; the units of » are a; and the units
@, and o, are aj and a}, respectively, where a,

is the Bohr radius. Formulas for Ty, (*%,;, and
(r"%, are given in Refs. 34 and 37. Since I,, ay,
and a, are constants for a given ion, they can be
determined from Eq. (8) if three or more E(n,l)
values are known.

The 4f, 5f, 5g, 6k, and 7i levels are all nonpen-
etrating and have been measured. However, the
4f level has inverted fine structure, and the *F
series may be influenced by perturbations which
cause it to deviate from the hydrogenic model of
Eq. (8). A similar inversion of the fine structure
is observed for the 3d state of the sodium isoelec-
tric sequence,® and there Eq. (8) is valid only
for I = 3 despite the nonpenetrating nature of the
%D series. For the sodium sequence, the pertur-
bations of the 2D series have been described in
terms of configuration interaction with *D terms
produced by the excitation of the 2p° shell, and
a similar argument could be made for the pertur-
bation of the °F series in the copper sequence owing
to configuration interaction with2F terms produced
by excitation of the 3d'°core. We have therefore
determined the ionization potential variously includ-
ing none, either, and both of the 2F energy values.
For the 4f level, the centroid of the multiplet was
used in the calculations. Least-squares fits were
made, and the resulting parameters and the value
of chi-squared per degree of freedon (d.f.) for each
fit are given in Table IV. Clearly the number of
’F levels included in the fit has a considerable ef-
fect on the determination of polarizability parame-
ters, but the ionization potential inferred is quite
insensitive to the levels included. Making gener-
ous allowance for possible uncertainties, we have
adopted the value J;=1015800 +200 cm™, This
corresponds to 125.94 £.02 eV, and is in agree-
ment with, but of higher precision than a number
of theoretical calculations, which have yielded
126, 123, 125.4, 124, 125, and 123 eV (from Refs.
38, 39, 15, 13, 40, and 40, respectively), but
disagrees with a calculation! of 133.3 eV. The

TABLE IV. Least-squares fits to the polarization
formula for Kr v

Levels included I, (cm™) oy o,  x¥/df.

1015864 0,156 0.516 1.9
1015815 0.093 0.562 0.012
1015816 0.100 0.544 0.016
1015823 0.132  0.456 b

4f, 5f, 5g, 6k, Ti
4f, 5g, 6k, Ti
5f, 5g, 6k, Ti
5¢, 6h, Ti
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values for o, and o, are only crudely determined,
but clearly indicate the importance of the quadru-
pole polarizability. Using these values together
with Table IX of Ref. 34, one can see that
a r™),, dominates over a,{r-*%,, for the ?F and %G
series in KrVIIl, and is a large fraction of the
total polarization energy for the [ and %I series.
We note that the precision of our derived value
for the ionization potential in KrVINl is higher than
that reported recently® for the isoelectronic ion
Mox1v, from high-resolution spectroscopy of a
laser-produced plasma. This is possible because
of the efficiency of the beam-foil source for the
production of high-I (yrast) states, which are less
susceptible to perturbations than are the lower-I
states produced in the plasma source.

C. Simulated decay curves

A computer simulation of the 4s-4p decay curves
for Kr VI, using a population model (2! + 1) (n*)™
with p =2-5, and an instrumental resolution of 30
ps, is shown in Fig. 5. Here the dashed line rep-
resents the mean life to be extracted, and the
solid circles represent our measured data. For
n*=n and p >3 this population model can be
summed over infinite » and I<#n -1, to obtain a
finite normalization in terms of the Riemann ¢
function, whereas for p < 3 this sum is divergent.
Simulated decay curves using normalizable popu-~
lation models have been studied by Crossley et
al.?' They found, as can be seen here from Fig.
5, that long-lived decay tails are not produced
for the higher ionization stages when such a
normalizable population model is assumed, and
that lifetimes should be reliably extractable.
Younger and Wiese? have simulated decay curves

Intensity

PR R l\\n ‘u 1
10 (0] 5t 10t 15t

Time since excitation

FIG. 5. Computer simulations of the intensity decay
curve for the foil-excited 4 p3/, state in Krvitt. The pop-
ulation model (27 +1)(z*)™ was applied, for p=2, 3, 4,
and 5. Theoretical lifetimes for the 5s, 5p, 6s, and
6p levels and the yrast ( =x—1) chain up to » =26 were
included. A rectangular instrumental resolution fune-
tion 30-ps wide has also been convoluted with the decay
curve. The points represent measured data.

for the 4p state in copperlike ions, using this

type of model with p =3 truncated at a maximum
value of n, and found that this can lead to long-
lived decay tails., They conclude that, in such
cases, reliable extraction of mean lives would be
difficult by standard curve-fitting procedures.

The experimental situation regarding the appro-
priate population model to be used is not clear at
present. In some cases long tails, which can only
be explained in terms of bound-state cascades
through the inclusion of a very heavy population of
states of very high »n, are indeed observed. For
example, Pegg el al.*? have reported very strong
tails in the lowest 2P, /2 resonance transition of
CuXIX in the Nal sequence. Forester et al.* have
studied C1IX-C1l XV and found that such tails oc-
cur for N-, O-, and F-like Cl but not for the lines
studied in C -like or more highly stripped Cl ions.
It can be seen in Fig. 5 that the decay curves mea-
sured in this experiment also contain tails which
cannot be explained by cascades from levels popu-
lated according to the distribution (21 + 1) (rn*)™?,
with p greater than the limiting value for normali~
zable populations.

D. Lifetimes

1. Joint analysis of decays

The experimental decay curves contained 90
channels with a common origin relative to the foil
position for all measurements. Channel 5 was
determined to be the first point at which effects of
upstream viewing and vignetting of the foil have
completely vanished. For purposes of applying
Eq. (6) the channels were grouped into sets [de-
noted henceforth as “panels” after Ref. (44)] of
3, 5, or 7 channels each. The effective values
for the decay curves and the 4p logarithmic deriv-
ative were computed by fitting data points within
each panel to a polynomial in the logarithm, and
evaluating the central magnitude and slope. The
panels were nonoverlapping, i.e., the data con-
tained in each panel were independent of those in
the other panels. We performed panel polynomial
fits for 4p by two alternative methods: using all
data in each panel to compute both the central in-
tensity and its derivative, and dividing the data in-
to two subsets, using one to compute the central
intensity and the other to compute its derivative.
With the former method there is correlation be-
tween the uncertainties in x and y [Eqs. (3) and
(4)], which is avoided in the latter method. With
both methods the uncertainties were treated as if
they were uncorrelated, and each panel was as-
signed a weight based upon an incoherent sum of
the statistical uncertainties propagated into x and
v [cf. Eq. (3.57) of Ref. 23]. The values and un-
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certainties inferred for 7,, by these two methods
did not significantly differ, and we conclude that
the correlations between uncertainties in x and y
can, at least in this case, be neglected. A plot
of d(Inl,)/dt vs I,,/1,, is shown in Fig. 6.

Contributions to x, from 5s,,, were included in an
extended analysis, but because the measured decay
curve for 5s,,, diminished rapidly to zero, the re-
sults were virtually indistinguishable from those
of Fig. 6. The degree to which the experimental-
ly determined variables y and x conform to a
straight-line dependence confirms that x, is in-
deed negligible for this case, and that all sig-
nificant cascade effects in the 4p,,, decay curve
are included in the 4d,, decay curve. Purely
statistical uncertainties were approximately one
percent. However, a somewhat larger uncer-
tainty in the derived mean life arises from the
sensitivity of this value to the details of the
grouping of points in the derivative computation
and to the number of data points included in the
fitting procedure. The 4p;,,-state lifetime that
results from this analysis is 243 +10 ps.

We attempted similar analyses for the 4p,,,
state, using decay data for 696 and 434 A. How-
ever, the results were generally poor, with non-
linear plots of Eq. (6) and large scatter in the
fits suggesting the absence of complete correla-
tion between the two data sets. We suspected the
cause to be our inability to spectroscopically re-
solve the KrVII 4p *P,-4d°D, line at 434.28 A from
the KrviI 4py ,,-4dy, line at 434.1 A, as discussed
in Sec. IVA. This was confirmed by our joint
analysis of 696 A with 450 A, which yielded good
fits and a value of 291 + 12 ps for the 4p, /, life-

I4d(‘l’)
I4p('f)
(o] 0.2 0.4 0.6 0.8 1.0
Y T T T s —
_I -
AQ
_2.—
E A
c |
o | 3
"4 443 ns”
(243 ps)
_5._

FIG. 6. Plot of the combined 4 p3,y, 4d;/, decay data
according to the variables of Eq. (6). The intercept of
the fitted line with the y axis determines the reciprocal
lifetime of the 4 p3/, level. The good fit indicates that
all significant cascades pass through the 4d;,; level.

time. This latter analysis is not strictly correct,
since 450 A represents the cascade into 4p3, in-
stead of 4p,,,, but the decay characteristics of
4d,;/, and 4d; ,, are not expected to be substantially
different. We note also that the cube of the p-state
lifetime ratio is identical to the ratio of 4s-4p
transition wavelengths, as expected theoretically
under pure LS-coupling conditions. Oscillator
strengths derived from these 4p -state lifetimes
will be compared in Sec. VD 3 with previous mea-
surements and with theory.

Decay data for the unresolved 4f states measured
at 534 A were also analyzed in conjunction with the
decay data for the 44 states. Attempts at carrying
out a correlated analysis for the 534-434 A pair
showed that these data were not described by a
linear form analogous to Eq. (6), again reflecting
the line blending occurring at 434 A. On the other
hand, the 534-450 A pair gave a good fit and
yielded a lifetime value of 48 +4 ps for the 4d;,,
state. This result compares favorably with the
4d; /, lifetime value of 50 ps from the relativistic
Hartree-Fock calculations of Cheng and Kim'® and
of Wiess'* and with the value of 51 ps from the
Coulomb approximation results of Lindgird et al.,!?
but less well with the Hartree-Fock 4d-state mul-
tiplet value of 64 ps from Younger and Wiese.*

2. Multiexponential fitting

The decay data for the 4p;,, and 4p;,, states
were also analyzed by multiexponential least-
squares fits in order to ascertain under what cir-
cumstances reasonable mean lives can be obtained
by this technique. If unconstrained two-exponen-
tial fits are performed, apparent mean lives of
390 and 330 ps are found for the 4p,,, and 4p;,,
states, respectively—in essential agreement with
the previous measurements of Refs. 10-12. This
verified the Younger and Wiese?? suggestion that
in this instance a simple two-exponential fit is
likely to give erroneous results. The situation
can be improved, however, by performing con-
Strained multiexponential fits based upon insight
into the nature of the decay scheme being studied.
Two physically significant aspects are immmediately
recognized: (a) there are likely to be cascade ef-
fects from shorter-lived levels (7 =50, 170 ps)
which cause the observed “growing-in” of the mea-
sured decay curves and which require negative-
amplitude mean life components in a multiexponen-
tial fit, and (b) it is possible that cascading along
the yrast chain will introduce one mean life com-
ponent in the observed decay curve (the 330 ps
meanlife of the 7¢ level) which is close enough in
value to the meanlife of the 4p level to distort an
unconstrained exponential analysis. (Mean lives
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of such high-lying members of the yrast chain as
this level are relatively well described by the hy-
drogenic values assumed in this argument.)

A simple test for the presence of short-lived
cascades may be carried out by performing suc-
cessive two-exponential fits to decays from which
additional initial data points have been removed.
A significant decrease in the fitted shorter life-
time normally indicates a growing-in decay
curve. For both the 4p;,, and 4p,,, decays, we
observed a substantial reduction of lifetime re-
sulting from the exponential fits as well as a de-
crease in the reduced x? as data points were elim-
inated, indicating that the inclusion of one or more
fast negative decay components in the curve fits
was clearly necessary.

Constrained multiexponential fits were therefore
carried out, which required the presence of one
or two negative-amplitude decay contributions,

and possibly one fixed 330-ps lifetime contribution.

In Fig. 7 we have plotted the 4p lifetimes that re-
sult from three- through nine-exponential fits to
our decay data, incorporating either one or two
negative components. (The two-exponential un-
constrained fit results are included for comparis-
on.) In no case during these fits would the data
allow more than two unconstrained positive expo-
nential components to remain distinct in value.
Thus, in order to achieve fits with five or more
exponentials, one or more long-lived cascade
components were constrained to hydrogenic life-
time values for »> 7, these being expected to
dominate among possible cascade contributions.
The results shown in Fig. 7 reveal the importance
of including both of the expected growing-in cas-

0.5 0.5
4 x 4

“» 0.4} p3/2 0.4t % p|/2
c x
~— ;5 a a4, 8
wo.s- Ag.s‘e., 0.3 * %% * e eMCHF
£ ¢ T+ MCHF ANDC
= 0.2f ANDC 0.2
O
=
- 0.t} O

0

234567889 23456789
Number of exponentials fitted

FIG. 7. Lifetime results for the 4p,/, and 45/,
states obtained by multiexponential fitting of the decay
data for the individual levels. Results are shown for
two to nine fitted exponential components, including
zero{0O), one(A), or two(®) short-lived (growing-in) cas-
cades., For comparison our correlated-decay (ANDC)
results are indicated, as are the lifetimes derived from
the multiconfiguration Hartree-Fock calculation of
Froese Fischer (Ref. 13).

0.220 0.473

cade contributions in the fits (especially for 4p( ;).
When this is done the results display essentially
no dependence upon the number of decay compo-
nents fitted. In particular, there was little effect
on the 4p lifetime when the expected 330-ps cas-
cade component was not constrained in value.
The effects of the growing-in components were
the predominant features of the multiexponential
analysis. Since the reduced-y? values obtained
were also nearly independent of the number of fit
parameters, we have chosen in each case the ap-
proximate mean values of the various fits involving
the growing-in cascades, namely 300 +25 and 270
+20 ps, to represent the constrained multiexpo-
nential fit lifetimes for the 4p;,, and 4p;,, levels,
respectively. The uncertainties quoted here rep-
resent simply the maximum spreads in these re-
sults, as an attempt to approximate systematic
errors (due to cascade contributions) that are
much larger than the statistical errors of the in-
dividual fits.

3. Comparison with other results

In Table V we have summarized our lifetime
results for the 4p states, as well as results ob-
tained by previous investigations, in terms of ab-
sorption oscillator strengths (f values) that are
derived directly from the lifetimes. These exper-
imental results are compared with various theo-
retical f values, also shown in Table V. The non-

TABLE V. f values for 4s-4p in Kr vii.

451 /9-4P1/2 45y 79=4D3 9 Reference (experiment)

0.25 +0.01 0.53+0.02 This work ?

0.24 +0.02 0.47 £0.04 This work®

0.25+0.01 0.59 + 0.09 Pinnington et al.®

0.18 +0.01 0.39 +0.01 Irwin et al ¢

0.18 +0.02 0.39 £ 0.03 Druetta and Buchet ¢

0.16 +0.02 0.34 £ 0.05 Knystautas and Drouin?
(Theory)

0.246 0.526 Froese Fischer®

0.278 0.597 Cheng and Kim®

0.278 0.600 Weiss &

0.28 0.59 Cowan®

0.261 0.563 Lindgard®
Migdalek and Baylis!

2Jointly analyzed decay curves.

® Multiexponential fits.

°New beam-foil measurement.4’

4 previous beam-foil measurement. 10=12

® Multiconfiguration Hartree-Fock. 13
fRelativistic Hartree~Fock.!®

£Hartree-Fock with relativistic corrections, %1%
B Coulomb approximation, 18

! Model potential. !’
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relativistic multiconfiguration Hartree-Fock cal-
culation of Froese Fischer!® provides only a multi-
plet f value (0.772). However, the fine-structure
f values may be derived by assuming the individu-
al 4s-4p line strengths are equal and simply
scaling the f-value components in proportion to
their transition wavelengths. These values are
given in Table V. In addition, we note that all

the nonrelativistic results of Ref. 13 quoted in
Table V have been multiplied by the factor 1.044
to reflect the fact that experimental transition
energies were not used in those calculations.

The lifetime results from our correlated-decay
analysis and those from our constrained multiex-
ponential {itting agree fairly well with each other,
although the former results are more fundamen-
tally valid and are expected to be more reliabie,
as discussed above. We have therefore based our
experimental estimates for the 4p lifetimes and
their uncertainties entirely on the correlated-de-
cay analysis. Previous beam-foil results by
curve-fitting methods are seen to have yielded f
values that are about 30% lower than our values.
Our multiexponential-fitting analysis suggests
that the previously reported lifetime values are
too long, owing in part to the failure of earlier in-
vestigators to recognize the characteristics of the
atomic structure of copperlike systems and con-
sequently to allow for adequate cascade contribu-
tions (in particular from shorter-lived levels) in
the fitting of the decay data. Our correlated-decay
analysis has provided reliable lifetimes for the
4p levels in KrvIl and has enabled us to appraise
the reliability of the multiexponential-fitting meth-
od when it is partially constrained to reflect the
characteristics of the excited-state structure.

Our correlated-decay results are in excellent
agreement with the multiconfiguration Hartree-
Fock (MCHF) values of Froese Fischer.!? Since
electron correlation effects dominate over rela-
tivistic corrections for these f values in KrVIil,
we expect these MCHF values to be the most re-
liable of the theoretical results listed in Table
V. Comparison of the results of Ref. 13 with the

- results of relativistic calculations suggests that
the electron correlation effects produce a reduc-
tion in f value by about 15%. A very recent
model-potential approach!? to the treatment of
core polarization yields even lower f values.

VI. CONCLUSION

Our study of the beam-foil spectrum of krypton
has enabled us to greatly extend the known ex-
cited-state structure of KrvIi and to provide the
first extensive comparison between experiment

and recent relativistic atomic structure calcula-
tions for moderately ionized copperlike systems.
Our measurement and detailed analysis of the 4p-
state lifetime in KrvII have eliminated the previ-
ous discrepancy between experiment and theory
for this value and have helped clarify the extent
to which certain cascade effects contribute to ob-
served beam-foil decays.

Our present 4p-state lifetime measurement con-
firms recent suspicions that strong cascade con-
tributions in the observed decay of this state,
coupled with incomplete analysis of the earlier
data, were the dominant source of previous dis-
crepancies between theory and experiment. We
have shown here that by a joint analysis of cor-
related-decay curves the cascade contributions
can be accurately accounted for and reliable life-
times obtained. At the same time, we point out
that the multiexponential-fitting analysis of com-
plicated decay data may be greatly improved by
utilizing known aspects of the excited-state decay
scheme and may also yield reliable, although
less precise, lifetimes. We suggest that the care-
ful application of both analysis techniques in a
complementary fashion can be used to provide re-
liable experimental lifetime results in the future.

The atomic structure results presented here for
Krviraffirm the utility of beam-foil spectroscopy,
with its inherently modest resolution, in providing
guidance for advanced atomic calculations of even
single-valence-electron heavy ions. For more
complicated valence-shell structures, where elec-
tron correlation effects further decrease theoret-
ical accuracy, this spectroscopic source will
prove to be of equal or greater value in the deter-
mination of atomic structures for lower as well
as much higher degrees of ionization,

Note: An independent study of the 4p lifetime
in KrVII using correlated-decay analysis tech-
niques has been reported by Pinnington et al.45
Their results have been included in Table V.

Note added in proof. It has been pointed out to us
by J. Reader that isoelectronic interpolation using
his unpublished data [see J. Opt. Soc. Am. 69,
1285 (1979)] for heavier ions suggests that the
4f-5¢ transition in Kr v lies near 585.6 A instead
of 583.2 A. This transition would then be blended
with the strong resonance line of Krvil in our
spectra (see Fig. 3). Although we cannot rule out
this possibility, we would then be unable to clas-
sify the strong line in our spectra at 583.2 A,Which
appears to belong to the spectrum of Kr VIII or IX.
If the 4f-5¢ transition occurs at 585.6 A, our de-
rived value for the ionization potential of Kr VIII
becomes 1015100 +200 em™, and our derived elec-
tric dipole and quadrupole polarizabilities are not
significantly affected.
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