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The foil-excitation technique has been used to study atomic lifetimes in multiply charged
ions at moderate ion energies (i.e., below 1 MeV). The emission spectra of foil-excited ion
beams of gallium, germanium, arsenic, and selenium at 450-keV initial ion energy showed
low-lying transitions in Ga1r, Gar, Gerr, Gerv, Asiv, Asv, Sev, and Sevr with sufficient
spectral intensity for lifetime determinations. In the Cur sequence, seven lifetimes of
transitions in Ga 11 through Se vi have been measured, while for the Zn 1 sequence, eight life-
times of singlet and triplet levels in Ga1r through Sev have been reported. Systematic trends
in f values for 4s25-4p2P and 4p2P-44d2D transitions in the Cur sequence and for 4s®1S-4s4p 1P
and 4s4p 3P-454d°D transitions in the Zn1 sequence have been studied and compared with sim-
ilar trends in the Na1 and Mg1 sequences. Based upon the experimental results, f values for
transitions in Brvir through Srx and Brvr through Srix have been found by extrapolation and
compared with theoretical and experimental results for homologous atoms with lower masses.

I. INTRODUCTION

In recent years, the foil-excitation technique has
been used extensively for systematic measurements
of atomic lifetimes of excited levels in neutral as
well as ionized atoms. The lifetimes measured
with this technique as well as by other experimental
methods have considerably improved the accuracy
of oscillator strengths for a large number of atomic
transitions. Studies of the regularities in the f
values along isoelectronic sequences were initiated
by Wiese and co-workers’? with the purpose of es-
tablishing accurate f values for transitions which
have not been measured or calculated. For a
large number of transitions, so far only theoretical
values have been available, and often with large
discrepancies between the various theoretical ap-
proaches.

Accurate experimental data have often resulted
in more refined theoretical calculations. An ex-
ample is the 2s2p *P-2p%D transitions in the Be1
sequence, for which f values calculated by Weiss,
Linderberg, * and Laughlin and Dalgarno® have con-
verged towards the experimental results obtained by
means of the foil-excitation technique, and they
now agree within the experimental uncertainty.

A number of foil-excitation studies are available
for transitions in multiply charged ions, especially
for ions belonging to the Na1 and Mg1 sequences.
Lifetimes of excited states in low-charge states of
sodium, magnesium, and aluminum have been re-
ported by Berry et al.® and Andersen and co-
workers.™® Atomic-lifetime measurements in
Sit-Siv!® and P1-Pv'"!2 have been performed at
moderate energies well below 1 MeV by using
either an electromagnetic isotope separator or a
600-kV heavy-ion accelerator. With an 0.5-2-

|3

MeV sulphur beam from a Van de Graaff acceler-
ator, Berry et al.'® have measured lifetimes of
transitions in multiply charged ions of sulphur.
Their values for transitions in Sv and Svr are,
however, considerably lower than predicted by iso-
electronic comparisons and may not be correct.

In a recent compilation, Smith and Wiese!* have
shown a graphical representation of the systematic
trends of f values along isoelectronic sequences up
to the Mg1 sequence. New f values may be derived
by interpolation from such data.

With respect to medium- and heavy-mass atoms,
very few lifetimes have so far been reported for
transitions in multiply charged ions, mainly owing
to experimental difficulties at high initial ion ener-
gies.

In foil-excitation studies, the initial ion energy
has usually been varied according to the ionic
charge state studied. A high initial energy favors
the excitation of levels in high ionic charges, while
levels in neutral and singly ionized species are pref-
erentially populated at low initial ion energies.®
At high initial energies, a poor spectral resolution,
owing to the Doppler effects, and line blending
from the large number of charge states being pop-
ulated cause serious difficulties in the spectral
identification. Thus Hallin et al.' have hardly
been able to resolve a Clxir line from a Clx line
separated by 80 A, when a 16-MeV chlorine-ion
beam is foil-excited.

Previous studies have shown that excited states
in Almr, Simv, and Pv are populated at energies
below 500 keV, 1'% Only low-lying transitions
are populated with an intensity sufficient for life-
time determinations. However, serious experi-
mental difficulties, such as poor spectral resolu-
tion and excessive line blending from a large va-
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riety of charge fstates, are avoided.

It has been the purpose of the present study to
determine atomic mean lives of low-lying excited
states in the isoelectronic atoms Gair—Sev and
Garn~Sevi by using a low initial ion energy (=500
keV). At such energies, only few transitions in
Ga' to Se® ions are accessible for beam-foil '
studies. In the present case, four isoelectronic
sequences were selected with the purpose of
searching for systematic trends in isoelectronic
and homologous sequences.

II. EXPERIMENTAL TECHNIQUE

With the 600-kV heavy-ion accelerator at the
University of Aarhus, 450-keV ion beams of Ga,
Ge, As, and Se were foil-excited, and the life-
times of selected levels measured. The ion ac-
celerator is equipped with a universal ion source.
The ion beam of gallium was obtained the same way
as described for aluminum by a reaction where the
volatile chloride is synthesized from the oxide by
means of carbon tetrachloride.® The ion beams of
germanium, arsenic, and selenium were obtained
by heating various chemical compounds to certain
temperatures in a small, electrically heated furnace
connected with the ion source. For the following
charge materials, the approximate furnace tem-
peratures are indicated: Gel, (150 °C), As,S,

(100 °C), and Se (elemental) (120 °C).

In the present study, typical beam currents were
0.1 pA with a circular beam diameter of 1-2 mm,
and 5-ug/cm?-thick carbon foils were used. Be-
cause of the short mean lives measured, the car-
bon foils were moved by means of a step-motor
equipped with a control unit to ensure a stepwise
movement of the foils of a few tenths of a milli-
meter. The radiation emitted downstream of the

TABLE I. Spectral transitions used for the measurement
of lifetimes.

Wavelength

Ion Transition measured (&)
Sevr 4s525-4p2P 844, 887
Asv 1029,988
Ge1lv 1229
Ga 111 1495
Asv 4p2P-44%D 734
Ge1v 915,938
Ga 11 1294
Sev 4stls-4s4plp 759
As1tv 892
Ge 11 1088
Ga1x 1414
Sev 454p3P-454d°D 615
Asv 748,762
Ge 11 995
Gar1 1515
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foil was dispersed with a 0. 5-m model 235 McPher-
son-Seya-Namioka spectrometer with a Bendix
channeltron detector (model 33029-X) for measure-
ments in the extreme ultraviolet region (500-1300
A), while the wavelength region beyond 1300 A was
measured with either a sodium-salicylate-coated
EMI-6256S or a Bendix-762X channeltron detector.

III. RESULTS
A. Spectral Transitions

In studies of multiply charged ions, blending of
lines from other charge states may be a serious
problem, even at moderate energies, and there-
fore only the strong transitions can be studied. In
the Cui sequence, the 4s25-4p 2P and the 4p 2P-
442D transitions were investigated, whereas in the
Zn1 sequence, the 4s%1S-4s4p 1P and the 4s4p Pl/z
4s4d °Dtransitions were studied. The spectral reso-
lution was sufficient to resolve the doublet transi-
tions, but not the triplet transitions in all cases.
Even so, it has not been possible to measure the
lifetimes of all transitions because of line blending
from other charge states. The spectral transitions,
which have been utilized in the present study, are
listed in Table I.

In Garm, the 1495-A line from the 4s 2 S1/ 2~
4p Ps/a transition was well separated from the
weak spectral lines at 1505-1515 AinGau (4s4p Sp-
4544 °D). The spectral line measuredat1294 A is a
blend of the 4p?P;,,-4d %Dy, , and 4p Py, ,-4d*D;,,
transitions, but it is reasonable to assume identical
mean lives for the two upper states.

A partial scan of the pbsérved emission spectrum
in Ge1v is shown in Fig. 1. Concerning the
45 %5-4p ®P transitions, the 1189-A line cannot be
measured owmg to blending from 5s 25-6p 2P transi-
tions at 1183 A. The lifetime was exclusively
based upon measurements at several wavelengths
around 1229 A in order to minimize the effect from
the 1237- Aline from the 454p 3P,-4s4d ' Dtransition in
Gerrr. This intercombination line is assumed to
have a lifetime much longer than the low-lying
states in Ge1v and thus should not interfere with
the present measurement. For the 4p 2P-442D
transitions in Gev, the 4p 2P1,2—4d Dy, , transition
at 915 A and 2 blend of 4p %Py, ,-4d 2 Dy 5, 5,5 transi-
tions at 938 A were studled An unassigned line
was present at 908 A (Fig. 1).

In Fig. 2 are shown partial scans of the observed
emission spectrum for arsenic from 700 to 765 A
and from 885 to 1035 A. In Asv, the lifetime
measurement of the 4p 2p state was based upon the
988- and 1029-A transitions well resolved from
other lines in the emission spectrum. The 734-A
line from the 442D state was resolved from a weak
spectral line at 742 A (Asv).

In Sevi, it was possible to measure the lifetime
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of the 4p 2P state based upon both the 844- and 887-
A transitions, which were well resolved from a
weaker 840-A spectral line in Sev. The strongest
of the observed transitions from the 442D levels
were at 606 and 608 A, but these lines could not

be sufficiently separated from the 4s4p ®P-4s4d°D
transitions in Se v at 602 and 613 A.

For the singlet transitions in the Zn1 sequence,
the observed lines in Gan, Gerr, Asiv, and Sev
are all from the 4s4p 'P level. They were all well
resolved from weak neighboring lines. An example
is shown in Fig. 2, where the singlet transition in
As1v at 892 A is much more intense than an 888-A
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FIG. 2. Partial spectrum observed downstream of the
exciter foil with a 450-keV arsenic-ion beam.

line in Asiir.

In the case of the triplet transitions in the Zn1
sequence, the 4s4p $P-4s443D transitions with
sufficient intensity for lifetime measurements were
observed, but very often the spectral line selected
was blending with spectral lines from the same
multiplet.

In Gar, the lifetime measured was based upon
the 1515-A line from 4s4p°P,-4s4d Dy, ,. The
stronger transitions at 1536 A could not be used
owing to blending from a 1534-A line from 4s 2§-
4p2P in Garr. The spectral line utilized in Gerrr
(995 A) is an admixture of 4s4p 3P,-4s4d D, and
4s54p3P,-4s4d D, transitions not quite resolved
from the 4s4p°P,-4s4d °D, transition at 989 A
(Fig. 1). In Astv, lifetime measurements have
been performed on spectral lines at 748 and 762 A.
Both these lines are admixtures of lines depopu-
lating the 4s4d *D, and 4s4d *D, levels. In Sev,
the 615-A line (4s4p 3P,-4s4d D;) used for the mea-
surement was well resolved from a neighboring
line at 608 A (4p 2P-4d D in Sevr).

B. Lifetime Measurements

The atomic mean lives are evaluated from the
decay of spectral intensities downstream of the
exciter foil. The velocities of the excited ion
beams may be either determined experimentally
or calculated from theoretical stopping theory. A
detailed discussion on this subject has been pre-
pared for publication elsewhere.®

In the present study, the energy-loss corrections
used are those theoretically estimated, as dis-
cussed in Ref. 9. For 450-keV ion beams of Ga,
Ge, As, and Se, the energy loss corresponds to a
velocity of the excited beam in the range 1.03-
1.07 X 10® cm/sec.

Cascading is a serious problem in all foil-excita-
tion studies. In this study, only strong low-lying
transitions have been measured, and it has there-
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TABLE II, Measured lifetimes in the Cu1 and Zn1
sequences.
7 long cascade

Ion Level 7 (nsec) (nsec)
Sev1 4p’p 0.65+0, 06
Asv 4p2P 0.66+0,10
Gerv 4p2pP 0.90+0,10
GaIn 4p?p 1.15+0.1
Asv 4d*D 0.35+0.06 2
Gerv 44%D 0,400, 05 2.5
Gamx 4d%D 0.48+0,08 2.5
Sev 4s4plP 0.27£0.05 2
As1tv 4s4pip 0.32+0,03 >5
Gem 4s4p'P 0.39+0, 06 3
Gan 4s4p'P 0.650, 08 3
Sev 454d°D 0.23+0,05 2.5
Aswv 4s54d°D 0.36+0, 04 3
Gem 4544%D 0,45 +0.,05 2
Gan 4s4d°D 1,1+0.2 >5

fore not been difficult to subtract the cascading
component. In cases where the cascading level has
a shorter mean life than the level studied, such as
the 42p levels in the Cur sequence, a growing-in
close to the foil is observed. The cascade-cor-
rected mean lives are shown in Table II. Included

in the table are the experimentally measured mean
lives of long-lived cascading components. For the

4p2p levels, no long-lived cascading component
was observed.

C. Evaluation of the f Values

The atomic lifetimes listed in Table II have been
converted into atomic oscillator strengths by using
formula

fin=1.4992x 10718 X2(gy/ g, )4y,
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tion probability evaluated from the measured life-
times. It has been assumed that the levels in the
multiplets have identical mean lives. Conse-
quently, the statistical weights g, and g; used for
the upper and lower level, respectively, apply to
the combined multiplets under the assumption of
pure LS coupling. The evaluated f values for 2S-
2p and 2P-2D transitions in the Cur sequence are
shown in Table III. For the Zn1 sequence, the f
values for !S-'P and ®P-3D transitions are listed in
Table IV.

For acorrect f-value evaluation it is necessary to
know the branching ratios within the multiplets. No
reliable data exist for the very ultraviolet (UVU)
transitions studied in the present work., But is it
possible to obtain a check on the validity of the LS
coupling by observing relative intensities in the
emission spectrum, Thus, for 988- and 1029-A
transitions from 4s 2S-4p 2P in Asv (Fig. 2), the
observed spectral intensity ratio 988/1029 is 2.4
+ 0, 5. When making a rough correction for differ-
ences in detection efficiency, the LS intensity ratio
of 2 is obtained within 25% accuracy.

IV. DISCUSSION

In Tables III and IV are included f values eval-
uated for transitions in Zni, Znir, ® and Cur. ?’
These f values are based upon the lifetimes ob-
tained by foil-excitation technique. For compari-
son, f values for transitions in homologous atoms
in the Nar and Mg1 sequences have also been in-
cluded in the tables.

It is also shown in Tables III and IV that for
medium-mass atoms in the Cur and Znr1 sequences,
f values exhibit a systematic trend along the se-
quence. A comparison of the homologous atoms in
the Na1 and Mg1 sequences shows that transitions
in homologous atoms often have identical f values

where A is the wavelength in A and A, the transi- within the experimental uncertainties. This is the
TABLE III. Comparison of f values in the Cur and Nar1 sequences.

Curl sequence Na1 sequence NBS
Ton Transition f value Ion Transition f value value?
Cur 4s525-4p2P 0.64° Na1 3s25-3p2P 0.96° 0,929 0.98
Zn1 0.60° Mg 1 0,784 0, 83f 0.94
Gamr 0.88 Alm 0,754 0. 88
Gev 0.75 Sitv 0,738 0. 80
Asv 0.69 Pv 0.80" 0,57 0.67
Sevi 0.52 Svi 0.537 0.14* 0.64
Zni 4p2P-4d2D Mgz 3p2P-34%D 0.8591, 02! 0,92
Ga1 0.88 Alm 0,729 0.94
Getv 0,54 Sitv 0,708 0,84
Asv 0.39 Pv 0.63" 0.69

2Reference 2.
PReference 17,
°Reference 9.

9Reference 6,

*Reference 16,

fReference 7.
€Reference 10,

IReference 19,
kReference 13,

hReference 11.
1Reference 18,
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TABLE IV. Comparison of f values in the Zn1 and Mg 1 sequences.
Zn 1 sequence Mg 1 sequence

NBS

Ion Transition fvalue Ton Transition fvalue value*
Zni 4s%1S - 4s4p P 1.35° Mg1 3stls~3s3p P 2.4°1.678 1.81
Gaiz 1.39 Alix 1.9¢ 1.84
Ge 111 1.38 Siinr 1.7° 1.70
As1v 1.12 Piv 1.8 1.60
Sev 0.96 Sv 0.2481,6" 1.46
Ga1 454p°P — 4544°D 0.53 Aln 3s3p°P — 353d°D 0.96° 0.90
Ge 111 0.55 Six 0,87° 0.89
Astv 0.40 Pwv 0.47 0.80
Sev 0.42 Sv s 0.70

°Reference 6.
9Reference 7.

3Reference 2.
PReference 17.

case in the Cur—-Nar1 sequences (Table IV) for all
the 4s 2S-4p 2P transitions except for Cur and Nar.
The values previously reported for Pv ! and S vi '
do not fit this systematic trend.

A similar trend has previously been observed
for a number of transitions in Gar, Ini, and Tlr.2°
The 4p 2P-44%D transitions in the Cur sequence
show systematically lower f values than in the Nat

sequence, with the exception of Garr and Alrrr.

In the Zn1 sequence, the f values are significantly
lower than for the Mgt sequence. The present data
also seem to show a general trend for the f values
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FIG. 3. f-value systematics for 4s 25-4p 2P (solid line)
and 4p 2P-44 2D (dashed line) transitions in the Cur se-
quence. -

8Reference 13.
PReference 19.

*Reference 10.
fReference 11.

in the Cur and Zn1 sequences to decrease much
more rapidly with increasing ionic charge than in
the Na1 and Mg1 sequences.

Only a few theoretical studies exist on oscillator
strengths of the ionized atom in the Cur and Zn1
sequences. Thus Zilitis?! has reported values for
the 4s%'S-4s4p 'P and 4s4p3P-454d3D transitions
in the Zn1 sequence almost a factor of 2 larger
than the present values. Also, Warner?® has cal-
culated f values for transitions in Zn1, Garm, Ge 1,
and As1v considerably higher than the present data,
but in agreement with Zilitis’s calculations.

There is no doubt, however, that the theoretical
calculations yield too high f values. For 4s2!S-
4s4p 'P in Zn1, three other f values reported pre-
viously are in agreement with the present resuilt. !’

The study of the f values along an isoelectronic
sequence has two perspectives: (i) It is possible
by interpolation to obtain reliable f values for tran-
sitions which cannot be measured because of ex-
perimental difficulties; (ii) it is also possible to
perform extrapolations to even higher-charge
states, where a combination of the wavelength'
region for the transitions and the short lifetimes
makes a direct measurement difficult from an ex-
perimental point of view. Figures 3 and 4 show
a graphic representation of the f-value systematic
obtained for transitions in the Cur and Zn1
sequences. An attempt to extrapolate to ions with
higher charge states is indicated in the figures. In
all cases studied, the f values of the hydrogenic
ions are zero, facilitating the extrapolation proce-
dure. For the ions Br vir through Srx and Br v
through Sr1x, the extrapolated f values are listed
in Table V for the 25-%P and !S-!P transitions, re-
spectively. For the homologous atoms with lower
masses, the f values collected in Refs. 1 and 2
are included in order to compare f values in homol-
ogous atoms.

For Clvr through Caix, Wiese et al.2 have used
the charge-expansion technique of Crossley and
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FIG. 4. f-value systematics for 4s21S-4s4p 1P (solid
line) and 4s4p *P-4s4d D (dashed line) transitions in the
Zn1 sequence.

Dalgarno, # which includes a limited configuration
mixing. For some of the transitions listed in
Table V, the dependence of the oscillator strength
on the nuclear charge has served as an aid in es-
timating the uncertainties which usually are quoted
to be within 10%. Recently, Bashkin and Martin-
son® reported mean lives in Cli through Clvrr.
For the 3p !P level in Clvi, they measured a life-
time 0. 21+ 0. 03 nsec, corresponding toan f value of
0.96, in good agreement with the present value

(0. 88) predicted for 4s2'S —4s4p 'P transitions in
Brvi. In this case, the theoretically estimated f

value of 1.28 for the 3s2!S - 3s3p 'P transition in
Clvi adopted by Wiese et al., % with a quoted un-
certainty of 10%, seems to be some 30-40% too
high.

For Clvm through Cax, the f values listed in
Table V are based on the calculations of Stewart
and Rothenberg, % who employed a scaled Thomas-
Fermi potential, and the calculations of Crossley
and Dalgarno. #

Bashkin and Martinson® have measured the life-
time for the 3p 2P level in Clvir to be 0.55+ 0. 05
nsec, corresponding to an f value of 0.52, which is
close to the predicted value (0.55) for the 4s 2S-
4p®Pp transition in Brvi. For Fvir through Mgx
and Fvr through Mg 1x, the calculations of Weiss?®
(self-consistent field) and the charge-expansion
calculations by Naqvi and Victor? are utilized as a
source, together with the lifetime experiments by
Berkner et al. % for Fvu and Neviir.

The estimated uncertainties are better than 10%
for Fvir and Nevmi, whereas the f values for Fvi
through Mg 1x are estimated with uncertainties up
to 50%. From the systematic trends observed in
Table V, there is a good agreement between the f
values extrapolated from the present study for 2S-
2p transitions in Br vir through Sr x and the f values
in Ref. 2 for Clvi through Cax. For the 1s-!1p
transitions, the extrapolated f values in Brvi
through Sr1x are significantly lower than those
quoted for Clvi through Carx.?

It has been shown that an f-value systematic may
be obtained also for multiply charged medium-
mass atoms. From the homologous trends ob-
served in the present study, it is possible to evalu-
ate reliable f values for a number of transitions in
homologous and isoelectronic atoms. A study of the
systematic trends along homologous and isoelec-
tronic sequences may be of value for the improve-

. ment of the theoretical estimates of atomic transi-

tion probabilities.

The present study has also shown the possibility
of obtaining reliable f values for transitions in
highly charged ions. Instead of performing foil-
excitation studies with severe experimental diffi-
culties involved, it has been possible, by extrapola-

TABLE V. Homologous trends in f values of multiply charged ions.

%5-2p transitions

15-1p transitions

f value f value
Ion extrapolated Ion  fvalue® Ion fvalue®® Ion extrapolated Ion fvalue* Ion fvalue™®
Brviz 0.55 Clvo 0.63 Fvn 0,17 Brvr 0.88 Clvi 1.28 FvI 0.62
KrvIim 0.50 Arvin 0.57 Ne viiz 0.15 Krvo 0.83 Arvo 1,21 Nevn 0.57
Rbx 0.47 Krx 0.54 Na1x 0.14 Rbviix 0.78 Kvin 1.14 Navmr 0.35
Srx 0.45 Cax 0.53 Mg x 0.13 Srmx 0.75 Cax 1.09 Mg 0.32

*Reference 2.

bReference 1.
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tion and comparisons between homologous atoms,
to evaluate consistent f values for transitions in
ions with higher charge states than those studied
experimentally in the present investigation.
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This work reports multiphoton ionization and dissociation of molecular hydrogen under the
influence of laser radiation at 0.53 . The six-photon ionization probability of hydrogen
atoms is derived for laser radiation acting upon atomic hydrogen from a molecular hydro-
gen beam which is up to 80% dissociated by radio-frequency power. The experimental six-
photon ionization probability of atomic hydrogen has been found to be in good agreement with
the corresponding probability calculated using time-dependent perturbation theory if the sta-
tistical properties of the incident light are taken into account.

1. INTRODUCTION

The nonlinear interaction between an intense
beam of photons generated by a @-switched laser
and rare gases or alkali-metal atoms at low pres-
sure leads to ionization of these atoms through the
simultaneous absorption of several quanta if the
laser radiation is sufficiently intense.!™® Multi-
photon-ionization processes have been the subject

of a considerable amount of recent theoretical
work, especially within the framework of time-
dependent perturbation theory.®!! The simulta-
neous absorption of K, photons by an atom corre-
sponds to a direct transition between the ground
state and the continuum, K, being the next integer
greater than the ionization energy E; of the atom
divided by the photon energy E,. The multiphoton-
ionization probability W is proportional to I'fo,



