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COLLISIONAL IONIZATION RATES FOR LITHIUM~ AND
BERYLLIUM-LIKE IONS
H.-J. Kunze
Department of Physics and Astronomy
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Collisional ionization rates for C IV, NV and O VI as well
as for O V and Ne VII are deduced from the time history of spectral
lines emitted by these ions in a hot plasma. The plasma (in the
electron temperature range 100 eV to 260 eV) is produced in a 15
kJoule theta pinch device, and it is analyzed using the light
scattering technique. The results are Comsistent with theoretical
calculations for 0 VI . @and with a semiempirical formula
based on theoretical calculations for hydrogenic ions but smaller

by factors 1.5 - 2.
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1. Introduction

Cross sections for ionization by electron impact have been
measured now for many neutral and some singly ionized atomsl. The
technique usually employed is the crossed-beam method. With increasing
chage such measurements become very difficult. Not only are then the
cross sections decreasing rapidly, but it also is more difficult to obtain
suitable high-current ion beams. The cross sections for ionization of

some doubly ionized atoms™’

appear, at present, to be the only ones
measured for higher ionization stages. Multiply ionized atoms, however,
are important in many laboratory and astrophysical plasmas. In most of
these applications only the corresponding rate coefficients are needed.
Such ionization rate coefficients can be deduced from the spectroscopic
analysis of a well-diagnosed plasma, as was shown for neon ions in a
stellarator discharge4 and for helium-like CV in a theta pinch plasmaS
(Excitation coefficients have been obtained by this method as well and
will be the subjecf of another paper.) In the following we present

ionization rates for ions of the lithium-like and beryllium-like

iscelectronic sequences obtained with a theta pinch device.




2., Theoretical Ionization Rates

Theoretical cross secticns for ionization from the ground state
specifically of lithium—like and beryllium—-like ions have been calculated
by Trefftz and Malik for O VI and 0 V using the Coulomb-Born-Uppenheimer
method6 and the distorted wave approximation7. Recently,Schwartz8
calculated the ionization cross sections for O VI for ionization from the
ground state as well as from the 2p excited level in the Coulomb-Born IT
approximation. The calculations include distortion swhich was found to
increase the cross section by about 22% at 1.5 times the threshold energy
and to a lesser extent at lower and higher impact energies (for example
only 13% at 5 times threshold).

The reduced cross section of Schwartz for the ionization from the
2s level of O VI agrees to within 107 with the reduced cross section for
ionization from the ls level of a hydrogenic ion of charge Z = 128 as
calculated by Rudge and Schwartz9 in the Born exchange approximation.

The reduced cross secticu for O VI as given by Trefftz6 shows essentially
the same maximum value, however, the peak is shifted to lower energies
and her cross section is smaller at higher energies (e.g.by 307 at four
times threshold.) Finally, the reduced cross section for ionization

from the 2p level as obtained by Schwart28 is somewhat larger than that
for ionization from the 2s level (by~,31% - at 1.125 times threshold

and by120%Z at 5 times threshold).
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Using an empirical formula with three free parameters Lotle
approximated all experimentally determined cross section curves to
within 10% and predicted many unknown cross sections. For ions four and
more times ionized his formula reduces to one with a single free parsmeter,

9
and then essentially agrees with the calculations of Rudge and Schwartz
for a hydrogen-like ion with high Z-number. Rate coefficients derived
from the predicted cross sectionslO have been computed and are tabulated
in Ref. 11.

For many applications a simple expression of general wvalidity for
the ionization rates would be more desirable, A good starting p@intlz
is the well-known effective Gaunt factor excitation rate, where the
averaged Gaunt factor must now allow, of course, for all electric
multipole transitions. Summing over final states and assuming that the
Gaunt factor scales proportional to the principal quantum number in
order to obtain the correct scaling law, this procedure suggests a rate
coefficient for ionization from a state i of the form

ny (kT)l/Z E.

- L (KT _ iy
I, =AM E, B, + kT exp (L)

Here g is the number of electrons in the i-th shell and Ei the
ionization energy. Both kT and Ei are in eV. The factor A(T) consists,
besides of a constant, essentially of the effective Gaunt factor. If we
compare Eq. (1) with the rate coefficients derived from the Born exchange
approximation for hydrogenic ions9 we can deduce the factor A(T). We

choose as a v 10% fit in the temperature range 1/10 Ei < kT < 10 Ei
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In the same temperature range these rate coefficients agree with
the predictions given by Lotzll to within 15% for all ioms of the
hydrogen, helium, lithium and beryllium isoelectronic sequences of
charge greater than three. The above formula approximates the rates
for O VI derived from Schwartz's calculations8 also to within ~ 10%, and
agrees with the experimental rate coefficient obtained for helium-like
C VS. We finally can make a comparision with specific calculations
for CV and C VI in the Coulomb-Born approximationlB, The agreement
for C V is very good (to better than 157%), whereas the rates for
ionization from the ground state of C VI are larger by about a factor
of v 1.4 in Ref. 13.

Equation (2) may also yield ionization rates from excited lewvels.
Beigman and Vainshtein13 calculated the ionization rates from the 2s
and 2p level of C VI, Over the whole temperature range 1/10 E, < kT
< 10 Ei the rates averaged over s and p levelsagree to within 257 with
Eg. (2). A similar égreement is obtained for the ionization from the
2s level of hydrogenic ions as calculated in Ref. 9. Equation (2), of course,
approximates the 2p-ionization for O VI as calculated by Schwartz to
within v 20%.

When considering the ground state ionization of lithium-like
and beryllium-like ions one might have to account for contributions
from the filled 1s shell (see Ref. 11). For large Z these contributions
are reasonably well approximated by the rate ccefficient for iomization
of the corresponding helium-like ion; this can be shown by comparing

Eq. (2) for a helium-like ion with the rates for K-shell ionization of
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the neutral atom as deduced from measured cross sections” . One obtains
thus contributions from inner shells smaller than 20%. They can therefore

be neglected, at least for most applications where kT < 10 Ei'

3. Principle of the Measurements

The principle of the measurements is identical to that used by

Hinnovh. The atoms of interest are introduced into a plasma which is

heated and compressed to desired temperatures and densities, The ions

go then successively through the various ionization stages, the degree

of ionization lagging behind the corresponding quasi-stationary corona

equilibrium. During that time they emit line radiation, the time history

of which can be interpreted in terms of desired ionization rate ccoefficients.
The concentration Nj of the j-th ionization stage is determined by

the following rate equation

j= i — NN. I + NN - :1. (ili &3
de - Wyoptyey T NGEy RN g0 T WNyey T g Ny w2

where N is the electron density and aj the recombination rate coefficient.
The last term in Eq. (3) is a source term keeping the total concentration

of the ions constant during compression or expansion phases of the discharge.
For the plasma conditions used in the present -2xperiment the

recombination rates usually are so small that they can be neglected.

This simplifies Eq. (3) considerably: the concentrations of the iocns are

then solely governed by the ionization rates. In Eq. (3) the products Nﬂlg

o

represent the sum of the ionization rates from the ground state and all
excited levels, among which contributions from metastable levels can be

. . . 5 . .
considerable. As was shown for helium—1ike CV™, these contributions from



excited metastable levels could be made small by going to low electron
densities, so that the ionization occured solely from the ground
state., In this limit it is also justified to assume nearly all ions
to be in their respective ground states.

For an optically thin allowed line, whose upper level is essentially
populated by electron cecllisions from the ground state, the emission
coefficient is given by

hu N

€=ENXN3’” (&)

Nj now representing the ground state population and X the rate coefficient
for excitation from the ground state. If N and X were comstant, the time
history of the line would reflect exactly the time history of the respective
ion. UOtherwise, the time wvariation of N and X can readily be corrected for
even if the absolute value of X is not known too accurately. Its time
dependence should be presented sufficiently well by the effective Gaunt
factor approximation (see for example Ref. 15), at least for the usually
small temperature variations cccuring during the emission of many of the
lines investigated ;n ort plasma. For the solution of Eq. (3) and Eq. (4
one mostly has to know the electron density and temperature. Both were
determined using the light scattering techniquel6.

With the measured electron density and temperature as input the
coupled rate equations {(3) were solved using a computer program17518&
The ionization rates used were essentially those given by Eq. (2). However,
a variable factor R was introduced by

T B 0 (5)

s

which was varied until the calculated time histories obtained with Eq. (4)

agreed with those of the observed lines.



Especially for higher ionization stages, one has to check whether the neglect
of recombination is still justified. Using recombination rates as
. Y . 18 . o
given by Duchs and Griem, this was found to be the case for our conditions.
We finally have to consider the particular ions being investigated
here, Ions of the lithium isoelectronic sequence are characterized by
. 2 . . . . . .
a low-lying 2p P level. With increasing electron density its population
will approach the Boltzmann value, and ionization from it would be stronger
than from the ground state., At lower densities the population can be
obtained by equating collisional rates into that state with radiative
and collisional rates out of it. Using excitation rates as given by
15 . 20 f s .
Bely and by Burke et al.  ;and transition probabilities as given by

. 21 . _— . .
Wiese et al. one finds, e.g., for extreme conditions in our experiment

(N%7.1015 cmwB, T 100 eV) that in this case only ~60% of all NV ious
are in the ground state and almost 40%Z  in the excited 2p2P level.
For higher ions in the iscelectronic sequence the population of this
level will be, of course, much smaller.

In general, cne will obtain an average ilonization rate coefficient

{contributions from higher levels being small due to low population

densities) given by

N(
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The ionization from the 2p level can be estimated from Eq. (2).
In our experiment the electron temperatures are of the order of the
ionization energies of the ions investigated, and the ionization energies
for the 2s and 2p levels are also of the same magnitude | E(Zp)x0g8E<25)

for CIV and E(2p)> 0.9E(Zs) for higher ions in the isoelectronic sequence]:



ionization rates from the 2s and 2p level should agree, therefore, for
our conditions to within ~20%. This issuggested both by the theoretical
calculations of Schwart28 for the ionization of OVI and those of
Beigman and Vainshteinl3 for the ionization from the 2s and 2p levels
of hydrogenic CVI. The error introduced when interpreting the obserwved
ionization rates as solely due to ionization from the ground state Should
be negligible, therefore, for our conditions.
We further have to select appropriate spectral lines to observe.
As long as the 2p level population is sufficiently small, most upper
levels will be populated divectly by collisions from the ground state:
and lines will reflect the ground state density according to Egq. (4).
This does not hold any more, however, for our specific NV example.
Here, the strongest channel for populating the 3p and 3d levels is wvia
the 2p levelzoa It is best, therefore, to observe the 3s - 2p transition,
the excitation rate 2p - 3s being sufficiently b e l ow the 2s - 3s rate.
More complicated is the situation for beryllium-like ions,
which have five low~lying n=2 excited levels, the lowest one being
even metastable (Zp‘EP)° Due to the large statistical weight
(9 compared to 1 of the ground state), its population will usually be
much larger than that of the ground state, although it is not established
that the Boltzmam value is achieved. For all our experimental conditions
the iomnization thus occurs mainly from the 252p3P metastable level,
the average ionization rate beimng given again by a relation similar to Eg. ().

All further considerations are analogous to those for lithium-like ions;
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the ionization rates from the ground state and the 232p3P level should
again be practically the same for our cases. The population of the
other low-lying excited levels may be estimated using semiempirical
excitation rates (see e.g. Ref. 15). However, they can also be determined
experimentally by meaSuring the absolute intensities of the correspending
lineszza One can observe the 2p23P~252p3P transition, since it is
populated primarily from the 252p3P level and should thus reflect the change
in its population. If lines appear to become optically thick, transitions
from n=3 levels are alsc suited; they will be populated from both the
ground state and the metastable triplet level.

Finally, the time history of each ionization stage is stromgly
influenced by the history of the previous ionization stages. For this
reason lines from ions of the boron~ and carbon-isoelectronic sequences
were also observed and thelr time-dependent intensities matched with
computed values.

4. Experiment

The plasma used for our measurements was produced in a theta
pinch device, which is described in Ref. 23. For the present experi-
ments it was operated wiil a stored emergy of 15kJ in the main bank.
Compared to the description in Ref. 23 the capacitance of the preheater
was increased slightly from 0.5uF to 0.7uF; we also increased the
damping of the preheater discharge by introducing a damping resistor

into the discharge circuit and thus were able to fire the main discharge

somewhat earlier.



Three different discharge conditions were investigated; they

were obtained by varying the filling pressure, the bias magnetic
field and the time At between the beginning of the preheater discharge
and the ignition of the main bank. The discharge parameters are given
in Table I.

Electron densities and temperatures were obtained as a function
of radius and time in the midplane of the coil using the light scattering
technique. The setup is the same as used in Ref. 5. The absoclute
sensitivity calibration was done again using the Rayleigh scattering

-27 2
o

in N.. The cross section used was ¢. = 1.73 < 10 m ). As an

2 R
example, Fig. 1 gives the electron demsity and temperature as a function
of time on the axis of the discharge tube (r=0) for case (A) as well as
the radial profiles at four different time points. Figure 1 also
shows the time history of the temperature of (CV ions as deduced from
Doppler profiles cobserved side~on in the midplane of the coil. Case (4}
is somewhat unfavorable for our measurements, since part of the trapped
negative magnetic £iéld e ists during the whole first half-cycle of the
discharge, rvesulting in a very stable hole in the plasma. The other
cases investigated do not show such holes, the trapped negative magnetic
field disappearing quite early in the discharge cycle. At early times
of the discharge the plasma column experiences also a strong axial
compression, and the length of the plasma column was measured by observing
lines of warious ionization stages of carbon through equidistant

holes in the thets pinch coil.



Spectroscopic observations were made end-on as well as side-on
in the mid-plane of the coil. End-on, a vacuum~UV-monochromator of
the Seya-mount type and a 2-meter grazing incidence instrument were
used. Stops assured that only the center of the plasma column
(1.25 om in diameter) was observed. Side-on observations were made
in the visible using a 1/2-meter monochromator. It was quite important
to compare end-on and side-on observations. In general, it turned out
that the time histories did not agree for the lower ionization stages,
the lines observed end-on usually displaying much slower decay rates
than the ones obtained side-~on. However, with increasing ionization
stage the time histories became more and more alike until they agreed
for the higher ones, indicating the plasma was then essentially homogeneocus
as assumed in our analysis.

This situation is readily explicable. The higher dionization
stages will exist only in the hot plasma cove whereas the lower stages
will prevail for some time in cooler or low-demnsity zones at the ends
of the plasma column. Here not only plasma is lost, but the axial
compression is also not complete and will leave some low-density
plasma behind. For thisz reason, side-on observations were preferred,
when suitable visible lines could be found.. Carbon, nitrogen, oxygen
and neon ions were investigated, Carbon and oxygen are natural impurities
in our plasma, whereas nitrogen and neon were added in small amounts

(<1%) to the initial filling gas.
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5. Results and Discussion

Table II gives the factor R, which is the ratio of experimental
rate coefficient to the.theoretical one as given by Eq. (2). Column 2
shows the temperature range over which the ions could be observed in
the three cases (4), (B), and (C). Several more cases were investigated,
but gave less reliable values.

As mentioned in Section 3, although a constant electron density
and temperature would be desirable, some variations of N and T can be
accounted for. This, however, is possible only as long as the variations
are ﬁot too strong. The time history of a line is characterized by the
derivative of the intensity P, = e ¢ 2 (L = depth of the plasma aleng the

1

line of sight),and from Eg. (2) and Egq. (3) one obtains

%(A
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N
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For a good determination of the ionization rates the first three
terms should not dominate the time history. Unfortunately, however, thev
tend to do so for the low.: ionization stages, which occur early
during the discharge, because then compression and heating of
the plasma are very rapid.

For this reason, the values for C IV in Table II are not too
reliable and are quoted therefore only in brackets. (For this case
it was also not possible to match computed and observed time histories

very well.) For similar reasons, no ionization rates for higher stages

like Ne VIII were obtazined. These ions occur so late during the
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discharge cycle that plasma losses become considerable, and it was
found that the time history of Ne VIII, for example, was essentially
determined by the first term of Eq. (7). 1In some cases the values of
R in Table II could not be varied by more than 207 before deviations
of computed and observed time histories of lines became obvious, in
other cases this limit was about 50%. The absolute values of the electron
density and temperature should be accurate to Vv15%. It is difficult
to determine systematic errors introduced, for example, by ions in the
low-density plasma outside the hot core. Possible errcrs due to the
fact that during the early compression phases of the discharge ioni-
zation of ioms occurs already in the high density shock region, while
the low ionization stages at the center are still unaffected, have
been reduced by using lower "effective' ionization rates for the lower
stages. It was estimated that the over-all accuracy of our experimental
rates is a factor of 2 or better.\

The experimental rate coefficients obtained are only about 60%
the theoretical rates giv. 1 by Eq. (2). However, this is within the
experimental accuracy, and these measurements thus not only are in
agreement with Eq. (2) but also with the predicted rate coefficients of
Lotgjénd the theoretical calculations of Schwart§ for 0 VI. 1In addition,
possible systematic errors in our measurements @5 mentioned above would tend

to yield too low values.
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Fig. 1.

CAPTIONS

Values obtained as a function of time t, and radius r,
from the Thomson-scattering measurements for case (A);

(a) for electron temperature T, and (b) for electron
density N,
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Table I:

Discharge Conditions

filling pressure bias magnetic field At
A) 11 mTorr Hé ~-600 Gauss 15.5 usec
B) 11 mTorr H2 -200 Gauss 22,5 usec
C) 23 mTorr H -600 Gauss 15.5 usec
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TABLE

IT: Ratio R of ewperimental to theoretical rate coefficients.

w Ton Hmmmdu | Case (A) Case (B) Case (C) Average M
| 0 VI 140 - 260 0.7 0.6 | 0.6 0.6 M
| |
NV 120 - 250 0.3 0.6 0.6 0.5 m
C IV 100 - 150 (0.6) (0.5) (0.6) 0.6
Average 0.6
Ne VII 130 - 260 0.5 0.9 ~ 0.7 W
(O 130 - 210 0.4 0.5 0.6 0.5 M
Average 0.6
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