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Relative excitation rate coefficients of N v and O vI are measured using a well-diagnosed ©-pinch
plasma. Levels of n=4 and 5 are included in the measurements for the first time. Experimental
values are in satisfactory agreement with theoretical values. A method to deduce the recombination
rate coefficient from the He-like ions is suggested from the observations of the effect of recombina-
tion on transitions originating from levels of principal quantum number n=4 and 5. Recombina-
tion rates of ~107'2 cm3®s~! at 69 eV for Nv and ~ 107" cm®s~! at 40 eV for O V1 are deduced.
These rates are larger than the known theoretical rates for radiative, three-body, and dielectronic

recombination; charge exchange with hydrogen is suggested as possible explanation.

I. INTRODUCTION

The analysis of line radiation emitted by ions in well-
diagnosed transient plasmas provides a suitable means to
obtain effective electron-ion rate coefficients for ioniza-
tion, recombination, and excitation. The principles of
this experimental method and early results have been dis-
cussed previously.! A recent review by Griem? analyzes
all measurements carried out so far. Collisional excita-
tion rate coefficients for ions of the lithium isoelectronic
sequence have been reported in Refs. 3-6. In the present
investigation we extended such measurements to levels of
higher principal quantum number and studied the
influence of recombination on the time history of certain
transitions which allows the derivation of recombination
rates. This is of specific interest to x-ray and uv laser
schemes utilizing the recombination approach.

II. THEORETICAL CONSIDERATIONS

At low electron densities, where recombination is
negligible, excited states are essentially populated by elec-
tron collisions from the ground state (2s for Li-like ions).
With increasing electron density the 2p level becomes
populated and excitation from this level contributes to
excited-state population as well. In general, the emission
coefficient € of an optically thin spectral line (i — f) may
be written as

8(i—>f)=ﬂA(i—>f)N(i), (1)
4

which becomes, for this case,

. _hv  Ali—>f) ;
e(i f)——477_——-—*————'———z A(i_—)j)Ne[N(Zs)X(Zs i)

jl<i)

+N(2p)X(2p—i)],
(2)
where hv is the photon energy, the A’s are transition
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probabilities, N, is the electron density, N(2s) and N (2p)
are population densities of the respective levels, and the
X’s are collisional rate coefficients. In this model col-
lisional mixing even between levels of equal principal
quantum number and cascading is neglected.

If we assume that all ions in the Li-like stage are essen-
tially in the 2s and 2p levels,

N(2s)+N(2p)~Ny; , (3)
and introduce the ratio
N(2p)/N(25)=8, 4)

the emission coefficient in this coronal limit can be writ-
ten

. hv  A(i—f) .
elimf) =" S AC SN NLX e (5)
jl<i)

with the effective excitation rate coefficient

1 . B

The ratio 8 has to be determined experimentally or
theoretically and approaches the Boltzmann factor with
increasing collisional coupling.

Equation (5) is the central equation of the method and
elucidates the necessary experimental measurements. In
order to derive an absolute rate coefficient from the emis-
sion coefficient, the line intensities must be determined
and the concentration of the Li-like ionization stage has
to be known. In the case of relative rate coefficients, the
product N,Ny; cancels in the ratio requiring only a rela-
tive radiometric calibration of the spectrometers. We
selected X (2s—3s) as a reference since excitation from
2p to 3s is very small and self-absorption of the emission
line 3s —2p is negligible.

With increasing principal quantum numbers the levels
are also increasingly collisionally coupled to the ground
state of the next (He-like) ionization stage, and popula-
tion by recombination cascade has to be taken into ac-
count. This will show up in the temporal evolution of

X (i) = (2p—1i) . 6)
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emission lines even during the ionizing phase of the
discharge when the species has been essentially ionized
through to the next stage. In steady state, the population
density N(x) of a level x influenced by recombination
from the He-like ion stage is given by

N X g x)Nyj+N,a(x)Nyg.=N(x) ¥ A(x—j), (D
jl<x)

where a(x) is the effective recombination rate coefficient

into the specific level x and Ny, is the density of the ions

in the He-like ionization stage. We introduce the ratio p

of the concentrations in the two successive ionization
stages

p=Nye/Ny; , (8)
and write the emission coefficient from Egs. (2) and (7):

hv  Ax—f) _
py 2 ) (x_>]) NeNL,Xeﬂ-(x)

jl<x)

E(x——-»f):

a(x)

X X g(x)

1+p . 9)

The temporal evolution of the emission line will not
show the recombination effect as long as

al(x)

pXeﬁ-(X) «<1. (10)
On the other hand, in order to determine the influence
of the recombination on the population of high-lying lev-
els, we simply compare the time history of an emission
line originating at a high-lying level with that from a
low-lying level which is not significantly influenced by
recombination, i.e., for which Eq. (10) still holds. The in-

tensity ratio R of the two transitions can be written as

a(x)

R =R,(T) X g o]

1+p , (11

where R is the ratio of line emission coefficients at tem-
peratures where recombination is not observable and T is
the electron temperature. The relative change of R with
time thus allows the observation of the influence of the
recombination on the population of high-lying levels with
respect to collisional excitation. The ratio p is obtained
from computer modeling of the concentration of succes-
sive ionic stages occurring in our transient plasma as a
function of time. It consists of calculating the line inten-
sities that best fit the observed ones from successive
stages of ionization by solving the coupled rate equations
governing the transient ionization in our plasma. The
main data input for the modeling are the measured elec-
tron temperature and density as a function of time. This
procedure has been described in detail in literature, espe-
cially in Refs. 1-8.

III. EXPERIMENT

The experiment is conducted on the National Bureau
of Standards (NBS) ©-pinch plasma. The details of the
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operation of this device have been described elsewhere.”?

A 2.2-m grazing-incidence monochromator (2.2-m GI)
with a holographic grating of 1800 lines/mm is aligned to
view the plasma end-on along the axis of the ©-pinch
coil.

It is equipped with a clear plastic scintillator in vacu-
um and a photomultiplier tube to detect the radiation at
its exit slit. The response of this instrument is calibrated
in situ by using the branching-ratio technique’ in order
to measure the absolute intensities of lines emitted from
the plasma (W cm~2sr~!). Line pairs from Ne VIiI at 8.8
and 282 nm, O VI at 15 and 381 nm, N v at 20.9 and 462
nm, and C1v at 31.2 and 580.2 nm are used for calibra-
tion.

The discharge tube is filled with 22.mTorr of hydrogen
gas. It is mixed with 0.5% of either nitrogen or oxygen
to study the spectral line emission from NV or O VI ions,
respectively. The spectral line intensities as a function of
time from n=3, 4, and 5 levels for N v and O VI ions are
recorded using the 2.2-m GI monochromator. The
monochromator viewed the entire 1.5-cm-diameter cross
section of the plasma. The measured intensities are line-
of-sight averages along the plasma column and are repro-
ducible from shot to shot within 3%. The occurrence of
the peak emission in time is reproducible within 10%,
whereas the rise and decay times are reproducible on the
average to within 30%.

IV. RESULTS AND ANALYSIS

Both temporal and spatial electron temperature and
density profiles of the plasma are determined by 90°
Thomson scattering of ruby laser light. The spatial
profiles are averaged over the cross section of the 1.5-cm
diameter of the plasma, and the average electron density
and temperature as a function of time are shown in Figs.
1(a) and 1(b), respectively. A 10% uncertainty in the
electron temperature and a 25% uncertainty in the elec-
tron density are estimated from shot-to-shot variations in
the Thomson scattering signals. An ion temperature of 1
keV is measured from the Doppler widths of O VI lines at
381.1-nm using a ;-m monochromator. Hence it follows
that during the lifetime of the ionization stage (~1 us)
the ions travel collision free a distance of about 5 times
the diameter of the plasma column, and a uniform ion
distribution within the plasma column can safely be as-
sumed.

The spectral line temporal evolutions are the same for
all transitions during the rapid rise to the peak due to the
ionization of the previous (Be-like) ion. However, in the
recombining period of the plasma, the temporal evolution
of transitions arising from higher lying levels, e.g., n=4
and 5, deviated from those of the lower-lying levels. This
deviation is attributed to recombination from the He-like
ion. Typical temporal evolutions of line intensities from
the lower-lying and the higher-lying levels of NV and
O V1 are shown in Fig. 2. The solid lines represent the
temporal evolutions of the 3p-2s transitions and the
dashed curves represent the average deviation in the time
history observed for the S5p-2s transitions in NV and O VI.
The observed change in the intensity ratio of 5p-2s and
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FIG. 1. (a) Radially averaged electron density. (b) Radially averaged electron temperature obtained by ruby laser scattering. The

vertical bars indicate the estimated error in each plot.

3s-2p transitions in N v is shown in Fig. 3 as a function of
time. The ratio deviates from its (normalized) value of
unity starting at 1.9 us. The deviation increases as the
contribution to the intensity of the 5p-2s transition due to
excitation from the Li-like ground state reduces because
it is depleted by ionization. The bars in Fig. 3 indicate
the uncertainty due to shot-to-shot fluctuations.

The relative intensities of various transitions measured
absolutely at the peak emission in the temporal evolution
are given in Table I. The transition probabilities given in
column 3 are taken from available calculations.!®!! The
optical depth corrections to the measured intensities are
estimated by using the methods given in Refs. 12 and 13.
The correction was 11% and 20% for the 2p-3d transi-

NV
1.0

0.5

Normalized Intensity (Arb. Units)

tions and 6% and 7% for the 2s-3p transitions in N v and
O v1, respectively. The correction for the rest of the tran-
sitions are negligible.

A. Excitation

Table Il summarizes the experimentally determined
relative excitation rate coefficients. They are deduced
from Eq. (5) using the relative intensities given in Table I.
The ratio 8 in Eq. (4) is theoretically evaluated for our
plasma conditions by using the semiempirical excitation
rate coefficients for 2s —2p, as given in Ref. 14. It is 0.88
for N v and 0.54 for O VI at the time of peak line intensity
where the electron temperatures were 45 and 50 eV, re-

ovi

Time (us)

FIG. 2. Intensities of emission lines from n=3 levels of N v and O vI normalized to their peak values as a function of time from
the initiation of the main bank. The dashed curves represent the 5p-2s temporal evolution at late times in Nv and O V1.
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FIG. 3. Intensity ratio [R/Ry(T)] of normalized temporal
evolution of 5p-2s and 3s-2p transitions in N v.

spectively. The corresponding electron densities were
5.5% 10" cm™3 and 2X10' cm™3, respectively. The
theoretical relative excitation rate coefficients are also
given in Table II for comparison. The values given under
the column heading of McWhirter are obtained from the

semiempirical formulas given in Ref. 14. References 15
and 16 are used in conjunction with Ref. 17 to calculate
the rate coefficients listed under the heading Sampson.
For N v the rate coefficients are also calculated by using a
Coulomb-Born approximation and are listed under the
heading Bely.'®!” The value of the effective theoretical
excitation rate coefficient to the 3s level in each ion is
given in brackets under each heading. There is general
agreement among the theoretical results, except in the ex-
citation to 4p in N V. The experimental results quoted in
the Table II are deduced neglecting collisional coupling
within the levels of a given principal quantum number.
We have estimated the effect of collisional coupling at
our plasma conditions by using the formula given by
Griem? for excitation transfer within the levels of the
same principal quantum number (n) and solving the rate
equations in the full collisional radiative model. The cal-
culated population ratios of levels with n=3 and 4 in
O VI showed that the population of p levels increased
while that of s and d levels decreased compared to the
calculations based on the pure corona model. The
difference was about 25%. The experimental population
ratios (Table I) for O VI are closer to that of the collision-
al radiative model. The effect of collisional coupling was
only few percent in the case of Nv. This is due to the
low electron density of the plasma at the time of the oc-
currence of the N v ionization stage.

The total uncertainty in the quoted experimental ratios
for NV is estimated to be less than +30%. However, in
the case of OVI and for the levels of large n, the error
could be £50%. Our results are in agreement with previ-
ous measurements for these transitions reported in the
literature.>>

TABLE I. Experimental results and relevant atomic data.

Transition Relative

Ion and Wavelength probability Relative upper-level

transition (A) (108 s 1) intensity® populations®

Nv
5p—2s 104.8 69.4 0.08 0.11
4p —2s 115.8 126.9 0.43 0.37
5d —2p 116.4 137.6 0.17 0.13
4d —2p 129.8 287.0 1.03 0.43
4s—2p 132.3 64.0 0.10 0.18
3p—2s 150.1 259.0 3.70° 1.78
3d—2p 173.0 884.0 5.33% 1.15
3s—2p 184.1 170.0 1 1

Oovl
5p—2s 147.4 33.0 0.07 0.11
4p —2s 162.6 56.3 0.29 0.28
5d —2p 166.9 67.4 0.15 0.13
4d —2p 186.1 140.0 0.63 0.29
4s—2p 190.2 45.7 0.18 0.25
3p—2s 209.3 120.0 1.67° 1.06
3d—2p 247.6 429.0 3.50° 0.78
3s—2p 266.2 90.9 1 1

*Measurements are with respect to the 3s —2p transition.
®Corrected for optical depth.
°These values are independent of the lower state of each transition.
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TABLE II. Relative excitation rate coefficients.

Ion, electron
temperature T,, and

Relative X peory

excited level (i) Relative X McWhirter Sampson Bely
NvV at T,=45 eV
X a(5d) 0.14 0.17
X e(5p) 0.06 0.07
X.(4d) 0.58 0.54 0.6
Xa(4p) 0.22 0.42 0.25
X 5(4s) 0.13 0.12 0.13
X.q(3d) 3.7 4.33 3.76 438
Xa(3p) 1.4 1.44 1.24 1.27
X 5(3s) 1 1 1 1
(5.49x 107102 (5.41x 10710y (5.63x 107102
Ovr at T,=50 eV
X a(5d) 0.15 0.19
X .5(5p) 0.06 0.08
X 5(4d) 0.96 0.64
X g(4p) 0.34 0.19
X o5(4s) 0.08 0.14
Xor(3d) 5.02 5.8 5.05
X.q(3p) 2.75 1.70 1.67
Xon(3s) 1 1 1
(2.77x 10710y (2.75X 10710y

*These are absolute excitation rate coefficients from theory. The units are cm®s ™.

B. Recombination

The ratio p in Eq. (9) is obtained by computer model-
ing of the ionic concentrations using the experimental
plasma electron temperature and electron density as in-
put.> Figure 4 shows the relative concentrations of Nv
and N VI thus calculated. The ratio a/x.s in Eq. (9) is
deduced from the measured value of R/Ry(T). The
recombination rate coefficient « is then estimated by us-
ing the effective excitation rate coefficient given by the

1.0
N VI
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FIG. 4. Calculated temporal evolution of the fractional abun-
dance of Nv and N V1. N (ion) refers to the density of NV or
N VL. N (Total) refers to the total ion density.

1

calculations of Sampson.!® The results are shown in
Table III. The values are very sensitive to the accuracy
of p. At late times, p can get very large as there is very
little population of Li-like ions. So it is best to choose a
time where p is not larger than 80-85 and R /R(¢) is not
much less than about 2. It is difficult to estimate the er-
ror in the experimental values of recombination rate
coefficients thus obtained because p is deduced by
theoretical (computer) modeling, and there are fluctua-
tions in the signals especially when the intensities are
small. The uncertainty could be as high as a factor of 2.

The interpretation of the results, however, poses some
problems since the recombination rates are at least factor
of 10 larger than predictions based on three-body'® or
dielectronic recombination formulas.?’ Furthermore, the
ionization rate coefficients from the ground state of Nv
and O VI are at least a factor of 100 larger than these
recombination rates, which explains why substantial
recombination to the lithiumlike ground state is not ob-
served.

We propose, therefore, that charge exchange recom-
bination of the heliumlike ion is responsible. It would
occur preferentially into levels of specific quantum num-
bers. The effective rate coefficient is written?!

a = NH

(voy,) , (12)
H+
where o, is the respective cross section. The cross sec-
tions given in Refs. 22 and 23 require a density ratio of
neutral hydrogen atoms to protons of the order of 1073
to explain the observed recombination rates. Theoretical
estimates® yield a ratio of Ny /N, . ~107". These esti-
mates do not take into account the possibility of the ions
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TABLE III. Recombination rate coefficient measurements.

Ion
observed Temperature X (cm’s™!) Aexpt
transition eV) p R/Ry(T) Sampson (cm3s™")
Nv
5d—2p 69 34 2.52 9.98x 10~ 4.5%10~ "
5p—2s 69 34 2.52 4.03x 10" 1.8x 10712
4p—2s 69 34 1.4 2.49x 10710 2.9%10~12
45 —2p 69 34 2.5 54 x107"1 2.3x10712
OvI
5d —2p 40 10.5 1.4 1.78x 10~ 6.8 10~ 13
5p—2s 40 10.5 1.4 7.3 x 10712 2.8x 1071
55—2p 40 10.5 1.6 3.1 x107 12 1.8x10°1

interacting with the cool gas surrounding the plasma. It
is conceivable in our plasma case that the ions, being hot
(~1 keV), can charge exchange with the neutrals at the
plasma boundary. Neutrals that have not been ionized
and swept up by the pinch effect, and the neutrals
released from the walls, could form into a cool blanket
around the plasma. No estimate of this density is avail-
able but it could be sufficiently large to account for the
ratio of Ny /Ny, ~107°.

V. SUMMARY

Relative excitation rate coefficients for transitions up
to levels of principal quantum number n=3 are measured

for Li-like Nv and OVI ions. The measurements for
n=4 and 5 levels are done for the first time. They are
compared with theoretical calculations and satisfactory
agreement is found. For OVI, collisional coupling be-
tween different levels of the same »n affected the measured
ratios by 25%. The recombination rate coefficients are
estimated from the observed deviations of the temporal
evolutions of spectral lines arising from n=4 and 5 levels
when compared to n=3 levels.
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