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This paper reports relative-line-intensity measurements of the n =3 to n =2 transitions for 0 v,

Fvi, and Nevrr in an electron density range of (4-9)X10" cm ' in a tokamak plasma. Large

discrepancies were found between the experimentally measured and theoretically computed values.

The discrepancies are due to inaccuracies in the computations of the electron collision strengths

from the 2s and 2s2p levels to the 2s3p levels, using either the R-matrix method or the distorted-

wave approximation.

I. INTRQDUCTION

The n =3 to n =2 transitions of BeI-like OV and
NevII have been recorded over the spectral range of
90—250 A for solar Hares, ' and the line-intensity ratios
of 0V in these solar spectra have been studied in order to
derive both the electron temperature and density of the
flares. 3 Recent developments in technology will allow ex-
treme UV astronomical studies [below 900 A, where
these b, n =1 transitions emit (see Table II)] of other stars
with high spectral resolution and high sensitivity. '

Therefore, these hn =1 transition lines are potentially
important diagnostics in future astrophysical studies. In
magnetically confined fusion devices, the line intensity ra-
tios of these bn =1 transitions to the transitions within
the n =2 complex can be very sensitive measure of the
electron temperature in the edge plasma. Applications of
the kind described above require reliable atomic data,
and the purpose of the experiment described here was to
check existing computations of the line-intensity ratios of
the n =3 to n =2 transitions for the low-Z Be 1-like ions.

This paper presents the measured relative intensities of
spectral lines originating from the n =3 to n =2 transi-
tions of 0 V, F VI, and Ne VII in plasmas of the Texas Ex-
perimental Tokamak (TEXT) in an electron density
range of (4-9) )& 10' cm . There are other laboratory
measurements on these lines, e.g., Johnston and Kunze
and Lang, using 8-pinch machines at much higher elec-
tron densities (near 10' cm ). One advantage of the ex-
periment described here compared to the 8-pinch
machines is the stable, mell-diagnosed tokamak plasma.
However, a more important difference is the difference in
the electron density, because a relatively low electron
density makes the atomic model simpler, involving elec-
tron excitation of fewer transitions. This will be dis-
cussed in more detail in Sec. III.

Although line ratios were measured for 0 v, F VI, and
Ne vII, the eligible computation results were one based on
the R-matrix method for the case of 0 v and one based
on a distorted-wave approximation for Ne VII. A com-

parison of the experimental and theoretical values shows
large discrepancies for several of the ratios for Ov and
Ne vit. These discrepancies are related to the calculated
electron excitation rates to the 2s3p levels from the 2s2

and 2s2p levels for both the R-matrix method and the
distorted-wave approximation.

II. EXPERIMENT

The experiment was conducted using the TEXT. The
tokamak plasma had a major radius of 100 cm and a
minor radius of 27 cm. The discharge lasted 600 msec
with a plateau of 400 msec. The line average electron
density was set at 3.5)& 10 cm, and the plasma central
electron temperature was 1 keV. Figure 1 presents the
electron density and temperature pro6les near the plasma
edge, where shells of the low-Z Be t-like ions were con-
centrated. These pro61es were measured using Langmuir
probes at the edge and then extrapolated to the central
plasma by requiring consistency with the far-infrared in-
terferometry measurements for the density and with the
Thomson scattering measurements for the temperature.

The spectra of Ne VII, F VI, and OV were recorded us-

ing a grazing-incidence time-resolving spectrograph'
(GRITS), which viewed the plasma torus along a major
radius. It simultaneously covers a band from 40 to 80 A
over the spectral range of 15—360 A. The spectral reso-
lution is 0.7 A. The wavelength calibration uncertainty is
0.2 A.. A photoelectric detector of 1024 pixels integrates
incoming signals for a period of 5.4 msec and is continu-
ously scanned 32 times during each tokamak discharge.
Each scan records a complete spectrum.

The GRITS was photometrically calibrated using syn-
chrotron radiation at the National Bureau of Standards.
Because the spectral lines of a given ion were close to
each other in wavelength and were measured within a
central region of the detector where the photometric cali-
bration is reliable, the relative photometric calibration
uncertainty is %5%." Both lines for a given line ratio
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TABLE I. Plasma properties.

Ions

r'(em)
n, (10' cm )

T, (eV)
T,q„(eV)

Qv

25.5+1
4+2

26+9
20

Fvi

24+1
7+2

37+10
31

Ne VII

23+1
9+ 5

47+10
47

'r: minor radius of the peak of emission shell.

T~„: ionization equilibrium temperatures, Refs. 13 and 14.

2.20,

R o dio I P os it i on (cm)

FIG. 1. Electron density n, and temperature T, near the
edge of the TEXT plasma. The emission peak positions of the
Be I-like ions are indicated with arrows. The limiter was at 27
cm away from the center.
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were measured in a single shot. Therefore, the shot-to-
shot variations of the plasma did not a8'ect the measure-
ments. The uncertainty of the measured line ratios was
mainly due to the background emission noise, which will
be examined later for each spectrum.

Radial profiles of the line brightness were provided by
scanning radially on a shot-to-shot basis. The spatial
resolution of the spectrograph was 2 cm. The emission
profiles were obtained via Abel inversion. ' The bulk
emission came mainly from a shell about 2 cm thick full
width at half maximum (FWHM) and emission peak lo-
cations are marked in Fig. 1. The electron density and
temperature at the emission peak are determined from
Fig. 1 and are listed in Table I. The ionization equilibri-
um temperature T,q„ is listed for comparison. ' ' The
uncertainty in the determination of both electron density
and temperature and the relative consequence in the line
intensity ratios mill be discussed for the Ov and the
Ne VII cases below.

The measured and predicted relative intensities of the
n =3 to n =2 transition lines for OV, F VI, and Ne VII
are listed in Table II. Details of the measurements are
given in Secs. IIA, II 8, and IIC, respectively, for each
ion. The experimental details are then followed by com-
parisons of the measured line ratios with the predicted
ones.
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Oxygen is an intrinsic impurity in the tokamak. The
line of sight of the GRITS intersected the edge plasma
shells at a near tangent. As a consequence, the 0 v lines
were very bright and prominent, and the background
emissions from high ionization potential ions (which are

FIG. 2. (a) Emission spectrum of 0 v from the edgy plasma
of the TEXT. (b) Determination of the intensity of the Ov

o
172-A feature using the Gaussian 6tting procedure. The histo-
gram is the data and the + symbols are the sum of the Gaussian
fitting. The pixel is a unit in the photodiode array.
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TABLE II. Relative emission intensities.

Ions
Transitions

2s2p I'-2s3d 'D
2s2s 'S-2s3@ 'I'
2s2p P-2s3s S
2s2p 'P-2s3d 'D

2p2p 'P-2p3s I'
2s2p 'P-2s3s 'S

RI
R2
83
R4
R5

A, (A)

192.8-192.9
172.2
215.0—215.2
220.4
227.4-227. 7
248.6

1.00/1. 00
0.29'/0. 13
0.29 /0. 56
0.23 /0. 23
0.14'
0.19'/0. 24

A, (A)

139.8-139.9
126.9
153.7-153.9
156.2
161.2-161.5
173.1

lmeas /I cate

1.00
0.23'
0.30'
0.29
0.20'
0.20'

Ne vii

106.0- 106.2
97.5

115.3-115.5
116.7
120.2 —120.5
127.7

b
imeaso /I cate

1.00/1. 00
0,31'/0. 13
0.30 /0. 17
031 /0 37
0.27'
0.24 /0. 28

'The calculated line intensity. Note that the collision strengths for hn =1 transitions were calculated using the E.-matrix method,
Ref. 3.
The calculated line intensity. Note that the collision strengths for b n = 1 transitions were obtained by the distorted-wave approxi-

mation and the Born approximation„Ref. 9.
'A 6tted line with an uncertainty less than 26%.
dAccurate measurement with an uncertainty less than 15%.
'Uncertainty of 20%.
'A blended line with an uncertainty of 65% (see the text).

present only in the central plasma) was small (see Fig. 2).
Thus the uncertainty in the measured line intensity was
smail. The measured hne intensities in Table II were nor-
malized to those of the brightest transitions,
2s2p P-2s3d D. The total uncertainty in the measured
relative line intensity of the 2s2p I'-2s3s S transition at
215 A was 15%, and the relative intensities of the
2p P -2p 3s P transitions at 227 A and the
2s2p 'P-2s3s 'S transitions at 249 A had only slightly
larger uncertainties of 20%. The 0 v 172.17-A line of the
2s 'S —2s3p P transition was near strong emissions of
Ovl 173-A lines, Orv 171-A and Feix 171-A lines on
each side, as shown in Fig. 2(b). A Gaussian line shape
fitting procedure was used to deconvolute these lines. "
(The intensity of the 0 v 171.6-A lines of the
2s 'Sc —2s3p Pi transitions was assumed to be negligible
compared to its neighbors, as theoretical calculations in-
dicated that the total emissivity of these lines is about
10% of the Ov 172-A. line intensity. ' ) The resulting
total uncertainty in the Ov 173-A line intensity deter-
mined by the fitting procedure was less than 25%, and
the uncertainty in the line ratio was 26%.

The Ov line ratios in Table II were computed using
the effective electron collision strengths based on the R-
matrix method, ' and the radiative transition rates in-
cluding con6guration interactions and relativistic correc-
tions. ' Twenty levels in configurations of 2121' and 2s31
were included in the corona equilibrium equations. Both
the electron collisional excitations to n =3 levels from
levels higher than 2s2p 'I' and the proton coHisions were
ignored. In those cases where the computed ratios were
also listed in Ref. 3, the agreement was within 10%.

Two measured linc intensity ratios,

I(2s2p 'P 2s3d 'D)/I(2s2p P— 2s31 D)—
I(2s2p 'P 2s3s 'S)/I(2s2p P —2s3d D), —

were in very good agreement with the computed values.

However, large discrepancies were found between the
measured and predicted values of the ratios

Ri I(2s 'S——2s3p 'P)-/I(2s2p P 2s31 D)—

R2 I(2s2p P—2s3s S)/I—(2s2p P 2s3d D) —.

The experimental value for R, was 123% larger than the
prediced value, and for R z, 48% smaller. These
discrepancies are much larger than the uncertainties in
the measured line-intensity ratios. Note that the degree
to which particular transitions of measured relative hne
intensity appear to agree or disagree with the theoretical
calculation depends on the transition chosen for the
denominator in the ratio. In fact, the one chosen gives
the fewest number of lines with a discrepancy.

The uncertainties in the determination of both the elec-
tron density and the temperature cannot explain these
large discrepancies. The lower bounds of the electron
density and temperature were 2X10' cm and 2&10
K, and the upper bounds 6&(10' cm and 4g 10 K, re-
spectively. As shown in Fig. 3, if the actual plasma con-
ditions were at the lower bounds, the discrepancies
would, in fact, have been larger. At the upper bounds,
the computational results changed by only 5% or less,
which woold not bc large enough to meet the discrepan-
cies.

B. Nevrr

Neon was introduced into the tokamak by using gas-
puf6ng through a fast valve. ' The spectra was used for
this study were taken when the Nc VII line emissions rose
to a maximum, and the Ne VII lines were very bright. In
addition, a background emission spectrum obtained be-
fore the neon pufling was subtracted. (The standard tech-
niques for the background noise reduction and line
identification, such as the background subtraction, the
spatial location, and time history of line emissions used in
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our tokamak, and mirror studies, are described else-
where. "'

) Thus the neon lines in the resulting spectra
were well separated from most of the other intrinsic im-

purity lines.
The NevII 115-A line was near the OYI 115.8-A lines

of the 2s S—4p P transitions. In order to estimate the
residue of the 0 vI line after the spectral subtraction, oth-
er O&I lines emitted from n =3 and n =4 levels, at 150
A, 173 A, and 130 A, were monitored. The intensity Auc-
tuation of these lines was less than 5% during the gas-
puffing. The 0 vt 115.8-A line intensity prior to injection
was 50%%uo of the Ne~II 115-A line intensity after injec-
tion. Thus, after the background subtraction, the OVI
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FIG. 3. Computed 0 v line intensities relative to the
2s2p P —2s3d 'D line intensity as a function of electron density
and temperature. The ratios are insensitive over the range of
possible plasma conditions for this study. The numbered lines
correspond to the following transitions: (1) 2s 'S-2s3p 'P, {2)
2s2+ 3P 2S3s 3$ I'3) 2s2+ IP 2$3d 1D ~4) 2$2p IP-2$3s
The upper figure is for an electron density of 4)& 10' cm . The
lower figure is for an electron temperature of 3&10' K. The
measured line ratios 3 and 4 were in good agreement with the
computed values, but the measured line ratios 1 and 2 differ by a
factor of 2 from the computed values.

line signal was largely eliminated, and the uncertainty in
the measured Ne VII line intensity due to OvI was less
than 3%. The total uncertainty of the relative intensity
of Ne VII 115 A is less than 15%.

Another blending problem occurred between the
2s2p 'P —2s3s 'S transition at 127.7 A and a Ne vI
2s2p P3&2 —2s2p3d P3&2 transition at 127.8 A. In order
to estimate the Ne VII 127.7-A intensity, the line ratios
R5=I(Nevtt 128 A)/I5(Nevtt 106 A) and r =I(Nevt
128 A)/I„(Nevs 122 A) were approximated as constant
across the emission shell at a minor radius of 23 cm, and
thus the total measured intensity of the blended lines at
128 A was Ib ——rI„+R5I5. %e measured two sets of Ib,
I„, and I5 through the chords at 22 and 24 cm, respec-
tively. Substituting these two sets of intensity values into
the equation for II„I„,and I5, and solving the simultane-
ous linear equations for the line ratios, we found
R5 ——0.24 and r =0.08. It is diScult to estimate the un-

certainty in the derived R5. However, the upper limit of
the uncertainty may not exceed 65% if the variation of r
and R 5 across the emission shell is negligible.

The 2s 'S-2s3p 'P transition line at 97.5 A was
separated from the NevIII 98.3-A line by using the
Gaussian line shape fitting procedure, as in the case of
0 v. (The intensity of the blended Ne vtt line of the tran-
sition 2s 'So-2s3p P, at 97.3 A is estimated to be less
than 8% relative to the one at 97.5 A. This estimate was
obtained by examining the NevII 2s3p P-2p P at
135.5 A, which was also blended. The upper limit for the
intensity including the blended was 0.12 relative to the
2s2p P-2s3d D line. Then, using calculated branching
ratios and level population ratios of the 2s3p P, we ob-
tained the upper limit for the value at 97.5 A. (The upper
bound of Ne vII is much smaller than the result directly
from Ref. 9.) The total uncertainty in the measured rela-
tive line intensity at 97.5 A was 26%.

The computed line ratios in Table II were taken from
Ref. 9, which included 20 levels in the 212l' and 2s3l
configurations. The electron collision strengths used in
that calculation were computed using different approxi-
mations: the R-matrix method only for transitions within
n =2 levels, the distorted-wave approximation for transi-
tions to the 2s3/ levels from 2s and 2s2p levels, and the
Coulomb-Born exchange calculations for transitions to
2s 31 levels from the 2p2p levels to the 2s31 levels. No cal-
culations of electron collisions strengths within the n =3
levels are available, but as will be discussed in Sec. III,
these transitions are negligible at tokamak lower densi-
ties.

Two measured line intensity ratios, I (2s2p 'P
2s3d)/I(2s2p P 2s31 D) and I(2—s2p 'P 2s3s 'S)/—
I (2s 2p P 2s 3d D ), were in—good agreement with the
computation. Once again, large discrepancies between
the computed and the measured values were found; those
for R

&
differed by 138% and for R2 by 76%, respectively.

The same comment made for 0 v about the choice of the
denominator also holds here.

During the neon gas-pu5ng, the electron density in-
creased by 27%, and the electron temperature might be
overestimated. Changing the electron temperature and
density within the uncertainty of the measurements lead
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to changes in the computed line ratio Rz of only 7% or
less, which is much smaller than the discrepancy men-

tioned above. The computed value of R, could be in-

creased by not more than 20%, which is not enough to
meet the discrepancy, by assuming the lower limit of the
electron density or the upper limit of the electron temper-
ature. In fact, during the Ne gas-pusng, the density in-
creased and temperature decreased, which will decrease
rather than increase R ].

F vI spectra were studied as a complement to the 0 v
and Ne vII studies. Although no theoretical calculations
are available for comparison, with these three elements
one can check trends in the intensity ratios along the
isoelectronic sequence in order to judge the correctness of
both the line identifications and the intensity measure-
ments.

Fluorine was introduced into the tokamak by pufBng in

SF6 gas. In a manner analogous to Nc vII, spectra at ihe
FvI emission peak were used and a spectrum obtained
before gas-puang was subtracted in order to suppress the
intrinsic element emission background.

The measured relative line intensities of these F vI lines
in Table II are comparable with those for NevII. The
relative line intensity of the 2si'S-2s3P 'P transition
was estimated with a 25% uncertainty, using the fitting
procedure as in the case of Ov. The 2s2P 'P 2s3s 'S-
line at 173.1 A was treated with the same method as the
Ne vII line at 127.7 A.

Each measured line ratio of F vI shows a tendency con-
sistent with the experimental results for 0V and Ne VII,
giving the confidence that there are no apparent mistakes
either in the line identi6cations or the intensity measure-
ments.

III. DISCUSSION

The comparison between the experimental and the
computed line-intensity ratios displayed in Table II
shows the large discrepancies in level populations for
both 0 V and Ne VII. As discussed previously for the case
of 0 v, the choice of the 2s2p P-2s3d D transitions as
the denominator for the line-intensity ratios minimizes
the number of levels which show a discrepancy. In addi-
tion. , there is also a theoretical consideration for choosing
this transition, i.e., both the R-matrix method and the
distorted-wave calculations give very close values for the
collision strengths of the dominant transitions from the
2s and 2s2p levels to the 2s3d D levels. Thus for both
0 v and Ne vII the experimental results imply that large
inaccuracies exist in the computed values of the collision
strengths which control the populations of the 2s3s S for
the case of R2 and 2s3@ 'P for the case of R, .

The atomic data used in the level population calcula-
tions can be separated into two portions, the transitions
within n =2 complex and the transitions involving n =3
levels. A recent experiment confirmed the reliability of
the R-matrix method for computations of the electron
collision strengths within the n =2 complex of low-Z
Be I-like ions. ' Thus the present experiment tests the rc-

suits for transitions involving the n =3 levels.
In order to relate the sensitivity of a given line-

intensity ratio to each of the computed electron collision-
al excitation rates contributing to the calculated level
populations, define a parameter S;. as the ratio of the per-
centage change in the line ratio to a percentage increment

S;"=(CJ5Rk )/(Rk5C i ), -

where Rk is a given line emissivity ratio and C," is a given
transition rate. Thus values of S;~ for different ij give the
relative importance of the different excitation rates and
the sensitivity of the calculated ratios to inaccuracies in
the different C, 's. The S;". also can be rewritten as

[(CJ5Pk )/(Pk5C, , )] [(C,,—5Pd )/(Pd5CJ )], where Pk is

the upper-level population in thc numerator of Rk and Pd
is the upper level population of 2s3d D in the denomina-
tor. Because there are no significant radiative transitions
from the 2s3d D levels to the other n =3 levels and, as
discussed in the next paragraph, collisional transitions
from the 2s3d D to the other n =3 levels are negligible
at tokamak densities, S; is equal to either
(C,,SP„)/(P&5C;, ) or (CJSP„—)/(Pd5C, , ) for the
2121'—2s31 transitions. Therefore S," is equivalent to the
fractional contribution to the level population due to the
ij transition. %e have calculated S;J for a number of
trallsitiolls of Ov and NevII over the electron density
range from 1X10 to 1&10' cm using published
atomic data. ' ' ' The more important values of S"
for R, and R2 in Ov, which are based on the R-matrix
method calculation of electron collision strengths, are
presented in Fig. 4. Table III lists the associated energy
levels and labels.

Although the calculations of Rz and S;, included all of
thc transitions within the n =2 complex and the transi-
tions between the first four levels and 2s3/ levels, no tran-
sitions from levels above the 2s2p P levels to the 213l'
levels mere included. Computed values of these excita-
tion rates are not available and were set equal to zero in
our calculation, as they were judged to be important only
at higher densities, To estimate their relative importance
we have computed (5Rk/5C;. )/Rk. The values present-
ed in Fig. S for R, have been multiplied by 1X10,a
typical large excitation rate for these ions, to provide a
rough estimate of their contribution. It is clear from the
figure that below an electron density of 3)& 10' cm the
effects of these transitions are negligible, an advantage for
the studies performed at tokamak densities which are
lower than 8-pinch densities. A similar conclusion was
obtained for R2. (As the derivative 5Rk /5C;. was evalu-
ated near C; =0, the linear approximation may not be
hold at very high densities, and the values should be used
as indicative. )

Figures 4 and 5 show that for the low-Z Be I-like ions
studied in this paper, the electron density can be divided
into three regions. 9elow 1X 10" cm, the n =3 levels
are predominately populated by electron impact excita-
tions from the ground state, 2s 'S. In the range from
1)&10 to 3&10 cm, the excitations to the n =3 lev-

els from the Zs2p P levels become important, but those
from levels higher than 2s2p P2 are negligible. Beyond
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No.

TABLE III. Energy levels of 0 V.

%ave number (cm ')

1

2
3
4
5

6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

2$2$ Sp
2$2p Pp
2$2p P 1

2$2p P2
2$2p P 1

2p 2p Pp
2p 2p P 1

2p2p 3P2

2p 2p D2
2p 2p Sp
2$3$ S1
2$3$ Sp
2$3p P1
2$3p Pp
2$3p P1
2s3p Pz
2$3d D I

2s3d 3D2

2s3d D3
2$3d 'D2

81939
820 75
823 82
158 798
213 459
213 615
213 884
231 721
287 910
546 969
561 276
580 825
582 803
582 840
582917
600746
600 756
600766
612616

1

Q 9
08
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0
-0.1

—0.2
-0.3
-Q. 4

0.3

0.2

10
t

ll 12

Iog tn, (cm ))

RI

R2

Transitions:
1 —2
1 —3
1 — 4
1 —13
1 —17
1 —18
1 —193- 43- 5
3-13
3-18
3-19
4- 5

~lz y4- s-
4-19

Transitions:
1 — 4
1 —ll
1 —15
1 —16
1 —17
1 —18

, 1 —19
3-11
3-15
3-16
3-18
3—19
4 —11
4-15
4—16

X 4-17
4—18
4-19

16

FIG. 4. More important values of S;J.=(C~6R&)/{Rk5CJ)
for 81 and R2 of Ov as a function of n, . The numbers on the
right side of the figures label the levels of the transitions as list-
ed in Table III. An electron temperature of 26 eV is assumed.

3 g 10' cm, none of these excitations can be ignored.
The efFects of cascades from higher levels on the 2s31

levels were not included in the level population model.
The efFects of direct cascades from 2p31 levels to the 2s31
levels can be ignored because the radiative transition
rates for 2s31-2p31 are much smaller than those for 2121'-
2p31. ' Evidence for cascades from the n =4 levels was
also searched for in this experiment. The n =4 to n =2

0.8
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9 —13
9 —17
9-18
9 —&9

13-14
13-15
13-16

transitions of 0 v emit lines in the range from 100 to 200
A, within the sensitive range of the GRITS. No strong
lines from the n =4 levels could be identified. The radia-
tive transition probabilities from n =4 to n =3 were es-
timated to be slightly smaller than that from n =4 to
n =2. Thus the cascades from the n =4 levels to the 2s31
levels can be ignored. The effect of cascades on the n =2
levels is also very small because the population rate in
these high levels is much smaller than the rates between
the n =2 levels. In conclusion, the 20-level model used
was adequate for accurate calculations of the Rk.

The simplicity of the model makes it possible to exam-
ine directly a few of the important electron collisional
transition rates from the 2s 'S and 2s2p P levels to
n =3 levels. In the following analysis we determine
which transitions in the collision strength calculations
are likely to be in error and the degree of inaccuracy in
order to explain the large discrepancies in the line ratios
8, snd R2.

In the case of 0 v, the collision strengths computed by
the 8-matrix method were used, ' which is generally re-
garded as more accurate then the distorted-wave approxi-
mation. ' ' First, consider R.2. The collision strengths
used for the transitions from the 2s 'S and 2s2p P to the
2s3s S are a factor of 2 larger than the distorted-wave
approximation results. ' However, these transitions
contribute only 32% of the population of the 2s3s S lev-
el (see Fig. 4). Reducing the calculated electron excita-
tion rates of 2s21-2s3s S by a factor of 2 decreases the
calculated R2 only by 16%. The 2s3s S level primarily
gains its population by radiative cascades from the
2s3p P ( -63%). If one assumes that the lower limit for
the excitation rate for the transitions from the 2s 'S and
2s2p P to the 2s3s Sis a factor of 2 smaller than the E.-
matrix result, one would still have to reduce the collision
strength for the 2s2p P —2s3p P by at least s factor of 2
in order to meet the experimental value of R2. The line
ratio 8, is overwhelming due to the electron excitation of
2s 'S —2s3p 'P (-59%), followed by 2s2p P 2s3p 'P—
(-38%) (see Fig. 4). As the measured line ratio was a
factor of 2 larger than the computed, these excitation
rates appear to be underestimated b s factor of 2.

The predominant electron excitation rates from n =2

log 0[nz (cm ))

FIG. 5. Quantity (5R, /5C;, )/lt
&

for transitions from levels

higher than 2s2p'P2 is plotted to indicate at which electron
densities these transitions are negligible. The values have been
multiplied by 1 X 10,a typical large excitation rate.
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to n =3 for Ne vti were calculated by the distorted-wave
approximation and were possibly underestimated, as in
the case for 0v. At the electron density and temperature
of our experiment, the important contributions to the
2s3s 5 level population came from the excitations of
2sZp P 2s3—p P (-52%), including all possible (J-J'),
followed by 2s 'S —Zs3s S ( —18%), 2s2p Pz 2s3—s S
( —12%), 2s2p P, —2s3p P, (-8%), and
2s 'S —Zs3p P2 ( -6%). Therefore these excitation
rates also appear to be underestimatd by a factor of 2.
For the ratio R&, the excitation from 2s '5 to 2s3p 'P
contributes -90% of population to the 2s3p 'P level.
Thus the 2s 'S-2s3p 'P excitation rate is more than a
factor of 2 smaller than it should be.

The levels of measured line-intensity ratios which
disagree with the theoretical values are primarily popu-
lated by the electron excitations to both the 2s3p 'P and
the 2s3p P levels. The diSculties in theoretical calcula-
tions of radiative transition probabilities for the 2s3p
configuration have been discussed elsewhere. ' ' ' The
'P and P level compositions are inverted between Ov
and Al x from the order given by Hund's rule because of
the 2p3s-2s3p interaction. This configuration interac-
tion may aff'ect the computations of the relative electron
excitation rates for Ov and NevII, and cause the large
discrepancies between experiment and theory for the line
rat~os R, and R, .

IV. C(ONCLUSION

This experiment determined the line-intensity ratios of
the n =3 to n =2 transitions for the low-Z Be I-like ions
at electron densities in the range of 4-9&10' cm
Two measured line intensity ratios

I(2s2p 'P 2—s3d 'D)/I(2s2p P 2—s3d D)

I(2s2p 'P 2s—3s 'S)/I (2s2p P 2s—3d D),
agree very well with the computation. Large discrepan-
cies between the experiment and the computations were
found in the other two line ratios,

I(2s 'S —Zs3p 'P)/I(2s2p P 2s3d— D)

I(2s2p P 2s3s—S)/I(2s2p P 2s3—d D) .

The discrepancies can be related to the inaccuracies in
the existing computations of electron collision strengths
from 2s and 2s2p levels to the 2s3p levels for the low-Z
Be I-like ions, using either the R-matrix method or the
distorted-wave approximation. The inaccuracy can be as
big as a factor of 2 and clearly indicates the need for im-
proved theoretical values of the collision strengths.

ACKNO%'LKDGMKNTS

The authors are grateful to all the sta6' at the TEXT
group for the excellent support to this experiment. %'e

especially appreciate the kindness of Dr. P. Phillips, Dr.
P. Rhopes, and Dr. B. Richards for generously providing
their diagnostics on the electron temperature and density.
This work is sponsored by the U.S. Department of Ener-

gy under Contract No. DE-AC02-76ET53006 to The
Johns Hopkins University and Contract No. DE-AC05-
78ET53043 to the University of Texas. Also the contri-
bution of the United States —Israel Binational Science
Foundation is acknowledged by the groups at The Johns
Hopkins University and Hebrew University.

'Permanent address: Princeton Plasma Physics Lab, Princeton
University, Princeton, NJ 08544.

'K. G. %'iding, Astrophys. J. 258, 835 (1982).
~M. Malinovsky and L. Heroux, Astrophys. J. 181, 1009 (1973).
3K. G. %'iding, J. G. Doyle, P. L. Dufton, and A. E. Kingston,

Astrophys. J. 257, 913 (1982).
J. L. Linsky, in New Insights in Astrophysics, Proceedings of

the Joint NASA-ESA-SERC Conference, University College,
London, 1986 (unpublished), p. 537.

~R. Cruddace, Astrophys. J. 187, 497 (1974).
6K. %'. Gentle, Nucl. Tech. Fus. 1, 479 (1981).
7%'. D. Johnson and H. J. Kunze, Phys. Rev. A 4, 962 (1971).
8J. Lang, J. Phys. 8 16, 3907 (1983).
9A. E. Kingston, P. L. Dufton, J. G. Doyle, and J. Lang, J.

Phys. B 18, 2561 (1985).
~o%'. L. Hodge and H. %. Moos, Rev. Sci. Instrum. 55, 16

(1984).
'~L. K. Huang, S. Lippmann, T. L. Yu, B. C. Stratton, H. %'.

Moos, M. Finkenthal, %'. L. Lodge, %'. L. Rowan, B.
Richards, P. E. Phillips, and A. K. Bhata, Phys. Rev. A 35,
2919 (1987).

'2H. R. Griem, Plasma Spectroscopy (McGraw-Hill, New York,
1964).

'3C. Breton, C. De Michelis, and M. Mattioli, J. Qnant. Spec-
trosc. Radiat. Transfer 19, 367 (1978).

'4C. Breton, C. De Michels, M. Finkenthal, and M. Mattoli, As-
sociation EURATOM —Comissariat a 1'Energie Atomique
sur la Fusion Report No. EUR-CEA-FC-948, 1978 (unpub-

lished), p. 207.
I5A. Hibbert, J. Phys. B 13, 1721 (1981).
'6K. A. Berrington, P. G. Burke, P. L. Dufton, and A. E.

Kingston, At. Data Nucl. Data Tables 33, 195 (1985).
~7D. R. Terry, W'. Rowan, %'. C. Connolly, and %'. K. Leung, in

Proceedings of the Tenth Symposium on Fusion Energy, Phi-
ladelphia, 1983 (unpublished), p. 959.

~8M. Finkenthal, R. Bell, and H. %'. Moos, J. Appl. Phys. 56,
2012 (1984).

' M. Finkenthal, T. L. Yu, S. Lippmann, L. K. Huang, H. %.
Moos, B. C. Stratton, A. K. Bhatia, R. Bengtson, %. L.
Hodge, P. E. Phillips, J. L. Porter, T. R Price, T. L. Rhods, B.
Richards, C. P. Ritz, and %'. L. Rowen, Astrophys. J. 313,
920 (1987).



3934 L. K. HUANG et aI.

2OH. Nussbaumer and P. J. Storey, Astron. Astrophys. 74, 244
(1979).

2~D. G. Ellis, Phys. Rev. A 28, 1223 (1983).
22P. H. Sampson and S. J. Goett, At. Data Nucl. Data Tables

30, 125 (1984).
2~M. Malinovsky, Astron. Astrophys. 43, 101 (1975).
~B. (.. Fawcett, At. Data Null. Data Tables 30, 1 (1984).


