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A number of spectrum lines of highly ionized copper, nickel, iron, chromium, and ger-
manium have been observed and the corresponding transitions identified. The element
under study is introduced into the discharge of the Princeton Large Torus tokamak by
means of rapid ablation by a laser pulse. The ionization state is generally distinguishable
from the time behavior of the emitted light. New identifications of transitions are based
on predicted wavelengths (from isoelectronic extrapolations and other data) and on ap-
proximate expected intensities. All the transitions pertain to the ground-state configura-
tions of the respective ions, which are the only states strongly populated at tokamak plas-
ma conditions. These lines are expected to be useful for spectroscopic plasma diagnostics
in the 1—3-keV temperature range, and they provide direct measurement of intersystem
energy separations from chromium through copper in the oxygen, nitrogen, and carbon

isoelectronic sequences.

INTRODUCTION

The various ionization stages of any element
that may be present in a tokamak discharge exhibit
a space and time behavior that is partly determined
by atomic properties, i.e., ionization and recombi-
nation rates, and partly by the characteristics of
the plasma, e.g., electron temperature, density dis-
tribution, and radial particle transport rates. This
characteristic allows on the one hand utilization of
appropriate emission lines for localized spectro-
scopic plasma diagnostics, and on the other hand it
is helpful for identifying any previously unknown
lines and atomic transitions.

In the Princeton Large Torus PLT tokamak!
during the quasisteady phase of an ohmically heat-
ed discharge, the central electron temperatures are
usually in the range T,(0)=1.5—2 keV, but in
special cases T,(0)~3—4 keV may be reached.
The observed maxima of radial distributions of
particular ionization states, e.g., of iron, are in
most cases located about radii such that T,(r)=E;,
the ionization potential of the state, i.e., at signifi-
cantly higher temperatures than the corresponding
coronal ionization equilibrium maxima.>* The
perceived deviations from equilibrium are thought
to be caused primarily by radial particle transport
and therefore could be used to measure such rates.
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However, quantitative attempts of such transport
measurements have foundered in the past, partly
on the uncertainties of the ionization** and recom-
bination®” rates and partly on insufficiently de-
tailed data on the ion radial distributions.

The uncertainties in the atomic rates could be
eliminated to a large extent, or at least evaluated,
by measuring the distributions of the ions of two
or more elements simultaneously. This would al-
low quantitative comparison of, e.g., the behavior
of Crxxil, Fexxil, Ni xxI, and Cu xXI—all with
E;~1.7—1.8 keV but quite different electronic
structure and hence atomic rates—under the same
plasma conditions [T,(r),n.(r), etc.]. At different
radii, i.e., different temperatures, an analogous set
of appropriate ions would be measured.

Traditionally, the ion densities are measured
from space-resolved absolute emissivities of their
resonance lines. This is particularly appropriate in
the case of ions of ns and ns? ground configura-
tions, which have very strong and relatively well-
established (wavelengths, transition probabilities)
resonance lines. However, in the more complicated
configurations it is often difficult to find appropri-
ately isolated resonance lines, considering that
several neighboring elements are to be present in
the plasma, and therefore not only is the spectrum
fairly crowded, but also the concentration of each
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element must be severly limited in order to avoid
significant radiative energy losses. In typical
tokamak plasmas the total allowable density limit
for medium Z (~20—30) elements is about
5%10'%/cm® or ~10~3n,.

In this respect magnetic dipole lines within the
ground configurations of such ions offer many di-
agnostic advantages®® that derive mostly from
their relatively long wavelengths. Aside from their
application for ion density measurements these
lines are also eminently useful for measurements of
local ion temperatures'® and plasma rotations,!!
and other spatially localized phenomena'>!? in
tokamak plasmas.

In order to extend the available data base of
suitable magnetic dipole lines, to allow greater
choice of diagnostic wavelengths, and particularly
to increase the applicable electron temperature
range [related to the ions by the E; ~ T,(r) condi-
tion] a systematic search for such lines has been
undertaken in the PLT tokamak. In the present
paper we report the results for the 2s22p* configu-
rations in copper and nickel, many additions and
some revisions in iron and chromium, and the es-
tablishment or improvement of accuracy of
wavelengths of several other lines of diagnostic in-
terest in tokamaks and similar plasmas.

A parallel and complementary part of this pro-
gram is the development and refinement of the
technique of introducing the desired elements into
the discharge in predetermined amounts and ap-
propriate times. The method used in this work is
the sudden ablation of a metal film by a ruby laser
pulse,'** also called the laser blowoff method.
The technical details of applying this procedure to
large, high-temperature tokamaks will be discussed
elsewhere,'® but we shall describe some aspects of
it that have direct influence on the wavelength
measurements and other spectroscopic diagnostic
applications.

EXPERIMENTAL

With a few exceptions most of the line wave-
lengths and intensities discussed in this paper were
measured or remeasured by means of the laser
blowoff injection of the element. The target plas-
mas included a considerable variety of ohmically
heated discharges, because most of the
wavelength-identification measurements were per-
formed in plasmas devoted to other, unrelated ex-
periments requiring different conditions. However,
in most cases the electron densities in the measure-

ment region were not very far from 3% 10> cm ™3,

and the peak temperatures along the line of sight
were 1.5—2.5 keV. For some of the copper mea-
surements the necessary higher temperatures, ~3
keV, were reached adding some neon to the
discharge. Neon, by radiative cooling of the plas-
ma periphery, produces a more centrally peaked
current-density and temperature profile. Unfor-
tunately it also adds to the radiation (straylight)
problems and often exhibits lines of its own pre-
cisely at the wavelengths to be measured. Carbon
(originating primarily from the graphite aperture
limiter) and oxygen lines are always present to
some extent, and the discharge also contained
small intrinsic amounts of Ti, Fe, Cr, and Ni.

The element to be injected is deposited on a glass
plate, facing the plasma, and is illuminated from
behind by an about 1 J ruby laser pulse. The ab-
lated material is partly vapor and partly small
(0.2 —5-u-diam) globules, which become evaporat-
ed and ionized in the outer layers of the target
plasma. The amount of injected material is of the
order of 10'7 atoms per shot ( ~2—3X 10'%/cm? if
spread uniformly over the plasma volume), and
this amount may be varied by adjusting the laser
focus or the thickness of the deposit. For initial
search of unidentified lines, somewhat (2—3X)
larger amounts were often used to facilitate distinc-
tion from background radiation. It appears feasi-
ble to inject several elements simultaneously in
predetermined ratios by this method, although at
present actual tokamak experience in this regard is
meager.

The injection generally occurs at a time when
the target plasma is in a quasisteady state for at
least 100—200 ms. On the time scale of the subse-
quent behavior of the higher ionization states of
the injected element, the injection is practically in-
stantaneous, the emitted radiation time behavior
being determined by subsequent toroidal and radial
transport and by the rates of ionization and recom-
bination. The atomic rates, ionization and recom-
bination, are, of course, implicitly dependent of the
radial transport, since the latter determines the lo-
cal electron temperature and density.

The line intensities were measured with two
spectrometers located toroidally nearly opposite, or
about 300 cm, from the injection port. The instru-
ment for A <1200 A is a 1-m 85° incidence bichro-
mator, with a 2400 groove/mm holographic grat-
ing, and magnetic electron multipliers with
tungsten photocathodes for detectors. The mea-
sured instrumental profile is a near-Gaussian with
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half-intensity width 0.82 A in the first order for
the higher-wavelength channel, and 1.10 A for the
other. The wavelengths were measured, after the
approximate location was determined, by advanc-
ing the exit slit by usually % A increments shot by
shot, with the other channel monitoring some other
already known line of the injected element for
reproducibility. The wavelength scale is establish-
ed by interpolation from known carbon, oxygen,
and iron lines. The estimated (first-order) wave-
length accuracy is about +0.2 A, somewhat better
in most favorable cases (strong lines, with no signi-
ficant interference from other lines and not very
far from reference wavelengths) and perhaps +0.3
A in weaker lines, subject to interference.

At A > 1400 A the wavelengths were measured
with a 1-m helium or argon filled Ebert-Fastie
monochromator with external LiF optics. This in-
strument is generally used in fourth —eighth order,
mostly for Doppler width measurements. Al-
though it has a good spectral resolution the abso-
lute wavelength accuracy is limited by the interpo-
lations from known wavelengths and varies again
from about +0.1 A to about +0.3 A, depending on
conditions.

Both instruments are calibrated for absolute in-
tensity measurements against NBS standard lamps
and arcs at longer wavelengths, and by radiative
branching ratios at shorter wavelengths. The sensi-
tivity of the Ebert system deteriorates rapidly
below ~ 1400 A, and the sensitivity of the grazing
incidence spectrometer deteriorates above ~ 1100
A, thus there are no measurements of relatively
weak lines in this interval.

Above A=2000 A a third monochromator, a
%:m Ebert-Fastie equipped with a rotating mir-
ror system for spatial scanning as well as a vibrat-
ing mirror for rapid spectral scans, was used for
initial wavelength location and radial emissivity
distribution measurements of lines in this spectral
region.

Figure 1 illustrates some of the measurement
problems as well as advantages of the laser injec-
tion method. Copper was injected into the PLT
discharge (with neon) at about 495 ms, i.e., when
the discharge had already lasted for about 0.5 s
and had a central T,(0) about 3.1 keV, n,(0) about
3% 10" cm™3. The figure shows time behavior of
three copper ion lines, normalized to their maxima:
a CuxXI (E; =1.79 keV) magnetic dipole line, a
CuXxXI1v (E;=2.17 keV) magnetic dipole line, and
the CuXxXVI (E; =2.46 keV) singlet resonance line.
The Cu XXI and XXVI lines are from the same
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FIG. 1. Time behavior of observed brightness of
three copper lines after injection (495 ms): CuXXI
A=592.3 A, CuXXIV A=756.9 A, and CuXXVI
A=111.2 A

discharge, measured by the two spectrometer chan-
nels, while the Cu XX1V line is from a different
discharge when both the target plasma and the
amount of copper may have been slightly different.

The ordinates are line brightnesses measured in
the equatorial plane with background signal (con-
tinuum emission, straylight, etc., measured without
copper injection subtracted). Although the ordi-
nate scales are known (peak values were 4 X 1013,
8 10", and 9 10" photons/cm?ssr for the
Cu XXI, XXIV, XXVI lines, respectively), the intensi-
ties are not directly comparable as they correspond
to different spatial distributions along the line of
sight. These, together with many other data of
plasma diagnostic interest will be discussed in a
subsequent paper. Only the lines of a given ioniza-
tion state have sufficiently similar spatial distribu-
tions for direct quantitative comparisons of chord
brightnesses. However, we note that the ionization
times for these three ions near the center of the
discharge are about 0.5, 1.0, and 3.0 ms, respective-
ly, i.e., the time (and space) variations must be
largely determined by ion transport, except that the
difference between the risetime of CuXXIV and
XXVI may be significantly affected by ionization
times. The structure near the peak of the Cu XXIv
line appears to be caused by some transient plasma
phenomenon. In the same discharge as the others
it probably would have appeared as indicated with
the dotted curve.

The time shapes of the line intensities are often
sufficiently distinct to allow unambiguous assign-
ment of a newly observed line to the proper ioniza-
tion state, and of course the right element is a
priori specified by injection. This is a great advan-
tage over spontaneously occurring elements in the
discharge, where such assignment is frequently pre-
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carious. However, even with injection there are
problems, especially in the case of weaker lines and
earlier states of ionization, where time differences
between adjacent states are small. Often many
measurements at different plasma conditions (espe-
cially peak temperatures) and including radial dis-
tributions are necessary for proper identification.

One type of problem is illustrated in Fig. 1 by
the 111.2 A line of Cuxxv1. This is a very strong
line (indeed the strongest line in the copper
spectrum—provided the temperature is sufficient,
>2.5 keV, to easily reach the berylliumlike state)
and there is no doubt about the identity near the
peak (in time and space). However, it clearly be-
gins to rise before the Cu XXI1V line (and CuXXV)
and it also extends further in radial extent. Pre-
cisely the same behavior has been observed in the
isoelectronic 2s2'S-2s2p 'P line in iron,'” and it is
ascribed to a nearly exact coincidence (within
~0.1 A) with the 2522p3*S; ,-252p**Ps
transition—of Cu XXIII in this case. At lower tem-
peratures the latter line is of course progressively
relatively stronger.

Another and more pervasive problem is illustrat-
ed by the small initial shoulder on the Cu XXI line
in Fig. 1 and in Fig. 2. The latter shows two
Cu XX1V lines ascribed to the 2s*2p?3P,->P, and
1D,-3P, transitions at 756.9 and 540.0 A, respec-
tively. The signal at the second line has a substan-
tial early peak which clearly does not belong to
Cu XXIV.

Such early signals are very prevalent. Their pre-
cise origin is not established except that it is radia-
tion and is associated with the injected element. It
varies, both in intensity and in time behavior, with
wavelength setting (hence, it is not primarily stray-
light) becoming generally stronger at shorter
wavelengths (which may mean that straylight is a
non-negligible component; indeed observations with
a crystal spectrometer at around the L-line
wavelengths of the injected element also exhibit
such early signals with characteristics expected of
straylight).'® Apparently it becomes stronger with
heavier elements. From the early appearance and
evidently peripheral space distribution the origin of
this radiation must be the lower states of ioniza-
tion, e.g., Cul—XIX.

In the present case Fig. 2 shows the signal at
three wavelength settings: at the peak of the 540
A line, and 1.5 A either side, normalized to the
peak values. At either side the radiation is very
small after 18 —20 ms (not necessarily zero, but
too small to distinguish from background and also
small compared to the signal at 540 A). Assuming
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FIG. 2. Appearance of interfering radiation, ascribed
to earlier states of ionization of copper, in the neighbor-
hood of the A=540.0 A intercombination line of
CuXX1V, 2s%2p? configuration.

that the interfering signal has the same shape at
540 A it leaves a signal that is very similar to the
757 A line (it also has the proper radial width and
a reasonable intensity for the assigned transition).
Thus in this case the assignment is reasonably
secure. However, if the interfering signal had a
noticeable lingering plateau (as it often does at oth-
er wavelengths) and if it were still larger relative to
the sought line, the identification would clearly be-
come dubious or impossible. A special case of this
problem arises when a resonance line of an earlier
ionization state (even in second or third order, in
the case of strong lines) falls very near the wave-
length of a weak line being sought. Such cases ap-
parently occur in iron (Fe XX and XXI) spectra as
will be mentioned later.

Still another problem arises from the presence of
intrinsic impurity lines in the discharge, e.g., oxy-
gen or carbon. Although the intensity time
behavior usually allows distinction of the injected
element line, the presence of a strong and wave-
length-dependent background radiation deteriorates
the achievable precision.

Because of this multitude of measurement prob-
lems and plasma conditions, it cannot be readily
predicted which lines are most useful for plasma
diagnostics under given circumstances except in the
general sense that brighter lines and longer wave-
lengths (which in itself is a conflicting require-
ment) are desirable. The objective of the program,
even from the most utilitarian viewpoint, must be
to establish systematic trends and sequences in
wavelengths and transition probabilities. The
variety of conditions encountered in the mea-
surements also explains why some lines are easily
measured and confidently assigned to particular
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FIG. 3. The 2s%2p* ground configurations and the 2s-2p, 2s%2s2p transitions in copper. Observed wavelengths in
boxes. Ionization potentials indicate approximate temperature of maximum emissivity in tokamak discharges.

TABLE 1. Magnetic dipole lines of n =2 configurations. Wavelengths > 2000 A are
given in air. Numbers in parentheses are deduced from measured level differences.

Cr Fe Ni Cu Ge
2s22p°
P, — Py 1410.6 974.8 + 694.5 + 592.3— 379.6 +
2s2p*
3p,—3p, 1656.3 1118.2 779.5 + 657.7 410.7
3p,—3p, 2818.2
'D,— 3P, 740.8 592.2 471.3 420.0
'D,— 3P, (1340.2) (1259) (1192) (1162)
1S,— 3P, 493.8
2s22p?
D3 — 483, 793.3 634.8 585.0— 427.9
2Ds;— %S, (663) 471.6 434.8—
’Ds,— 2D; 4039 2665.0— (1929) (1694)
2s22p?
3p,—3p, 2090.9 [1354.1] 911.0— 756.9 454.8 —
3p,— 3P, 2885.4 2298.0 1915.0 1776.0— 1470
'D,— 3P, 979.0 786.1 614.8— 540.0 +
'D,— 3P, 731.1— 585.8— 465.4 414.1
1Sy— 3P, 398.4
2s%2p
Py — Py 1205.9 845.5 + 609.9 + 522.8 +
2s2p

3p,— P, 1079.3 648.0

2297
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transitions while others, superficially similar transi-
tions, may require repeated measurements and
modifications.

RESULTS

The measured wavelengths of the n =2 shell
magnetic dipole lines are listed in Table I, and the
energy levels and transition for copper are shown
in Fig. 3. The wavelengths in boxes (Fig. 3) have
been observed in the PLT tokamak, as described
above. The + and — signs on some wavelengths
indicate that the actual value is probably slightly
(<0.1 A) above or below the number given.
Wavelengths given in parentheses are predicted
values by Edlén.!*%0

Aside from previously published scandium?! and
titanium?®*23 lines, Table I lists all the n =2 mag-
netic dipole lines, in elements from chromium to
germanium, measured to date in the PLT tokamak
discharges, including several that have been report-
ed before.?>2*

In the fluorine sequence 2s22p>, only copper and
germanium lines have not been reported before.
Note that the copper wavelength practically coin-
cides with the FeX1x 2s22p*!D,-*P, line.

In the oxygen sequence, 2s22p*>P,-*P,, the nick-
el, copper, and germanium lines are new observa-
tions. They are all fairly prominent lines in
tokamak discharges, although the nickel line
suffers some interference from O1v. In the *P;-
3P, only the nickel line has been seen so far. At
Z <25 this transition is very weak (infrared), but
at higher Z it could be of plasma diagnostic in-
terest.

The 'D,-3P, intercombination transitions were
all strong and easily identifiable by their resem-
blance to the 3P,->P, time shape. However, the
1D,-3P, transitions have not been observed partly
because of the above-mentioned instrument sensi-
tivity problem and partly because this transition is
inherently rather weak, as the radiative branching
ratio favors strongly the other component. Never-
theless, this series may be of special interest be-
cause it tends to retain a fairly long wavelength
with increasing Z.

In the 'S, — 3P, sequence only the Cr XVvII
493.8-A line has been seen so far. In nickel (~359
A) and copper (~328 A) the search has been ham-
pered by the high level of interfering background
radiation, and not very much work has been done
in PLT with iron injection because the iron spec-

trum is already relatively well known. This transi-
tion will probably be readily observable in scandi-
um, titanium, and vanadium.

In the nitrogen sequence 2s%2p?, the Fe XX,
2Ds /,-2D5 s, 2665-A line was the first magnetic di-
pole transition applied to tokamak diagnostics, but
the 2Ds ; 3,,-*S3,, have not been found. The first
of these appears to nearly coincide with the second
order of the strong Fe XV resonance line (284.15
A), and the second similarly with the Fe XVI reso-
nance line (360.80 A). However, both of these
transitions have been readily located in nickel and
copper, thus also establishing the 2Ds /,-2D;
wavelengths. In nickel this transition at ~1929 A
apparently was observed directly (while searching
another line) but its wavelength has not yet been
adequately measured. Another somewhat cursory
observation of the 2Ds,-Ds, line at ~4039 A in
chromium, together with the definitely established
793.3-;\, 2D3/2'4S3/2 line, prediCtS the 2D5/2-4S3/2
line of chromium just below 663 A. In Ge XXVI
the 2D; ,-2S; ; line at 427.9 A was readily mea-
sured, but the other component suffered from
strong interfering radiation (with time-shape
corresponding roughly to Ge xxI). This line
(GeXXVI, 2Ds ,-*S5 ) is tentatively located at
319.2 A (which would put the 2Ds,-2D; ,, line

~1257 A), but this requires further confirmation.
In the carbon sequence 2s 22p 2 as has been al-
ready reported,?* two previously misassigned tran-
sitions have been corrected: the 3P,->P, at 2090.9
A in Crxix, and the *P,-*P; at 2298.0 in Fe XXI.
The latter, although a fairly strong line, is difficult
to observe because of its proximity to a very strong
C1 line. The FeXXI line at 1354 A is established
from solar flare observations.?>?® We have not
seen it in tokamak discharges because of our spec-
trometer sensitivity problem. The *P,— 3P, se-
quence in this configuration is of particular in-
terest for tokamak diagnostics, as it retains rela-
tively long wavelengths to high-Z elements; but,
unlike the 'D, —3P; in oxygen sequence, it has no
adverse radiative branching to reduce its intensity.
The 1470 A line of Ge XXVII in this sequence is
still a preliminary measurement and may have to
be revised slightly in the future. As in the case of
oxygen sequence, none of the 'S,->P, transitions
have been reliably observed beyond Cr XI1X. In
Fe XXI the expected wavelength'® coincides with a
FeXVI resonance line, and in Ni and Cu the back-
ground radiation has been too high, although in
copper a suggestion of a line with proper time
behavior has been seen just below 258 A.
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In boron sequence the 2s%2p 2Py ,— %P, ;; in the
Ni XXIv and CuXXV are new observations. The
former suffers from interference with oxygen lines,
and its wavelength may be actually closer to 610.0
A than to 609.9 A.

In beryllium sequence we have observed the
252p 3P, — 3P, line in CuXXVl, at 648.0 A. This
transition has been seen? in Sc XVIII (2907.9 A),

Ti XIX (2344.6 A),*?" and Fexx1n (1079.3 A),2
and it undoubtedly will be observable in Cr, Ni,
etc., as well. Aside from its high-temperature di-
agnostic interest (E; =2.46 keV in CuXXVI), the
intensities of these lines in conjunction with the
corresponding singlet resonance lines and 3P, —'S,,
intercombination lines may elucidate some of the
excitation rate problems in berylliumlike configura-
tions.

Aside from the lines listed in Table I, we have
also measured the following wavelength of other
transitions of diagnostic interest:

Cu X1l 3s23p52P, 2Py, 35004 A
CuxviIl 3s 2 3p 2P3/2-2P1/2 3007.6 A
CuXXvl  2s2p'P-252'S, 1112 A
CuXXvl  2s2p’P,-2s%'S, 2278+ A
CuxxviIl 2p 2P3/2-2S 251/2 153.6 A
CuXxXxvll  2p2Py,,-253Sy, 2248 + A
GeXxXI 3s 3p 'P-35%'S, 196.60 A
GeXXII 3p 2Py -35 381 226.50 A

The last two were measured in thirdﬂ order and
have an estimated accuracy of +0.05 A. We have
also improved a previously reported®? wavelength
measurement in TiXIX (2s2p 'P— 25%'S) to
169.58+0.02 A.

The Cu XXVI resonance line problem was men-
tioned in the preceding section. It has been ob-
served in the fifth order, where the ointrinsic
wavelength accuracy is about 0.04 A, but the inten-
sity is weak. There do appear to be two copper
lines, one between 111.1—111.2, the other between
111.2—111.3 A. From time behavior the second
seems to be the CuXXVI line. However, further
measurements at different plasma temperatures are
necessary to clarify this.

The assignment of the 227.8 A line to CuXXVI
should also be regarded as somewhat tentative. If
a nearby ionization state (e.g., Cu XXV or XXIV) has
a strong resonance line at 113.9 A, its second order
could mask or distort this measurement.

Finally, we want to make some remarks about
the intensities and, in particular, representative in-
tensity ratios of the various lines in a given ioniza-

tion state. Several such ratios are given in Table
II. We stress that the different ions are not quan-
titatively comparable, as they correspond to dif-
ferent experimental conditions. Also, the absolute
magnitudes are only a rough guide of what may be
expected in a tokamak-type plasma, with the ele-
ments in question present in sufficient amounts for
various diagnostics. The corresponding strongest
electric-dipole resonance lines of these ions would
have intensities of the order 10'*/cm?ssr, i.e., a
few hundred in the scale of Table II. We note that
the stronger magnetic dipole lines are within a fac-
tor 10 of this figure and that the intercombination
lines are typically about 2—3 times weaker than
the transitions within the ground term. Such esti-
mates are likely to be useful in future search for
similar transitions.

Radiative transition probabilities for all n =2
ground configurations up to zinc (Z =30) and also
several heavier elements have been calculated by
Cheng, Kim, and Desclaux.?® The accuracy of
these presumably can be improved by scaling them
to the experimental wavelengths. The observed in-
tensities are, of course, primarily determined by
collisional transition rates and therefore do not
necessarily have any simple relationship to the ra-
diative rate. However, the intensity ratios of lines
originating on a common upper level, e.g., 'D,

— 3P2, BP], or 2D5/2—'> 2D3/2, 253/2, are Stl’lctly
determined by radiative rates, and there precision
in branching ratios is important; such line ratios
are eminently useful for improving the intensity
calibration of the spectrometers. If the sensitivity
at one of the wavelengths is known, measuring the
response of the other component establishes the
sensitivity at its wavelength. This is of substantial
practical importance in the range ~300—500 A
and also ~600—900 A, where there is a dearth of
suitable calibration lines.!”

TABLE II. Approximate intensities of various transi-
tions.

Wavelengths Intensities
Ton A) 102/cm? ssr
Cu XXIV 757:414:540 23:10:8
Ni XXII 635:478 25:18
Cr XIX 398:731:979 8:6:9
CrXVII 494:741 6:14
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We have not attempted any detailed comparisons
with previous work. Direct observations of the
magnetic dipole lines of these elements appear to
have been made only for iron in solar flares.?*2¢
Energy levels from resonance-line measurement in
chromium, iron, and nickel have been recently ob-
tained by Lawson and Peacock?® from laser-
produced plasmas and by Breton® et al. from
TFR tokamak discharges. Transition rates in
chromium, iron, and nickel ions have been dis-
cussed by Feldman et al.3! in a paper that also re-
views available energy-level data. A recent
comprehensive listing, including observations of ti-
tanium ions in Dite tokamak, is given by Lawson,
Peacock, and Stamp.?” Older literature is summar-
ized in the NBS energy level compilations.’?—34
Copper and germanium spectra in fluorine and ox-
ygen sequences have been observed by Behring
et al.,” and by Kononov et al.,> and are dis-
cussed in the compilation of Edlén.® A cursory
examination of these data where they overlap our
measurements show generally good agreement, but
it also shows several instances of significant
discrepancies.

SUMMARY

We have established by direct wavelength mea-
surements most of the 2522p* energy levels in
copper and nickel, as well as the 'D levels in iron
and 'D,!S levels in chromium, for x =2,4. The
principal exceptions are the 'S levels (except
chromium), where interfering background radiation
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was too intense, and some of the nitrogen sequence
levels, where the search has not been completed.
Also several other lines in copper and germanium
ions have been measured. Some of the wavelength
measurements notably the A ~4039 A and A~1929
A lines in nitrogenlike chromium and nickel,
respectively, the A ~ 1470 line in Ge XXVII, and the
berylliumlike copper, A=111.2 and A =227.8 lines,
require further improvement and confirmation.

All these lines are of potential or actual interest in
local spectroscopic diagnostics of tokamak-type
plasmas in the 1—3-keV electron temperature
range. Some of the line pairs originating from a
common initial level are also important for im-
proving spectrometer sensitivity calibration in the
far UV.
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