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We present a comparison of measured and theoretically modeled Lyriraansity ratios of hydrogenlike
Al X impurity ions in a deuterium base plasma in the COMPAS®kamak. The time evolution of the
intensity ratios is computed from a collisional-radiative model using measured plasma parameters and com-
pared with line-of-sight integral values measured using a high-resolution crystal spectrometer. The variations in
the modeled values follow the experimental data in the case ol ttmode plasma, taking into account
variations in the electron parameters during the discharges. Apparent discrepancies between the observed and
calculated ratios in the case of themode plasma are attributed to line blending due to satellites of nearby Fe
emission.
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I. INTRODUCTION ing, confinement, and heating studies. The key parameters
are shown in Table I. COMPASB-is capable of achieving
The measurement of x-ray emission from excited atoms irhigh confinemenH modes in both Ohmic operation and with
high-temperature fusion plasmas has long been regarded agdditional heating(electron cyclotron resonance healing
useful plasma diagnostic, e.g., for impurity density or tem-6,7]. In the experiments reported here two deuterium plasma
perature measurement. Several pap@g., [1,2]) have shots are considered: an Ohntiemode (high confinement
documented comparisons between experimental Lyanem- plasma(shot No. 16 012and an Ohmid_-mode (low con-
tensity ratios with theoretical values for hydrogenlike ions infinemeng plasma(shot No. 16 02 Typical parameters for
tokamak plas_mas, but no cons_istent agreement has yet begix two pulses are shown in Figs. 1 and 2. For shot No.
reached. Emission lines from high-temperatUzd keV) to- 16012, the start of thel mode at 125 ms and the subsequent

i i (— 108 0 m-3
kamak plasmas with low density{=10'°-10" m™?) are LM (edge localized modebehavior[8] are shown by the
invariably optically thin and broadened by mass motion an trace (. =6561 A).

thermal motion. The use of such Lymanline profiles for

the determination of ion temperatures from Doppler broad-

ening requires fitting to the fine-structure components, hence IIl. EXPERIMENTAL PROCEDURE

reliable theoretical estimates of the Lymarintensity ratios

are important. In this paper, we present observations from the In these experiments Al was introduced into the plasma

COMPASSD tokamak[3] and theoretically modeled results edge by laser ablatiof®] and the time dependence of the

for the hydrogenlike ion Akill (ionization potential of 2299 Al xill spectral lines was observed tangentially along a chord

eV) and study the time evolution of the Lymanintensity  intersecting the minor axis of the torus with a curved crystal

ratio in the tokamak plasma. spectrometer. The Lymam-(Ly-a) doublet lines were sub-
The experimental observations were made with a highsequently fitted with Voigt profiles from which the spectral

resolution §/AN~3000) curved crystal spectrometgt],

which has a large area charged coupled de(@€D) detec- TABLE |. Parameters for the COMPASS-tokamak.

tor to record spectra on a fagt-2 mg time scale. This

spectrometer has been used extensively in the study of heli-

e ) > Parameter Value
umlike ions, e.g., Ckvi [5], but in this paper we report on
the use of this detection technique in the soft x-ray region to Major radius 0.557 m
determine Lymarnw intensity ratios in a hydrogenlike ion. Minor radius(horizonta) 0.232 m
Differences between the experimental and theoretical val- Minor radius (vertical) 0.385 m
ues in this study are thought to be due to the transport-linked  pjasma current 100—200 KA
variation in the line blending. Toroidal field 1-21T
Il. THE COMPASS- D TOKAMAK ECRH power 2 MW at 60 GHz
LHCD power 600 kW at 1.3 GHz
COMPASSD (compact assemblyis a medium-sized to- Plasma duration 300-400 ms
kamak designed for plasma magnetohydrodynamics, shap-  Electron density &10%-1.2<10°m3
T&(0) (Ohmig 500-1000 eV
T;(0) (Ohmig 100—400 eV
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FIG. 1. Electron temperatur@n eV) and density(in m~3) dur- FIG. 2. Electron temperatur@n eV) and density(in m~3) dur-

ing COMPASSP H-mode pulse No. 16 012. THe,, trace(in a.u) ing COMPASSP L-mode pulse No. 16 024. The large spikes in the
shows the onset of thel mode at 125 ms and subsequent ELM density trace are nonphysical artifacts resulting from the instrumen-
behavior. Periods of reducdd, signal due to a reduced efflux of tation and are, therefore, disregarded in the analysis.

plasma to the walls denote periods of improvedHoemode confine-
ment. These periods correspond to slight “ramps” in thé&t) trace

(middle graph reduce charge spreading. The fine-structure splitting of the

lines is 5.41 mA[12] and corresponds to 26 double pixels,

. . . . i.e., each double pixel is equivalent to 0.208 mA.
widths and intensities were obtained.

The ion injection system consists of a laser-irradiated sili-
con disk coated with fum or so of Al and located down a
side arm of the torus vacuum vessel. The disk is placed at the The spectral line profiles are distorted by two distinct phe-
focus of a ruby laser, and Al atoms, ablated from the disk bynomena. First, a line blend was found at 7.170 A due to an
the incident laser pulse, diffuse into the plasma core on é#ntrinsic impurity ion, which, at electron temperatures greater
time scale of a few milliseconds and are confined with decayhan ~700 eV, can be more intense than the transient Al
time 1k, typically several tens of milliseconds. The lines. A number of other background lines are observed on
Q-switched ruby laset~1 J, pulse length~20 ns in dura- the long wavelength side of the Al lines.
tion) fires once during a plasma pulgg/pically 250 ms Second, due to the geometry of the vacuum system, which
long). couples the spectrometer to the tokamak, there is vignetting
at either end of the CCD chip because the x-ray path to the
detector edges is obscured by the vacuum flight line. The
intensity transfer function onto the chip is approximately

A high-resolution Johann spectrometefAN ~3000, was trapezoidal. The spectral region has been chosen such that
used to observe the spectral lines. The design of the spethe Al lines are in the center of the detector and errors due to
trometer allows the Bragg angle of the crystal and the Rowvignetting are thus minimized. It is estimated that the reduc-
land circle diameter to be easily chanddd]. For this ex- tion in the line intensities due to vignetting is less than 4%
periment, a PETpentaerythritol crystal, 1=8.742 A, bent and an example of the vignetting is shown in Fig. 3.
to a radius of 1070 mm was used to observe the spectral An approximate Voigt functiofil3] was used for spectral
region 7.11-7.22 A. The Al Lyr, , transitions are at 7.171 fitting in order to take account of both the instrument func-
and 7.176 A, respectively. tion, which in the absence of a measured one was assumed to

A large area CCD array was used to record the spectrbe Lorentzian, and also the Doppler broadening of the lines.
[11] and consisted of 12801170 pixels, where the pixel Three such functions were fitted to the spectra to include the
size is 22.5um. In this experiment, the CCD was used in Ly-« doublet and the line blend. A least-squares fitting rou-
frame transfer mode in which half the chip is masked ovetine was used and the value of the “goodness of fit” measure
and used for data storage. Charge accumulated in the ex? for the fit was returned. Six free parameters were used for
posed half is shifted and stored in a single pixel row in thethe fit, namely, three intensities, one centroid position, one
frame store section of the array, which permits a time resoline width, and the background intensity. It was found to be
lution of 2 ms to be achieved. Double pixels were used tanecessary to sum spectra from adjacent time slices together

B. Data analysis

A. The spectrometer
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FIG. 3. Example of the vignetting with the Ly-doublet in the “flat” region in the center.

to reduce fitting errors, and 10 ms was found to be sufficienalong a vertical chord through the plasma center. The degree
for the spectral analysis, since increasing this resulted in nto which this line-average density represents the density at
further reduction of the residuals of the fit. the location of the Akii emission is discussed in Sec. V.

A typical spectrum is presented in Fig. 4 showing theThe central electron temperature values were obtained from
\oigt profiles fitted to the Lya doublet and the line blend. Thomson scattering of ruby laser light, these temperature
The residuals from the fit are shown as the wavy line abouimeasurements being obtained at time intervals of 50 ms. In
the baseline to the spectrum. The normalized valug?is  the absence of a measured instrumental width of the curved
0.25 over the region of pixels from 335 to 395. Dielectroniccrystal spectrometer, the experimental ion temperature could
satellite lines have not been included in the fit sincefat not be measured directly and therefore the Artsimovich ion
~700 eV, they are insignificant for AlA=13), i.e., a con- temperaturd15] was assumed for the deuterium iofeu-
tribution to the ratio of less than 1%as discussed in Sec. terong. The Artsimovich ion temperature, which is appropri-
IV). The error bars on the line ratios are calculated takingate for an Ohmically heated plasma, is based upon an energy
into account both the estimated uncertainty due to vignettindgpalance of the plasma, which assumes tha&I§/T;< 10,

of the profile and the uncertainty from the fit. and that there is neoclassical ion energy confinement, and it
is given by
C. Density and temperature measurement
Density and temperature measurements are required as 28X 1078 13
input to the atomic physics cod®LRAD [14], which is used Ti= AL (15BgR™Me) ™ (in eV), @)

for the theoretical calculation of the Ly-intensity ratios.
The electron density was obtained from the COMPAS3-
mm interferometer, which provides an average density valugsherel , is the plasma currenB,, is the toroidal fieldR is
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FIG. 4. Spectrum for COMPASS-pulse No. 16 012, showing the Al Ly-doublet and the line blend intensity at 7.170 A as a function
of CCD channel pairs. The residuals to the fit are shown as the wavy line about the baseline.

the major radiusn, is the average electron density, aiydis  tiple impurity ion species can be included in the model in
the ion mass. In the light of the rather weak dependence cdddition to the background deuterium ions, with equal tem-
the Ly-a ratios on the assumed; [see Fig. Ga)], this is  peratures being assumed for the base ions and impurity ions.
considered sufficiently accurate for this study. Impurity ion  The calculated intensity ratios presented here include the
temperatures are assumed to be equal to that of the deutesntribution from the magnetic dipole transitionSg,

rium ions, as these are generally within a few tens of eV of—1S;,,, which cannot be resolved experimentally from the

the deuteron temperature under COMPAS $onditions. Ly- a, transition P,—1S,,,, because of the small energy
difference between theS,, and 2P, levels. Thus the in-
IV. THEORETICAL MODELING tensity ratiosa;, and a3, are calculated using the sum of

the contributions from the &, and 2P, states:
In this section, we present the results of the theoretical

modeling of the time evolution of the Lymam-intensity

ratios, using the experimental plasma parameters available at ayy  Aap-15)N(2P1) + un(2Sy,) ,
each time increment. We used the computer progcam @2_ Ap., 15, )N(2P3p) ' @
RAD, which implements a collisional-radiative model to cal- sz T

culate the excited level populations for hydrogenlike ions ) N .

and thus the intensity ratios Ly, ,[16]. Modifications have whereA e, 1s,)=Ap, ,1s,,) IS the transition probability
been made to this program to allow for distinct ion and elecfor spontaneous transitions from thé® 2sublevels to the
tron temperature$17], whereas previous calculations per- ground staten(2P ), n(2S,,,), andn(2P5,,) are the popu-
formed usingcOLRAD had assumed the two to be equal. Mul- lations of the P4, 2S;,, and 2P5, levels, respectively,
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and u is the magnetic dipole transition probability for the tron density, with the result that the intensity ratio departs
transition 25,,,—1S,,. Although the ratio ofu/Azp, ,1s,,)  fromits statistical value of 0.5. This is because the separation
for the transitions 8,,—1S;,, and 2P;,,—1S,,, is small  in energy is distinctly different between theSg, level and
(~1.9x10 8), the relative contribution of the magnetic di- each of the P sublevels and hence there are nonstatistical
pole transition to the ratio is much greatéd.4% atT,  collisional transfer rates for the two processes. A comparison
=500eV, T;=300eV, andn,=1x10?°m %) due to the between Figs. ® and &b) shows that the dominant pro-
much larger population of theS3,, level compared to that of cesses for the population distribution between the Sub-
the 2P/, level. The transitions contributing to the value of levels are ion collisions; a change in the ion temperature at
the intensity ratio are shown in Fig. 5. constant electron temperature has a moderate effect on the
COLRAD does not calculate the contribution to the inten-values of the intensity ratidsee Fig. 6a)], while doubling
sity ratio from dielectronic satellite lines. However, under thethe electron temperature from 500 eV to 1 keV at a constant
density and temperature conditions considered here fgpn temperature shows a much smaller effect on their values
C_(_)MPASSD, the contribution of sat_el_hte Im_es to the mtgn-_ [see Fig. 6)]. At ion temperatures typical of COMPASS-
sities can be assumed to be negligible since the rad'at'vﬁlasmas T,=300 eV), deuteron collisions are more efficient

declay rz;t%(relztl_ve tt'uo thfe Auger lrla:c)eof lthe satell:cte lines ot transferring populations between thg,2 and 2, lev-
scales aZ* and is, therefore, small for elements of compara-g (asT, /m~LEAEqs, o /m,, wherem, andm, are

tively low Z [18]. This is confirmed by an estimate of the ) .

contribution from the dielectronic satellite lines using thethe ion and electron mass, respectivelyan between the
tables in[19], where the authors consider two bandwidths2Svz and 2P, levels, since the 8,,,-2P, energy separa-
A\ centered on each component of the Lymamloublet: ~ tion is much larger 8E ;s . 2p, ) =1.25 €V) than that be-
AN=0.0027 and 0.0054 A, the latter being approximatelytween the 3,,, and 2P, levels AE(zs,,2p,»=0.05eV).
the wavelength separation of the two doublet componentsne relevant collisional rates for the impurity ions are com-
I'I'he ehstlmagec: contrrllbutlon to tr?e ratio |shthen found to beparatively smaller (e.g., for carbon, Te/Mme
ess than 1% for both bandwidths under the temperature ang0_3AE(ZSUZ_ZPM)/me for 2S,,2P). This is illustrated

density conditions for Akl considered in this paper. / . . . .
Figures 6a) and &b) show plots of the intensity ratio by calculating the change in the ratio by adding typical

against electron densitifor the range relevant to tokamak COMPASSD impurity concentrations of 3% carbon {Q)
plasmasfor Al xiil in a deuterium base plasma, with the ion @nd 0.1% iron (F€*) (resulting in Zy=2.14 andnp/n,
temperature varied about a constant electron temperature if10.804, wheren,, is the deuteron densitywhich is found to

Fig. 6@, and the electron temperature varied about a conbe only 0.3% at the typical conditions df,=500 eV, T;
stant ion temperature in Fig(i. At low electron density, =300 eV, andn,=1x 10 m~3. The influence of intrinsic
the intensity ratio is close to its statistical value of 0.5 sinceimpurities such as carbon is thus neglected when making
the 2P, and 2P, levels are populated by excitation from comparisons between theoretical results measured values.
the ground level or by recombination and deexcitation from The Ly-a intensity ratios are calculated usio@LRAD at
higher levels—both of these processes have rates propogach millisecond time increment using the measured line-
tional to the statistical weights of theP2,, and 2P, levels,  average electron density, central electron temperature, and
which have similar excitation energies from the ground stateion temperature. For both of the shots being modeled, the
The 2S,,, is similarly populated and decays by two-photon electron density was available at each time di&pl ms,
emission with negligible population transfer to th® 2ub-  but the electron temperature was only available on a 50 ms
levels at low density. As the electron density increases, théme scale, so the relevant values were obtained from a linear
rate of collisional transfer from the 3, level to the 2P interpolation of the available data. Finally, the ion tempera-
sublevels increases such that it matches that of two-phototure used was that obtained from the Artsimovich scaling
decay and then actually exceeds it at sufficiently high elecf15], as given by Eq(1).

181
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V. DISCUSSION

Transport simulations for the injected Al ions show the
Al xii emission profile peaks in the plasma core over the
relevant range of electron densities and temperatures for the
discharges considered5x 10"°<n,<10°"m 2 and 400
<T.<700e\). The simulations were performed using
STRAHL [20], a one-dimensional impurity transport code, as-
suming here a radially constant perpendicular diffusion coef-
ficient D, . The heliumlike Alxii ionization stage is most
abundant in the core region, the hydrogenlike ions being
typically 5-10% of the heliumlike ion concentration. These
conclusions are insensitive to the assumed density profile
and magnitude oD, over the appropriate ranges considered.
Parabolic density profiles of the formgx1—(r/a)™, m
=2 (wherer is the radial coordinate and is the minor
radiug, are typical ofL-mode conditions with profiles during
the H mode usually being flattetim=4 being more appro-
priate. Diffusion coefficients ranging from 0.1 to 0.4%s *

[21], which correspond to particle confinement timgs
[~a?/(2.4YD, ] in the range 20—70 ms, were assumed. In-
ward drifts such a neoclassical accumulation effects, which
might occur in theH mode, would tend to cause the il
density profile to peak further. As the Al emission peaks

in the core region, the line-averagegvalues tend to under-
estimate those required for the calculation of thedLyatios.

For profiles of the form % (r/a)™, the ratio of peak density

to line-average density isn(+1)/m, which is estimated to
range from a modest factor of 1.25 for flattdrmode-like
profiles up to 1.5 for parabolit.-mode-like profiles. The
electron temperature values used are central values and are
considered appropriate, especially as the dependence of the
Ly-« ratios onT, is weak.

As the profiles ofn, were not available for these dis-
charges, we have used the line-averagemeasurements,
and consider any systematic errors due to profile effects in
the following discussion. Considering first the Ohmic
H-mode discharge No. 16012, the hy+atios have been
calculated over the period 130—-220 ms during whighn-
creases overall from%10*° to 1.1x 10°° m~3, as shown in
Fig. 1. During the ELM-freeH mode, the particle confine-
ment improves andh, increases strongly. Several bursts of
ELM activity causen, to be temporarily reduced by 10%
throughout the profile. Asi, increases, the central electron
temperature decreases from 600 to 400 eV.

For the OhmicH-mode discharge No. 16012, the calcu-
lated Ly ratios shown in Fig. 7 increase from 0.538 early
in the H phase to 0.558 at the end of the density range. In
comparison, the Lyr ratios measured over this time interval
range from 0.45 to 0.60, changing by80% overall. Experi-
mental uncertainties are typicalty 7%. There is a general
tendency for the calculated ratios to overestimate those mea-

FIG. 6. (a) Plots of the calculated intensity ratios against elec-sured by=0.05(10%). This cannot be explained by the fact
tron densityn, (in m~3) for Al i1 in a deuterium base plasma with that the line-average density tends to underestimate the cen-
ion temperatured; of 100 eV, 500 eV, and 1 keV at a constant tral value, as, if this were accounted for, the calculatedrlLy-

electron temperaturé.=1 keV, as shown(b) Plots of the calcu-
lated intensity ratios against electron densigy(in m~3) for Al xi

in a deuterium base plasma with electron temperatligesf 100
eV, 500 eV, and 1 keV at a constant ion temperafyre500 eV, as

shown.

values would be still higher. While the detailed time depen-

dence of the measured ratios does not precisely follow the
calculated values, the changes in the intensity ratios occur at
the times predicted by the density and confinement changes.
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FIG. 8. The top graph shows the time evolution of both the

FIG. 7. The top graph shows the time evolution of both theexperimental and modeled values of the intensity ratio for the
experimental and modeled values of the intensity ratio for theL-mode shot No. 16 024. The middle graph shows the modeled
H-mode shot No. 16 012. The middle graph shows the modeledhtensity ratios on an expanded scale. The bottom graph shows the
intensity ratios on an expanded scale. The bottom graph shows ttistensities of the components of the experimentally measured
intensities of the components of the experimentally measuredoublet.
doublet.

The difference in measured and modeled values is probabfgnd to be consistently lower than those calculated-p6.

due to a combination of systematic erréesy., unknown line A for the H-mode discharge, using the more appropriate
blends$ or statistical fluctuations consistent with the mea-c€ntral electron density rather than the line-average value
surement uncertainties. The increase of 3.7% in the calcyyould only increase this discrepancy. In this case, it is more
lated Ly ratio during theH phase is primarily due to the |kely th"’.‘t an ‘.J”de”y'”g systematic eﬁ‘?cﬁ .SUCh as an asym-
increase in density by almost a factor of 2, from B0X° to metric vignetting of the measured profile, is responsible for
1.1x 10%° m~3. This is to be expected as the collisional Cou_thls discrepancy. Measured ratios smaller than 0.5 are likely

ing bet the S 2P d P levels i to be in error as processes such as heavy ion collisions in-
pling DEIWEEN NE 21/, 2Fa2, ANG 2g); [EVEIS INCIEASES g ancing the intensity ratios tend to cause the ratios to ex-

with density(e.g., se¢16]), and hence the increased contri- ceeq this value due to redistribution of populations from their
bution to the population of theR, level leads to an en- gagistically weighted values. This, therefore, suggests an off-
hanced intensity ratio. The wedk dependence ensures that et systematic error due to vignetting of the order of 0.05 and
the decrease of, from 600 to 400 eV has little compensat- hence if this is added to the experimental data, much closer
ing influence. When &? analysis is done for this discharge, agreement with the model is obtained. WhepZanalysis is

the normalized value of? (over nine data poinjss foundto  done now for this discharge, the normalized value df

be 3.56. However, much of this bad fit is due to two time(over 14 data poinjsis found to be 1.23, which means that
frames at 164 and 194 ms, which denote the phase in thiéae model is a good fit to thke-mode data.

discharge when the confinement changes frbinto L The model includes the contribution to the ratios from the
mode—during these plasma conditions the plasma pressumeagnetic dipole transitior{fas discussed in Sec. )V but
profile and ion transport are transients. other atomic processes that are not taken into account, such

For theL-mode discharge No. 16024 shown in Fig. 8, theas state-selective charge exchange collisions, might also have
calculated Lye ratios increase from 0.532 at 100 ms to some small influence—however, these are usually much
0.544 at 240 ms. This increase of 2.2% is due to an increasmore important for neutral beam-heated plasmas rather than
in the line-average density from>610'° to 9x 10 m~3  Ohmic plasmas as are considered here.
over this period. There is little change in the measured cen- Line blends are an obvious complication in the intensity
tral T, which remains at about 700 eV. The measured ratiosatio analysis and &k, drops below~600 eV, the errors due
increase from 0.45 to 0.52 over this period with most of thisto the line blend(as seen from Fig. )4begin to become
15% increase occurring during the first 40 ms. Experimentasignificant. The strong line blend featured at 7.170 A has
uncertainties are typically-5%. Again, the measured values been identified as being very likely due to the
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FexxIv1s?2s-1s?5p transition [22]; Fe is an important Systematic underestimate or overestimate of the ratios, since
and common impurity in the COMPASB-discharges. An it can be difficult to decide where to assign the base con-
estimate of the intensity of the Fe line blend calculated fortinuum level—the ratio is very sensitive to the contour base
COMPASSD atT,=900 eV is within an order of magnitude level that is assumed. The spread of thexil ion distribu-

of the Lymane Alexm emission. tion towards the edge of the plasma in tHenode could, in

The intensity ratio appears in most cases to be low Whe,p?rinciple, cause the intensity ratio to be characteristic of a
the temperature is low, i.e., the line Ly is more intense lower density region, whereas in themode the AKkiil ions

than expected. If the line blend has its own dielectronic sat 'Y be a central feature throughout. Bearing in mind the

ellites, then at low temperatures the line itself will reduce inexperimental uncertainties, the modeled dyatios do re-
. ! tempera . - - produce the magnitude of the measured ratios, most closely
intensity, but the dielectronic satellites will increase in inten-

. . . . for the L-mode case, and also general temporal trends ad-
sity relative to the blen{23]. A greater proportion of the line g ately, hence the model does replicate the variation in the
will be due to satellites rather than due to the line it§blf

) ™ ; . experimental ratios with time—this has been shown to be
and there will be additional intense lines on the long wavey e for the case wher&,>700 eV in the COMPAS® to-
length side. Thus, these additional lines could be adding 1@, k- however whefi,< 700 eV, the experimental error is
the Ly-a, intensity and hence reducing the intensity ratio, 5, |arge for any firm conclusions to be reached. A more
since they are not accounted for in the line fitting. definitive test of the model requires a comparison with mea-

__Figure 7 indicates that the anomalously low values of they,rements from hydrogenlike ions with a range of chatge
intensity ratio at 165 and 195 ms are coincident with the

. L and over a wider electron density and temperature range—in
suppression of thél mode when transport is increased anda following paper, this will be done for G\vil in the JET

the electron temperature drops temporarily. We postulate th%kamak, where considerably higher temperatures, although
these low measured values are due to thg neglect of Unrgmiar densities, prevail. Finally, results from the DITE to-
solved satellites of lithiumlike Fe, .g.512s*1s2s5(nl),  amak for other elemenfd 0] have measured intensity ratios
etc., which lie under the Lyx, line. This means that when 5ays greater than 0.5, but while the conditions for this
the Fexxiv line blend is strongestat higher electron tem- gy neriment are similar to those considered here, in the DITE
peraturg, the intensity ratio is most secure in its accuracy. case. unlike for COMPAS®, there are no significant prob-

lems with vignetting or line blending.
VI. CONCLUSIONS
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