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iv
ABSTRACT

The Qofk performed from Mhy 1980 through March 1981 is described.
EUV diagnostic studies have been performed'at the Alcator A, Alcator C
énd TFR 600 tokamaks and on TMX. The central molybdenum concentration
in Alcator C has been shown to be much lower than>thaf in Alcator A;
Impurity concentration and radiative power losses have been determined
in the center cell of TMX. . A grazing incidence.spectroéraph with
1024 detector elementslis under construction.
This report was prepared as an account of Government-sponsored
work. Neither the United States, nor the Department éf Enefgy nor
any persoh acting on behalf of the Commission,
A. Makes any warranty or representatién, expressed or implied,,,»
with respect -to the accuracy, completenegs, or usefulness
of the info?mation contained in this report, or that the
use of the information, apparatus, method, or process disclosed
.in this report may not infringe privately owned rights;'or
B. A$Sumes‘any liabilities with respect to thé use of, 6r for
damages resulting.from the usé of, any information, apparétus,
method, or'process disclosed in this report.
As uséd in the abéve, "pers&n acting‘on_ﬁehalf of the Commission' includes
any eﬁploYee or contractor of the Depaftmént of Energy or employee of such
contraétor, to the extent that such employee or contractor of the Depart-
ment of Energy or employee of such contractor prepares, disseminates, or
prdvides access to, any informatioﬁ pursﬁant to his employment or contract

with the Department of Energy or his employment with such contractor.



1. INTRODUCTION

This report describes the work performed by this laboratory
for the Office of Fusion Energy of the Department of Energy from
May 1980 through March 1981. | |

 AThe program divides naturally into several areas of_effbr; whicﬁ
are covered in sepérate sections. Section II describes theAdiagnostic
studies of high temperature magnetically Cénfined plasmas; Ionic
structuré calculations in support of diagnostic experiments done
both by this labératory and others are coveréd in Sec;ion ITI.
. The supporting labératory'calibration studies are described in section
‘IV° Section V discusses §pecific instrumentation s&stems which are
uﬁder deveiopmeﬁt for'diagnostiC‘studies. :

Diagnostic studies were performed on the Alcator A and C tokamaks,
the TFR-600 tokamak and the Tandem Mirro: Experiment. The time
resolving EUV spéctrograph Vhich uses a microchannel plate intensifier
feeding a solid state array has been checked Out‘on both the Alcator A
and TFR-600 tokamaks. Molybdenum impurity ievels'aﬁd plasma
instabilitieg are being‘studied'on the Alcator C tokamak. ‘The impurity
levels in the center cell of TMX have been measured; impurity injection
experiments have also been performed on this device to better under-
stand the radial transport. Precise photometric calibration of
~ the instrumentation using equipment éonétrucfed in previous years
has continued; these calibration procedures are being extende&'to
shorter wavelengths. A grazing incidénce'time resolving spect;pgraph
is under develoﬁment. This instrument useé a microchamnel plate

detector similar in principle to that in the EUV instrument mentioned



abbve; but with the design:substantially modified‘for grazing
.incidence. |

Calculafions of transition energies and probabilities for_l.
atoms in thé B and C1 iséelecffonic sequéncesAwere completed.
In éddition, numerous calculations wére made for problems‘of special

interest to the experimental part of this program.



'II. DIAGNOSTIC STUDIES

"A. Alcator A

Experiments at the Alcator‘A tokamak were conducted psing the
time resolving specﬁrograph described in sectibn V-A. The purpose
of the experiments was threefold:-

‘(1) To .serve as an initial shakedown of the'new spectrograph;

(2) To survey the EUV emissioné from both light andAheévy

impurities; and

(3) To conduct impurity injection expefiments using the

laser blow-off techniﬁue. |
The iﬁst#ument shakedown was done cbncurrently with the initial
sﬁrvey of the EUV emissions of the plasma. (See also Section V-A.) '
During this time, lines from the tékamak plasma'served to complege
the wavelength calibration of the iﬂstrument and the software, used
to pfocess and display the data, was optimized for speed and utility.

It is clear from observations of Alcator A plasmas that é
sﬁrvey instrument can immediately identify éonditions thét may
affect the normal evolution of a plasma discharéee Interaction
between the plasma and limiter, often associafea Qith the final
disruption of the plasma, can bé identified by the sudden appearénce
of lines of Mo, the limiter material. (See Fig. 1) ‘Plésma Qall interactions
can be identified by the presence of lines of Fe and Cr, indicating
an iﬁtéraction with the stainless steel vacuum chamber. Other minor
 dis;uptions affecting the "normal” are associated with sudden changes

in the C to O or N to O line intensities. ' Any air leaks that develop



'ih.the syétem canlbe immediately recoghized by the increase in N
line-intensities. All of these iinés menﬁioned above can be
» monitored simultaneously with‘the spectrograph, even while performiqg
‘eiperimenféAin which none of these lines are‘involved.
During the(impurity‘injecfion experiments ;toms of Si and Mo
were injected into,‘thexpvlasma° All ﬁéw lines appearing at the time
of injection COuld clearly be identified as belonging to these
~elements. Low states of Si (Si III, Si IV)’And high states (Si XII,
Si'XIII) could be mopitofed simultaneously. Silicon was injected
into-botH.Hé and D2 wquing-gaseslaﬁd at both high and low plasma
densities. The molybdenum spectrum during both laser injection
and plasma disruptions (seé Fig. 1) Has been studied. Mo was
injected into plasmas of low, medigm and high densities to study
impurity confinemeﬁtias a fﬁnétion of dénsity. Lines from Mo VI to
¥o XIV have been observed and new iines have been identified including
2 forbidden magnetic quadrupole line 6f Mo XIII.l
‘AA "natufai" injectibn of Ti was observed in which lines of
Ti VI tﬁrough Ti XII ﬁeré.recorded. This event was unexpected
since Ti is not aﬁ intrinsic impurity invAlcator A. The source

of Ti was presumably from material sputtered from a titanium carbide

coated graphite limiter once tested in Alcator A.

are

1, M, Finkenthal, et. al., Physics'Letters,lVol. 82A, 3 (16 March 1981).
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B. Alcator C

Impufity Study. In braer to understand the role pléyed by
high-~Z impurity ions in the evolution of the tokamak plasma discharge,
spectroscopic measurements .of emissions froﬁ these ions were carried
6ut.v Radiative losses froﬁ high—z elements must be minimized to
allow the qﬁmic input power to heat the plasma.efficiently; In
particular, highly ionized molybdenum (from plasma-limiter interactions)
is aﬁ efficient radiator even at the hot plasma center where it is
only partially stripped. .

‘Measurements of the absolute brightness and radial profilg
" of emissions frém molybdeﬁum indicate a small contribution to
radiative losses. The brightness of a pseudo'continuum (65-90 X)
attributed to highly.chargéd Mo ions 1is almosf an order of magnitude
. less than on Alcator A. Measuremeﬁfs on both tokamaks were made
with the same one-meter grazing incidence monochfomator.

The temporal behavior of the emissions from these ions showed
that on-axis impurity accumulation does notf occur. ‘In fact, natural
injectioné arising froﬁ spontaneous plasma-limiter contact show
a decay time of 10 - 15 msec. Observations of line.transitions'
from varioﬁs stages of ionization were made. Those of Mo XIII,

XXV and XXXI display noticeable differences in temporal behavior,
representative of low, middle and high,states.: While the lower
states are characterized by a rapid burnout spike followed by a
éhoppy behavior, the middle and upper states have a smoother
profile with the emission intensity showing a grédﬁal rise later

in the discharge as the temperature rises.

o ————————



‘In addition to fhe rather exfenSive sfudy‘of molybdenﬁm,
transitions from iron, éluminum; sulfur énd chlorine were observed.
'Overall, it appears that radiative losses arise primarily from
low Z impurities such as carBon, nitrogén énd oxygen.

Evidence was also gathered which cqula be coﬁpared to predictions
based 6n the coronal equilibriqm model of a plasma discharge. .
The reéctions of-emissioﬁs from certain ionization.staﬁes of Mo
to changes in plasma parameters (Te, ne)'lend supportive evidence
to the coronal model as a first order picture of the distributibn

" of ionization states.

Oscillatory Disruptions. In the process of measuring impurity

emissions characteristics on the Alcator C tokamak, the appearance
of an qscillatory disturbance involving the entife discharge was
noted for certain types of dischafges. These periodic (= 10 msec)
phenomena are manifested by oscillations in many of the ﬁeasurable
plasma parametérs. Soft X-ray emissioné.display a behavior distinet
from fhe usual sawtopth activity. The electron-density,_electron
ﬁeﬁperatute, plasma position and impurity emissions show noticeable
reactions to the onset of the disruptionsg-

That these phenomena are unique and separate from the uéual
sawtooth activity may be demonstrated by their increased peribd
and the involvement of a large portion of‘the plasma. The instability
which is earmarked by sawteeth on the x-ray signai is confined
to ;he region near the plésma axis (r < 4 cﬁ.). " The appearance 6f'
certain MHD instabilities impiies.an unstable current profile is

evolving leading to repeated disruptions.



One scenario currently under investigation is the flattening

of the current profile out to the q = 2 surface followed by an

ohmic reheating. As the temperature increases, the profile becomes

- peaked on axis with a fairly steep gradient near the q = 2 surface

1

(r = 10 cm).- This situétiqﬁ'appears to Be unstable, indicated by

a noiiceable increase in thé MHD activity (m ; 2,3), and a coilapsé
of the electron temperature profile occurs. At this point; the
brightness of line emiésions from certain impurity ions inc;eases
dramatically. The change ih the equilibrium condition of the
plasma affécts recombination and ionization balances. The atomic

as well as plasma physics aspects'of these phenomena are currently

under investigation.

C. TFR~600

Experiments were performed at the TFR-600 tokamak in Fontenay-

aux~Roses, France in cooperation with the TFR-600 spectroscopists

~using the time-resolving EUV spectrograph described in section V-A.

The purposes of the experimenté were:
.(1) -fo study the EUV emissions in the high.temperature
TFR discharge (Te(0) = 1.5 - 2.0 keV); .
(2) to study the effect of neutral beam heating on the
impurity emissions;
{3) - to conduct impurity injection experiments; and search
fér forbidden lines which might be suitable for Doppler

broadening measurements.



Eaéh of these stﬁdies exploited the spectrbgraph's ability'to:
éimﬁltaneously monitor a broad spectral range. |

Spatiél scans of the upéer TFR plasma were aoﬁe with bétﬁ'
.1sdfvey gratings (covering the 300 2 - 2200 X’range) on high temperature‘
(Te(O)'= 2 KeV)-plasmé'dischafgés.A From this data volume emissién
~profiles cah be obtained fovaymén alpha and éil lines of OII-OVI
and CII—CIV in this fegion.. EUV emissions of both heavy and light
impurities, recorded during neutral beam hea;ing'experiments, can
be used to sfudy the effects of charge exchaﬁge in the plasma°

:The injeétion of impurities into the plasma by'the vaporization
of.ﬁetal foils with a 1aser.§as studied in conjunction with aAgrazing
incidence duochromator which monitored the 100 & - 300 & spectral
range. Atoms of Al, Ti, V,‘Cf, Fe, Ni and Mo were injected into the .
plasma. Forbidden lines of V XV, Cr XVI and Ni XX have been identified.
Additibnal épatial scans of the plasma wafe coﬁducted during the'

injection of Cr and V;. Analysis of this data is continuing.

D.  The Tandem Mirror Experiment

TMX consisted of three separate sections - twb'minimum—B;
ZXIIB type end:cells connected by é long solenoid. A major éqncern
wa§ Qhethervthe twvo end blugs which electréstaticélly confine the
~center cell plasma would produce an enhanced coﬁcentration of
impurities in the center cell. This work showed thét
the impurities and the associated radiative losses are nét abnormally

high.

o
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In order to ma#imize the data taking capability, threé ECV
Amonocbromators were mounﬁed,on T™X, dne on each sectioﬂ. The spatial
imaging 0.4 m monochromator used on Alcator A and AescribedAin a
previous annual reporf was mounted on one end celi. A similar

. spatial imaging 0.4 m ﬁonpchrqmator constructed by LLL and spécialiy'
designed for the lérger plasma radius aﬁd lower signal levels of

fhe central cell, was located on that sectioﬁ of TMX( The other

end cell was monitoredlby the first instrument (see the previous
annuél reporf) taken to TMX, another 0.4 m monochromator capable of -
viewing a single chord of the plasma af a time. This instrument

was previouély used on Versator and Alcator A at MIT and Qn.ZXIIB

et LLL. Data was acquired using this array of instruments during

tﬁe last five months of TMX operation.

The additional data provided by having three instruments mounted
on TMX allowed ‘a more detailed study of thé EUV emissions. In |
pérfiéular, the radial profiles obtained from the.éentral cell
indicated fhat the impurities had a nearly.éoﬁstant déﬁsity distribu;
tion over the plasma radius. Knowing the radial impurityAdistribution
2llows a.more accurate détermination ofbimpurity concentfations. |
Table I lists the impurity éoncgntraﬁions and radiated power losses
observed in the central‘cell of TMX, The impurity concenfrations
comprise approximately 0.6% of thé totél dénsity.' Radiated power
losses were also low, approximately 5% of the tota1 input powef

wzs lost to radiation.
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Table I. Impurities in the TMX central cell

Species Concentration (Z)a Radiéted power (kw)a’b‘
0o 0.3 . 4
N 02 - 4
c 0.05 R 1.5
Ti _ ~0.05° E 6°
D(La) | . - : 5

Zfactor of 2 uncertainty
b . . ‘ o
typical trapped input power = 450 kw |

c . : . .
“obtained from observed brightnesses and using coronal model

and cooling rate calculations

A series of impﬁrity injection experiments were pefformed
on TMX by'injecting a variegy of gases into the ceﬁtral téll plasmas
in order to study penetration and confinement;‘ EiggrelZ shows radial
brightness profileslas é fungtion of time when neon and oxygen were
injected at 12 ms into the TMX éhdt_(the background levels for
oxygen have been subtracted out). Initiél results indicate that the
puffed gases ﬁenetrate readily to the center of the plasma; fhese
central concentratiéns are maintaingd for‘the remainder of the

discharge. Modelling is currently in progress to determine the
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effects of confinement time and recycling on this'behévi6r.
Additional cémputer modelling is ﬁnderway to study the radial -

profiles.of the intrinsic impuritiestobser§ed in TMX. Codeé are

being written to,determihe what confinement ﬁimes, impurity flu#es

and radial transport are needed to match the observed radial profiles.
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III. IONIC STRUCTURE-

During the present contra;t period, we have concentrated mainly
on two areas: " (1) calculation of transition probabilities and
energieslin fhe B and ClAisoelec££onic sequences; and (2) making
{‘séecific caiculétions of use tb the Hopkins experimentél group.
~ In both of these areas, we havé used the relativiétic muiticonfiguration
Dirac—Fock program of.Desélauxl.to Qalcﬁlate energies éna wavéfﬁnctions.
A paper describing the B-sequence calculations will appear in
Phys. Rev. A;'a paper déscribing the C1 sequence resuits has been
submitted to Aﬁomic and Nuclear Data.

In both of these isoelectronic sequences, we have encountered
considerable difficulty in obtaining the desired accuracy in our
calculations. 1In particular, wé find large (factors of almosﬁ
two in some cases) discrepancies between length and velocity forms
of the dipole oscillator stréngth at fairly high values of nuclear
charge. These discrepancies have remained even when fairly large
numbérs of configurations are included. For example, for some
elements of the Cl sequenée, we used 35 ground state and 40 excited
stété éonfiguratioﬁs. These disérepéncieé imply th;tloﬁr wavefunctioﬁé
are still only moderatelyAgood approximation'to tﬁe correct wave-
functions. Webnote that other approaches2 have also had great
difficulty in obtaipihg good wavefunctions for eleﬁenté in these '
'sequeﬁces, leading one to the cénclusion that the caléulatién of
oscillator strengths in even relatively simple open shell systems
is, in fact, a quite cbﬁplicated problem. In an effort-to improve

our approach to this problem, we have begun to investigate alternative
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methods of calculating oscillator strengths. One possible new method
involvesAapplying variational principles to the oscillator strength
itself, thus obtainiﬂg:a form of the'oséillator strehgth Vﬁich.is
stationary under small changes in the wavefunctions. We are currently
sfudying thé implications of this approach.

In the second of the areas mentioned anve, specific .calculations
fof the Hopkins group, we obtained Ml transition energies for several
first row atoms. We also did as thofOugh a jdb‘asvwe could on the
El and M1 transitioh_enefgies in Cl-like Mo, in order to faéilitate
searches being made for certain of the;e lines. - In additiom, we ha&e
| ~trained éome of the research:assistants in fhe experimental group
to usé our programs in straightforward situations, so tﬁat'they4
can make rough preliminary calculations of parameters of interest
to then.

In a related area, the calculation of the photoionization cross
section of Cl was finished in early October, 1980. The knowledge
- obtained from this calculation, which is considered to obtain the
most accurate results for Cl, was of great help in our.caldulafions
in the Cl sequenée. This work is cﬁrrently being prepared for

publication.
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IV. LABORATORY STUDIES

. A. EUV and Soft X-ray Calibration

The laboratory program of grating and detector evaluation and.

 instrument calibration described in previous annual reports has

con;inued. Dufing the previous year we have startedlto upgrade

our capabilities at shorter wavelengths. As a result of the need

to absolutely phdtometrically calibrate short wavelength spectrographs
(in partiéular the time-resolving grazing incidencg instrument
described in Section.V—B) in the région from 10 & to 100 X, a soft

x-ray calibration apparatus has been designed and is currently

under construction.

This design uses as a source of radiation a soft x-ray tube
of the type developed by Henke.} It is easily disassembled to allow
anodes of different materials to be used and will produce K, L,

and M characteristic lines in the region from 8 R to 114 g, with

-a low background of continuum emissions. Because an oil-free high

vaéuum is maintained inside the x-ray tube, it may be viewed directly
by the spectrograph under calibration; the wavelengths of the
characteristic lines for'various anode materials are Qell known
so this provides a wavelength calibration of the instrumenta Eight
different anodes will be used; giving.a calibration at eight points
between 8 & and 114 3. |

.To perform a photometric calibration, thé brightnéss of the
radiation emitted by tﬁe x-ray tuﬁe must be accurately determined.

For this purpose, a vacuum tank and beam line system have been

‘ designed which will allow the,emitting anode area of thé X-ray



[

-18-

tube to bé viewed simuitaneOusly.by the spectrograph ana-by a gas
flow proportional counter which will be operated at sub-atmospheric
pressures (20—200 forr). Except near the C-K edge at 44 2, the
pfopbrtional countef can be operated at efficienciés between 80%
and 100%. lThese values can be acéurately calculated'atﬁa given
wavelgngth.frbm the gas pressure.l The efficiency of a set of
prqportional counter windows will be Aetermined by méasuring the
change in sigﬁal while they are moved in and out.of the #—ray beam
on a vacuum'feedthrough. With the o&erall éfficiency of the propor-
fional counter known at the eight calibration wavelengths, the
brightness of the x-ray tuBé can be determined éndlthe-spectrog:aph
may be photﬁmetrically calibrated.

The x-ray tube and pumping systém have been assembled and are
curreﬁtly being tested with the proportional counter and gas flow
control system. The vacuum tauk and beam line sysfem are under

construction.

IB. L. Henke; M. A. Tester ; "Techniques of Low Energy X-ray

. Spectroscopy (0.1 to 2 keV region)" in Advances in X-ray Analysis,

Vol. 18, Plenum Press (1975).
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V. INSTRUMENTATION

A. Time-resolving EUV Spectrograph

| A time-resolving spectrograph for use at extreme ultraviolet
waveléngths, which was described in‘the previous progress report,
has been calibrated and field tested during the past yeér. The
spectrograph incorporates a detectof consisting of a windowless
microchannel plate/phoéphor screen imége intensifier coupled by
-fibef.opticé to an integrated photédiode array with 1024 sensing
elements. This-detectér operates in a manner suggestive of an
electronic photographic plate: the spéctrum is imaged onto the
detector which is "exposed" for a time as short as 3.7 ms; the
accumulated image is then '"developed' by the scanning electronics
digitized and stored by a small computer; and re-exposed again,
repeating the process up to 80 times during a single plasma discharge.
The versatility of the spectrograph is enhanced by using seven
gratings: twé which span the region between 300 2 and 2200 2
for survey work; and five which cover adjacent intervals of this
regiqn at higher spectral resolution.

In late May 1980,the spectrograph was photometrically calibrated
at the NBS SURF II electron storage ring. In Jﬁly and August'l980‘
it was used to study the Alcator A tokamak at the Massachusetts
Institute of Technology, Francis Bitfer National Magnet Laboratory.
In September 1980, the spectfograph was transported to the TFR
tokamak, Fontenay-aux-Roses, France for a two month étudy‘of the
TFR plasma.A In March 1981, a recalibration was done at NBS SURFAiI.-

The wavelength calibration was partially done in the laboratory
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'using a Penning discharge lamp and combleted in the field using

lines produced in tokamak plasmas.
The spectrograph has demonstrated both its electrical and
mechanical reliability during these field experiments. The instru-

ment was transported under high vacuum, and its high vacuum was

' maintained even during shipment between the U.S. and France during

which its ion pump remained off for a périod of eight days. The

spectrograph is operable in any position: it was mounted on a top

- port of Alcator so that it was pointing vertically downward;

on TFR it was mounted 10° from horizontal. Signals from the detector
to the control room were free of spurious electrical pickup at

both machines. Effects of hard x-rays were negligible. Installation

- on each tokamak took only a single day and data was taken starting

oS-

with the first shot after installation at both Alcator and TFR.

B. Grazing Incidence Time-Resolving Spectrograph

As magnetic fusion devices reach higher electron and ion
temperatures, lower wgvelength photons play a mofe important fole
in plasma diagnostics. Sinée grazing incidence optics ié much more
efficient than normal incident opticé for the lower ﬁavelength‘
radiation, a grazing incidence.time—resolving spectfograph has
been designed (see the previous annual report) and is‘cﬁrrently
being assembled an& evaluated. The instrument is a logiéal extension
of the normal incidence time-resolving speétrograph (see the previous

subsection) that allows detection of radiation down to 10 X. The

‘two instruments complement each other with an overlap region between
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300 to 350 R whén a 1200 1/mm grating is used. The ﬁultichannel
detector mékés the instrument essentially 1000 times more powerful
than conventional single channel instruments. The microchannel
plate inténsified.silicon diode array detector and the Minuteman
one meter graZing incidence spectrometer have been EValuéted, and
tﬁeAefficienconf'the assembled spectrograph will be méaéured at
the NBS SURF II facility soon. Thrgé diffefent interchangeable
gratings will be used allowing a versatile wavelengthArénge.

A 2400 1/m grating covers a spectral region of 8 to 175_x'with

~ 6.2 ! resolution; The 1200 1/m wiilispan the 15 to-350 X‘region
with &‘0.4 R resolutioh, and the 300 1/m survey grating would:
cover 46 - 1200 X with ~n 1 X resolution. The instrument will be
photometrically calibrated using both synchrotron radiation-at

NBS and discrete radiation from a Henke x-ray tubé, During the
summer, the inétrumeht will be mounted on PDX at Princeton to study

impufity'radiation.
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