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ABSTRACT "

' This report describes recent progress and plans for calendar year 1987

in the Jol_ns Hopkins University program to develop and improve spectroscopic

' diagnostics for the high temperature plasmas used in magnetic fusion\

research. An EUV spectrograph which provides time resolved spectra along

.' fifteen chords of a plasma device has been completed and evaluation on DIII-

D will begin in late 1986. Other instrumentation work includes the

evaluation of a sensitive detector for ion temperature/.velocity distribution

determinations and a feasibility study of Zeeman polarimetry for determining

magnetic fields, A comprehensive data set taken on the TEXT tokamak is

undergoing analysis as a means of improving the ion.tc parameters used in

diagnostic studies and to expand the capabilities of existing instruments.

Potential new advances in spectroscopic technology are being monitored to

.determine if they pr*ovide advantages for fusion research,
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I. INTRODUCTION

A research program to develop new types of fusion spectroscopic

diagnostics has existed at this laboratory since 1976 with an emphasis on

producing rugged but compact and portable instrumentation, and implementing

new advances in technology for diagnostics. A major component of the

program has been the development of detectors which would simultaneously

measure a number of spectral and/or spatial elements, in addition, atomic

physics parameters for interpreting the diagnostic data were obtained using

theoretical techniques and more recently by using tokamak and mirror data.

This brief report describes progress to date for this research program and

plans for the remainder of the grant period which covers the calendar years

1986 and 1987 and should be considered an update on the original proposal

which covered the two year period.

The report is broken into sections covering different projects. The

largest project is the Space and Time Resolving Spectrograph (STRS) wh_ h

simultaneously covers a number of spectral re_olution elements and viewing

chords in the 50-370 A region, one of the richest for impurity emissions

from the core of a tokamak. It will be installed on the DIII-D Tokamak

for evaluation shortly. (Section II). A very sensitive high spectr_±

resolution detector for ion temperature/velocity distributions has been

installed on the Alcator C tokamak for evaluation. (Section III). The

circulaz _ polarization analysis of impurity emission ].ines broadened by the

Zeeman effect may permit the determination of the magnetic fields in a

plasma to good accuracy with low cost apparatus. After initial feasibility

tests of this technique on the TEXT tokamak, we are exploring the

feasibility of this technique further (Section IV). We have used the TEXT

I_ ,,,ir,,_....nln...... p ..... TI_ , ilrmm,,,ir.......... .... rnlljllll if'lr '..... iq,rnl_ II ?, piiT_n_p ,_lllr ii,,llnllql ........ lrI ..... i_,rlpqlr,qt, plU,1 Pql 'rl ........... ,,,p,nq_,ll11_,_lrFulllllr r...... iiil11111...... lp rnlnP............ .... qFTIIIIPII....... I....... I_ ........ II 9"1_lP" 'U'"' rllll lit'til lp



b

3

tokamak and three of our instruments to obtain a large data set for injected

impurities. Analysis of this data is providing density sensitive line pair

ratios, new information on forbidden lines and a number of other atomic

physics parameters needed for better utilization of the data produced as a

matter of course by modern diagnostic instrumentation (Section V)_ Finally

several potential advances in spectroscopic technology merit monitoring and

if appropriate should be Used to upgrade fusion diagnostics (Section VI). A

list of recent publications is given in Section VII followed by a discussion

of the budget in Section VIII,

The program described in the original proposal was sufficiently broad

that completion of all projects was not expected at the requested funding

level. However, during the two year period we will complete several of the

projects and make significant inroads into the rest. The construction of

tne STRS is now complete. The field evaluation will begin in October 1986

and continue through most of 1987. Analysis of the data from the field

evaluation of the ion temperature detector will be completed during early

1987. Based on preliminary studies performed during this calendar year, we

expect to begin construction of an apparatus for extending the studies of

the Zeeman polarization study in 1987. Determination of ionic parameters

using the TEXT data, the potential use of existing instruments to diagnose

TEXT edge plasmas, and the new technology assessments will continue on an

available effort basis. During the grant period, T-L. Yu completed his

Ph.D. dissertation with support from the TMX-U project.

The information and experience in a_plying new technology to fusion

diagnostic instrumentation gathered by this group is also utilized by

workers at other DOE laboratories through publ!.cations, the move of Hopkins

Postdoctoral Fellows and students to the iaboratories, and by a considerable

I!
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number of personal conversations and'phone contacts. Instruments

constructed or owned by this laboratory have been used by a large number of

DOE laboratories and also in France and Japan. As the field evaluation on

these instruments is completed, personnel from Johns Hopkins University are

not usually required. However the instruments do require calibration at

this laboratory and occasional maintenance.

II. SPACE AND TIME RESOLVING SPECTROGRAPH
....

Radiation emitted by impurities in megnetic fusion devices has long

been of vital interest, not only as the source of significant power loss,

but also as a comprehensive diagnostic tool. Detectors are now available

which permit time resolved measurements of a number of spatial and spectral

elements simultaneously. These advances in detector' technology allow

comprehensive investigations such as the effects of auxiliary heating, power

losses, impurity poloidal evolution, distributions, and impurity transport.

This group has completed construction of the Space and Time Resolving

Spectrograph (STRS) based on detector and optical principles demonstrated in

earlier instruments and experiment _. in our laboratory. The STRS has a

"three dimensional" (spectral, temporal and spatial) capability that will

permit observations and analysis for a single shot that have previously been

either impossible or extremely time consuming and expensive to obtain on a

shot by shot basis.

The STRS is capable of 2 to 50 ms time resolution and can therefore

produce time histories of temperature, density, etc., which are needed for

evolution and transport studies. The instrument images a 15 deg._ee viewing

angle with g_od spatial resolution in order to obtain the spatial
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distribution of radiation in a single shot. " In addition to a large decrease

in the number of' shots required for a given study, the STRS will be able to

study transient, effects such as disruptions within a single shot. The large

number of detector elements associated with the STRS leads to large data

sets. As a consequence, a large data handling capacity is required for both

the initial data reduction for operational use, and later detailed analysis.

Thus, a major portion of the remaining diagnostic/development research will

consist of new software tools and data handling techniques in addition to

the hardware which is now complete.

The integration of the CCD's to the microchannel plate detector and in

turn this detector to the spectrograph and supporting electronics was

completed by mid 1986. This was accompanied by the development of the

software necessary for testing and calibration. End to end testing of the

complete system, including some of' the data handling programs was

accompiished using laboratory EUV sources. Finally photometric calibration

of the complete system was performed at the NBS SURF II facility in

September 1986.

During October, the instrument will be shipped to San Diego to

be mounted on the DIII-D Tokamak for spatially resolved impurity studies.

We emphasize that this instrumentation represents a new type of diagnostic

whose capabilities need to be explored. The instrument will generate large

da_a sets which will require t_e development of specialized software tools

in order to optimize the extraction of information without an inordinate

amount of human labor. It is expected that the evaluation process will be

an evolutionary one in which experience during the evaluation will suggest

additional software tools in order to more fully exploit the

instrumentation. The construction of this instrument and the scientific
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data from the evaluation process will form the subjects of the Ph.D.

dissertations of' D. Content and M. Perry°

IIio DETECTOR FOR ION TEMPERATURE/VELOCITY DISTRIBUTION DIAGNOSTICS.

This laboratory has developed a new type of detector for high spectral

resolution measurements of impurity line shapes broadened by the Doppler

effect, a technique now used by a number of laboratories to routinely

determine ion temperatures Two major experimental difficulties are the low

brightnesses of the emission lines and the presence of underlying continua _

which must be accurately subtracted for precise determination of the line

widths. The present detector measures the spectrum in the photon counting

mode across 128 pixels simultaneously, providing a significant improvement ....

in the signal to noise and the ability to remove continua. Also, the image

intensified Reticon used for this detector is geometrically staole

permitting reliable measurements of the line shape (welocity distribution)

and shifts (plasma flow velocity).

The detector was placed on a I meter Ebert system, owned by this

laboratory and presently on loan to the Alcator group, which was then

installed on the Alcator C Tokamak. Most of the data necessary for

evaluation of the detector has been obtained. Particularly notable was the

measurement of the Fe XXI 1354.1 A line which had been unde*ectable with the
• .

detector system previously in use. Detailed analysis of the data for

evaluation of the detector will be completed by June 1987 and will be the

subject of R. Benjamin's Ph. D dissertation.

IV. FEASIBILITY OF ZEEMAN EFFECT POLARIMETRY AS A MAGNETIC FIELD DIAGNOSTIC

IM
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This technique is potentially a new low-cost method for reliably

determining the internal magnetic field in high-temperature, magnetically

confined plasmas, a type of measurement in which there is growing interest.

In investigations of tokamak devices, the measurement of the poloidal field

distribution yields the plasma current density profile which is essential

for understanding the confinement, stability and energy balance of the

plasma. The measurement of the internal magnetic field also is of

importanc_e in the studies of reversed field pinch (RFP) devices where the

field structure and its dynamics, essential for understanding of this

configuration, are known only approximately, and in the studies of high-B

currentless plasmas in magnetic mirrors, stellarators, etc.

Feldman et al. [I] have suggested that the magnetic field in a tokamak

can be measured by using the Zeeman splitting and polarization of the

magnetic dipole radiation of heavy ions (intrinsic or injected impurities).

The proposed method is a variation of the technique which has been

successfully used in the measurement of solar and stellar magnetic fields

[2,3]. The profile of a line emitted by a magnetically eonfined_ high-

temperature plasma _s determined by two processes: Doppler broadening due

to the thermal motion of the ions and the Zeeman splitting in the magnetic

field. The relative effect of the magnetic field (Zeeman effect) is larger

for long-wavelength transitions and heavy ions. Thus, the magnetic dipole

transitions in heavy impurity ions, many of which are observed in the

visible and UV spectrum of tokamak di._charges [I], can be used in the

measurement. The fact that the impurity ions are localized in plasma in

regions where the electron temperature is approximately equal to the

ionization potential of a given ion may provide sufficient spatial

resolution to avoid the use of Abel inversion in order to obtain the local

II
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emissivities. An alternative approach is to use the emissions from light

impurity ions (such as stripped oxygen) due to charge exchange with a

neutral beam. This approach removes any uncertainty in the location of the

emitting ions, although it does require a neutral beam. Note that in both

cases the measurement uses visible and near UV technology, does not require

a vacuum, and is of modest cost. In addition, the technique can be used

with both edge and core species and from very low to very high electron

densities.

The basic principles of this technique and the encouraging results of a

brief feasibility study performed on the TEXT tokamak were described in the

proposal for this grant period. A si1_ple apparatus to provide more detailed

information on the accuracy of this diagnostic method will be constructed

during the remainder of the grant period. Preliminary measurements on the

TEXT Tokamak during the first part of tI_e gran_ period have provided a

evaluation of the required slgnal-to-noise ratio and instrumental problems

associated with the proposed polarimeter which employ a scanned Fabry-Perot

etalon to scan the line profiles. Also, detailed theoretical calculations

of charge-exchange recombination line profiles, the results of which will be

needed in the interpretation of experimental data, are being completed.

If the method proves to be a useful diagnostic, a second instrument

will be designed which will measure simultarleously the polarization of

several lines, with spatial and temporal resolution adequate to provide

instantaneous information about the poloidal field and plasma current

profile, suitable for installation and evaluation at a major DOE facility.

We will also investigate the applicability of this technique to other

devices particularly high beta devices such as spheromaks.

Ill
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V. EXPERIMENTAL STUDY OF ATOMIC PARAMETERS FOR SPECTROSCOPIC DIAGNOSTICS

Modern spectroscopic diagnostic instruments provide a large

comprehensive data base for each shot which can be utilized as a

sophisticated method of measuring a number of plasma quantities, lt is

often the case that many more plasma parameters can be determined from the

data than was contemplated when the equipment was originally installed on a

machine. However, in order to exploit this capability, reliable values of

the relevant atomic parameters are necessary. To a large extent, these can

be supplied by theory. But critical experimental checks in well diagnosed

plasmas are needed. A recent study by the National Research CouncJ.1 Survey

on the Physics of Plasmas and Fluids chaired by R. C. Davidson and J. W.

Dawson stated under Future Research Opportunities: "Quantitative plasma

spectroscopy is needed to test the validity of the atomic data base and

reaction kinetics, as are more precise wavelengths."

The instrumentation designed and constructed by this laboratory

primarily for magnetic fusion diagnostics can also be used for measurements

of this type. The absolute photometric calibration of these instruments

against synchrotron radiation makes the data from these instruments

particularly valuable. Although we have performed several studies of this

kind using diagnostic data sets, for more precise and comprehensive work_

data sets are required which have been obtained under more controlled plasma

conditions than are possible on machines dedicated to exploring confinement

and auxiliary heating concepts. The best facility for this purpose is the

TEXT Tokamak at the University of Texas, Austin. Starting in September

]

1984, several instruments from the Johns Hopkins University, which covered

f
the spectral region from 20 to 2200 A were used to obtain simultaneous
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spc,ctral measurements during the injections of more than twenty atomic

species into well characterized plasmas with electron densities frum 1,5 x

1013, to 8.0 x 1013.. This allowed a comparison between theoretical and

experimental determinations of electron density sensitive llne brightness

ratios over a wide wavelength and atomic number range. The data is useful

as a calibration of spectroscopic electron density diagnostics to supplement

the standard techniques, a capability which will be particularly useful in

complex magnetic geometries where the density varies radically between

different parts of the plasma device. In addition the study will provide

the most comprehensive evaluation of the atomic calculations and level

population models to date.

A number of research topics based on the data set are under

investigation. During this grant period, an experimental determination of

the effect of quantum mechanical resonance structures on electron excitation

rates for Si III based on TMX-U and TEXT data was completed. Two studies

concerned with effects of electron density on the Be-I-like isoelectronic

sequence and a study of calcium have also been completed. These studies

have shown that for moderate and high Z Be I-like ions, the simpler

distorted wave calculations are adequate for producing diagnostic

parameters, whereas for low Z the more complex R-matrix calculations are

necessary. The database which has been obtained in the TEXT experiments is

quite large and analysis of the data is expected to continue through the

remainder of the grant period. A small additional experimental effort is

expected during the remainder of the grant period in order to fill any

critical gaps in this survey.

Further work is planned on additional research topics developed during

the previous experiments at TEXT. A particularly attractive avenue appears

,',l_elel...... ,, "111 '" _ ",lr ...... leql, i,_,,_,_q....... IrlIil_,, pp_,,_iii_ rqn,l,,,,,_q, ,,,,.... ,,,,, ,,le,,I,_l_ll.... %,,r_,r , 'ell,e,......... ,......... _II"r....... " li_ "
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to be a more detailed exploration of the use of spectroscopic diagnostics to

study the edge plasma of the TEXT Tokamak,

VI. NEW TECHNOLOGY

We are exploring new types of technology which could bring significanb

advances to spectroscopic diagnostics as part of our on going program. As

plasma electron temperatures increase, the wavelengths of the forbidden

transitions used for ion temperature determinations shift to shorter

wavelengths. Below 1200 A, there is a change in the technology caused by

the need for windowless detectors arid of more importance the low (but still

usable) optical reflectivities of all metals when the radiation is normally

incident. The construction of a high spectral resolution normal incidence

grating instrument which also has a large acceptance angle to improve the

sensitivity may now be feasible, We plan to perform optical ray traces for

aspheric single reflection grating systems suitable for fusion to see if

feasible solutions are available.

Recent advances in multilayer coatings for the soft x-ray and EUV

spectral regions permit the use of normal incidence optics which cannot be

used with ordinary metallic coatings in this spectral region, leading to

much higher throughput, good imaging quality and possibly lower scattered

light. One application would be to upgrade the normal incidence time

resolving spectrograph, which now covers from 300 to 2200 A, with such a

coating in order to extend its coverage down to much shorter wavelengths.

The MCP intensified Reticon detectors developed at this laboratory

appear to have important applications in x-ray diagnostics. Their pizel

size is quite small, 25U. As a result the instrument dimensions can also be

" til ....... til' 'lr_ _T,.rl_l_"mllrlll' ,I,' 'tilI,.... PIIIllI ..... , ,,'[,,,,
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made small, leading to a significant decrease in the weight of the lead

shielding. For present designs such as those used on TFTR this can make the

difference between an essentially fixed instrument and a movable instrument

with more flexible applications.

A new kind of' detector with potential promise for fusion diagnostics is

the back thinned CCD. NASA supported studies at Lockheed and NRL indicate

that there is good reason to believe that this detector will be sensitive

all the wey down through the 1_ltraviolet into the soft x-ray region with

essentially a 100% efficiency for detecting photons. Such a detector could

provide unparalleled sensitivity for diagnostic devices with a two

dimensional imaging capability. We are monitoring these programs and if

future results indicate that significant benefits are possible for fusion

diagnostics, will initiate additional studies.
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