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E X EC UTI V E S U M MA R Y 

The Compact Ignition Tokamak (CIT) will need 10 to 20 N J W  of auxiliary 
heating power to achieve ignition, based on H-mode codinernlent scaling. [on 
cyclotron heating (ICH) has  been selected as the primary means of supplying the 
required power. Substantial research has  already been done on ICH in tokamak 
plasmas, and heating results comparable to those observed for neutral beams have 
been observed in PLT, JET, ASDEX, JFT-2iL1, and other devices. 

However, the use of ICH on CIT will require the extension of parameter space 
beyond the regimes used heretofore in ICH experiments, notably in radio frequency 
(rf) power flux through the an tenna  and in the heating of  a diverted plasma 
operating in the H-mode. Significant development and technology (I)&?,) research 
and applications on large confinement experiments arc  riccessary to ensure the 
reliable and successful operation of ICE1 on CIT. 

Table E-1 lists issues for CU' tha t  must be studied on large tokamaks and the 
machines t h a t  can address them (only cxisting or approved experiments  a r e  
included). Of the machines listed, C-Mod is clearly the most r'clevant; its density and 
magnetic field are very close to thosc of CIT, it can operate with an  11-mode diverted 
plasrna, and it uses a high-power-density, compact launchcr. Relative to CI'I', the 
main drawbacks of C-Mod are  its inability to operate in the ElleWI) minority heating 
mode, unless radiation shielding is added, and the probable lack of definitive ICH 
results before late 1990. However, results from C-Mod will still be available in time 
to allow for any  needed modifications of the ICE1 system on CIT. 

To obtain information on 1CI-I in E€-mode diverted plasmas prior to C-Mod 
results, the U.S. program will have to rely on results from foreign experiments, 
notably JT-60, JF'I'-2M, JET,  and ASDEX. The possible exception to this would he 
operation of the DIII-D machine with ICH, which could be done at the 2-iMW level by 
about May 1988. 

A unified research and  development program combining D&T work with 
confinement experiments on C-Mod and CT'r is proposed. The plan indicates tha t  a 
logical path of testing CIT prototype components on C-Mod, with possible subsequent 
modification/improvement before instal la t ion on CIT, is  possible. However,  
sufficient resources must be allocated to the activities required in FE' 1988 if the 
program is to be accomplished on schedule. 
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1. IN'I'R0I)UC'I'ION ANI) KACKGROUNI) 

Ion cyclotron heat ing (ICH) has  been chosen a s  the primary method for 
providing auxiliary heating power to the plasma in the Compact Ignition Tokamak 
(CIT), Sustained progress in ion cyclotron range of frequencies (ICRF) heating 
experiments, together with supporting technology development, continues to justify 
selection of th i s  technique as the preferred one for heating CIT to ignition. 
However, t h e  CIT requi rements  a r e  suff ic ient ly  different  from exis t ing  
achievements tha t  continued experimentation and development are  needed to meet 
the goals of the CIT experiment with a high degree of reliability. 

1.1 PUftl'OSE ANI1 ASSUMt"I'E0NS 

The purpose of this report is fourfold: 

1. to review briefly the physics and technology research and development 
(R&D) needs for ICH on CIT, 

2. to review the s ta tus  of and  planned programs for ICH on U.S. and  
inlernational machines, 

3. to propose a unified "mainline" Ei&D program specifically geared to testing 
components for CIT, and 

4. to assess the needs for experiments including 6-Mod, the Tokamak Fusion 
Test Reactor (TFTR), and  11111-D to provide earlier information and  
improved probability of success for CIT ICH. 

This report is based on the following assumptions. 

1. CIT will be built on a schedule that  achieves first plasma operation in late 
1993. Although some slippage in this schedule is likely, i t  will not cause a 
qualitative change in the program logic; rather, i t  will simply stretch out 
the time period involved. 

2. C-Mod will achieve first plasma operation in mid-1989, with six months of 
ohmic heating (OH) checkout and startup. Definitive high-power ICH 
heating data  in a diverted H-mode plasma is unlikely to be available 
before mid-1990. 

3. The TFTR ICH program, with fast-wave heating power up to 10 MW, will 
be carried out. However, the goals of the program on TFTR are to enhance 



the possibility of attaining Q = 1 in  the deuterium-tritium (DT) phase of 
operation. Although information of value to the CIT program will 
undoubtedly conic o u t  of  t h e  TP’TK, program,  sigriif icant T F T R  
experimental time will not be dedicated _- to answering CIT-relevant 
questions. 

This report specifically addresses the issues and plans for ICH on CIT. It does 
not discuss possible plans for electron cyclotron heating (HCPFT) and assumes that 
the near-term goals of the ICH program should be geared to providing information 
to ensure success of the CIT experiment. 

1.2 Nfkk’l) I’KOGKAM I’I,AN 

In 1982, the National RE’ Technology Research and Development I’rogram 
Plan was compiled a t  the request of the U.S. Department of Energy, Office of Fusion 
Energy (DOE/OE’E:) Division of Development and Technology. This plan, developed 
by the Plasma Technology Section of the Fusion Energy Division (FED) a t  Oak 
Ridge National Laboratory (ORNL), contains detailed descriptions of technology 
requirements for systems for ICH, ECH, and lower hybrid heating (LHII). The 
technical issues identified at that  time remain largely correct. However, t ha t  
report was aimed primarily at the requirements for an engineering test reactor 
(ETR) and beyond. These long-range goals are still valid. but introduction of the 
(21’1’ as a major element in the U.S. fusion plan rorces a different emphasis to be 
placed on the near-term ICH program. ‘Z’lie experimental program required for CIT 
is modified from that  for ETR by changes in experimental parameters (e.g., density, 
frequency, magnetic field) and by recent experimental results (e.g., ICH coupling to 
€I-mode, diverted plasmas). 

1.3 DOE WOKKSHOI’,  A P K I I ,  1985 

In April 1985, DOE/OFE sponsored a workshop to discuss ICRY development 
needs for CI‘Z’. A series of presentations dealt with the status of ICRF physics and 
technology, the requirements of an TCRF heating system for CI’I’, and proposed 
near-term programs to address the outstanding issues. A panel consisting of J. C. 
Hosea (PPPI,), M. Porkolab (MTT), J. Rawls (GA), and D. W. Swain (ORNL)  
summarized the major physics R&D requirements for CIT: 

“The following physics R&II is needed to increase the confidence level in the 
success of the ICRF heating of a compact ignition device, and to support the 
design of such a heating system. In all cases, data gained a t  densities in excess 
of 1014 cm-3 a t  temperatures in excess of 7 kcV, and for plasma dimensions and 
configurations comparable to those of the compact ignition device, is of greatest 
relevance. 
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Accelerate experimental and theoretical research to optimize coupling a t  
the plasma-antenna interface and to improve rf power deposition profiles 
and associated heat ing efficiencies, while maintaining or improving 
plasma stability. (The latter may be achieved by supplementary rf 
techniques such as  ECH or LI-I.) 

Initiate studies on coupling in plasmas limited by divertors where the edge 
plasma conditions in the scrape-off layer may toe significantly different 
from those in conventional limiter discharges. 

Intensify efforts to pinpoint what, if any, impurity generation effects are 
ICRH-specific. Focus on varying the edge boundary concii tions, t he  
discharge dura t ion ,  and  the  wave power spectrum; determine the  
implications for launcher design and/or limiteddivertor design. 

Expand the data  base on energy confinement with high power ICRF- 
heated discharges, with emphasis on scaling with density, current, field, 
and heating power.” 

The report emphasized the rf technology R&D that  was needed, including a 
program to develop and test launchers a t  the requisite power levels and power 
fluxes in a suitable tokamak environment; a n  aggressive materials and testing 
program for Faraday shields to eliminate Launcher-generated impurities; and long- 
pulse, high-frequency, high-field experiments (if possible) in the presence of high 
heat and neutron flux from the plasma. 

The report  also summarized the  sui tabi l i ty  of proposed ICII h e a t i n g  
experiments for meeting critical physics and technology needs. As shown in Table 1 
(adapted from the report), the DIII-D, TFTK, and  C-Mod experiments (U.S. 
program) and the JET and JT-60 experiments (foreign programs) were assessed for 
their capability to address the issues shown. Section 3 of this document reviews the 
U S .  and international programs in more detail and presents more inform a t‘ ion on 
the ICH plans for a large number of tokamak experiments. Mowever, the basic 
assessment indicated in Table 1 still appears valid. 

1.4 DOE REVIEW, AI’KIIA 1986 

The physics basis for the CTT was reviewed again by the Ignition Physics Study 
Group and summarized a t  a meeting in Austin, Texas, in January 1986. Group 
members expressed concern about the resolution of key issues for ICH. In response 
to these concerns, DOE sponsored an ICH workshop in April 1986 to present project 
plans and proposals for experiments on TF’I‘R, C-Mod, and DIII-D to a panel of 
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Table 1. Suitability of proposed ICRF programs to meet 
critical R&D needs ofa CIT" 

__._I--..- 

Sikibility 

JT-60 ._._ DIII-D TFTR C-MOD JET 
____.._I 

Issue 

Ignition, compatible High High High b Medium 

Confinement Medium Medium High Medium Medium 
Impurity generation Medium Medium Medium Medium Medium 

Compatibility with High Low High Low High 

Optimization of Medium Medium High Medium Medium 

launcher 

and evolution 

divertor 

coupling, propagation, 
and deposition 

aAdapted from the report of a panel formed to discuss ICRF development needs 

bNot in program plans; unlikely to be dotie. 

for CIT at a DOE workshop in April 1985. 

senior fusion scientists and engineers. The panel, chaired by L. Berry (ORNL), was 
asked to answer the following questions. 

1. Present plans call for ICRF to provide auxiliary heating for the CIT. 
Providing the knowledge and confidence tha t  this can be done successfully 
should be the near-term focus of the U S .  ICRF program. Specific questions 
tha t  must be answered are: 

a. Based on current experimental results, what heating method should be 
emphasized (fundamental, second harmonic, minority, ion Bernstein, 
etc.)? What  backup methods, if any, should be explored? What  are  the 
best coupler design options to support this choice of auxiliary heating? 

b. What  constitutes a sufficient test of the CIT ICRF concept/systern? 

2. In addition to specifically supporting CIT, the U S .  I C W  program should, 
to the extent allowed by limited resources, maintain a base from which it 
can support the future goals of the U.S. fusion program. These goals a re  
currently focused on a n  ETR facility (e.g., IN'I'OR, TIBER 11). From the 
vantage point of the technical requirements of the U.S. ICRF program, 
what, if any, additional ICRE' €L&D beyond that needed for Cl'r is required 
to satisfy the needs of the U.S. fusion program to support these goals? 
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In response to the first question, the panel generally endorsed the baseline 
design of the ICH system. They agreed on the heating mode that  should be used for 
CIT (IIe3 minority with possible transition to second harmonic tritium heating 
using fast-wave ICH; see Appendix A). They also expressed general agreement 
with the coupler design presented as the baseline for CIT, with some concerns over 
specific design details ( e g . ,  the use of graphite on the Faraday shield, the lack of 
movability of the antenna, and the cooling required on the Faraday shield during 
p 1 asm a ti urn ) . 

The panel agreed that  ion Bernstein wave (IBW) heating might be a possible 
backup heating method but  t h a t  the existing da ta  base was minimal, They 
recommended that,  after the conclusion of IBW experiments on PL’L’ and Alcator-C, 
the prospects for use of IBW in CIT should be examined. However, they stated that 
i t  would be necessary lo carry out further IBW experiments, beyond the PLT and 
Alcator-C programs, to gain sufficient confidence that  IBW could be relied on as a 
heating source. 

Faced with choosing among the experiments proposed for DIII-D, TFTR, and 
C-Mod, the panel stated: 

‘r. . . no single experiment has  all of the key CIT characteristics. While the 
D-shaped diverted plasma configuration can be studied in DIII-D or Alcator 
C-Mod, but  not TFTR, the specific D-T-He~ resonance layer geometry can only 
be studied on TFTR. Nonetheless, the time and effort to achieve a given level of 
rf sys tem performance on  t h e  CI‘r can  be s ignif icant ly  reduced by 
implementing and/or continuing the activities described below [C-Mod, DIII-D, 
TFTR] .” 

The key issues identified by the panel were very similar to those identified by 
the April 1985 panel, as shown in  Table 1, and there was general agreement with 
the conclusions of the first panel as to the relative suitability of the different 
machines for studying various aspects of the critical issues. In particular, the panel 
concluded “that  the C-Mod proposal is [the one] of most relevance to the CIT 
program,” and the one most likely to simulate most closely the plasma and rf 
parameters desired for CIT. These included the CIT-like values of density and 
magnetic field, the capability for diverted operation and elongated plasma, and 
high-density operation. The main disadvantages of C-Mod were determined to be 
the inability to operate with deuterium (thus making accurate simulation of the 
He3 minority with D?’ majority heating planned for CIT difficult) and the relative 
lateness in the program when definitive ICH data might be available from C-Mod. 
As will be seen in Sect. 4, C-Mod will probably produce data in time to allow €or 
significant modifications to the  CIT ICE€ system i f  necessary. The  DIII-D 



6 

experiment was also deemed worthwhile by the panel as the most re levant  
experiment for post-CIT tokamak facilities (e.g., ETR). 

Section 2 is a brief review of CIT El&1') needs. Section 3 covers the status of U.S. 
and foreign ICH research in tokamaks and evaluates the needs of the CIT program 
relative to available data. In Sect. 4, a coordinated plan for CITE-Mod ICE1 R&D is 
presented, and possibilities for earlier information of significant relevance for CIT 
are  discussed. 
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2. R E V I E W  Ob’ ICH NEEIIS ANI) ISSUES FOR CIT 

The CT’r i s  a compact, high-magnetic-field, high-current device wi th  a 
relatively low cost. As defined by the DOE/OFE, 

“The mission of the compact ignition tokamak will be to readize, study, and 
optimize fully ignited plasma discharges.” 

The CTT design used as a reference here is the one described in the conceptual 
design report.1 Machine design paramcters appear to he changing slightly from 
those given in the conceptual design report, with the general trend being tv 
increase major radius for improved confinement properties, better access, and ease 
of machine fabrication. However, these changes will not alter the logic of the ICE1 
R&D program. CIT can be operated either as a limiter-controlled discharge or with 
a divertor. The major machine pararricters a s  described in the conceptual design 
report are: 

Major radius 
Minor plasma radius 
Plasma elongation 
Plasma current, limiter case 
Plasma current, divertor case 
Toroidal field 
Toroidal field flat-top 
Plasma burn time 
Neutron wail loading at 300 MW fusion power 

1.22 m 
0.45 m 

LO MA 
9 MA 
10.4 T 
3.7 s 
3.1 s 
6.8 MWlm2 

1.8 

R major assumption made in the confinement scaling of CIT is that  i t  will be 
able to achieve H-mode operation with a diverted plasma. In this cast>, calculations 
using Kaye-Goldston €I-mode scaling predict that  auxiliary heating power =L 10 IVIW 
is required to achieve ignition. Figure 1, from a paper by Sheffield e t  d , Z  indicates 
that, for optimum density and temperature, between 8 and 10 MW of auxiliary 
heating power is needed to pass from the ohmically heated plasma case (the curve 
labeled 0 at the left-hand side) to thc ignition region on the right-hand side. The 
power curves are  calculated for steady-state conditions. Higher heating power will 
be required if the time to increase the stored plasma energy is comparable to the 
energy confinement time. 

Ion cyclotron heating has  been chosen by the design team as the main heating 
system to supply the auxiliary heating power required for CIT. The ICH system is 
specified to deliver LO M-W of power to the plasma initially, with the capability for 
further upgrade to 20 MW. Electron cyclotron heating has been proposed and  
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ORNL-GWG 86-235t FED 
100 

- 

MURAKAMI LIMIT 
- 

IGNITION REGION 

80 

x - 
h 40 
0 

C 
v 

20 

0 4 8 42 ( 6  2 0  
( T )  (keV)  

Fig. 1. Curves of constant auxiliary heating power in the CiT plasma 
aperating space with Kaye-Goldston H-mode scaling. PAUX = 0 corresponds to 
ignition. The operating space IS  constrained by the Murakarni density l imit and 
t h e  Troyon beta limit (from Ref. 1). 

accepted as  a backup heating method for UT. However, this report concentrates on 
the ICH system only and does not discuss the possibility of ECH. The baseline 
design for the ICH system is described in the conceptual design report,1 and a 
description is also presented in Appendix A of this document. The present design 
uses  three midplane ports to launch 10 MW of ICH power with approximately 
3.3 MW per port. The launcher in each port contains two independently driven 
current loops of the resonant double loop design.3 Each loop is powered by a 2-MW 
rf power unit. The plan for the rfpower unit is to u3e modified FMI1’ power units 
that  will operate in the 60- to 110-MHz frequency range. 

The launchers are located on the outside (ix. ,  low-magnetic-field side) of the 
chamber and are oriented to launch the fast ion cyclotron wave into the plasma. 
The antennas will be designed to trine from approximately 65 to 110 MHz. Several 
heating modes can be used, depending on the machine magnetic field and the ion 
species mixture in the machine, as illustrated in Fig. 2. 

At low fields, during initial machine checkout with hydrogen operation, 
minority hydrogen heating will be possible for magnetic fields in the range 
of 4.2 to 7.2 ‘I’. 

He:] minority heating or second harmonic tritium heating is accessible for 
fields in the range of 6.3 to 10.4 T. 
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ORNL-DWG 87.2498 FED 

I I I I I fHa 2fD. 
2fHe4 I Fundamental and harmonic ion cyclotron 1 

reronancefre uencies vs magnetic field 
Lor H, D, T, He?, and He4 
______-__I__- 

f D  . fHe4 

fT 

2 4 6 8 10 12 

Magnetic field (T) 

Fig. 2. Operational regime for the CIT ICH system for different heating 
modes and magnetic fields. 

The nominal design point for the system is for full ICH power at a frequency of 
95 MHz and at the maximum magnetic field of 10.4 T. This locates the ICH power 
deposition zone approximately one-third of the way out from the plasma center and  
should result in efficient heating. Calcitlations of ICH using these modes, carricd 
out by Co1estoc.k e t  al.,1,4 indicate good absorption and well-localized power 
deposition. 

In April 1986, the DOE review committee approved the basic design concept 
and the sclcctioti of the heating modes. However, other modes, such as IBW, are  
possible as  a n  ICW backup, and continued experimentation on IBW heating i s  
highly desirable. This report will concentrate on implementation plans for the 
baseline fast-wave heating mode as described above, 

CIT enters a new regime of operation for fast-wave ICH. The port size and the 
requirements for remote maintenance make the use of compact, removable ICH 
launchers a necessity. The remote maintenance requirement also mandates tha t  
the waves be launched from the low-field side. The limited amount of port space 
and the overall power requirements necessitate operation of these launchers at the 
highest possible amount of power per launcher and at the highest rf power flux 
(W/cmz) through the launcher face. In  addition, the system must, operate a t  
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relatively high frequencies for multisecond pulse lengths in the presence of a high 
hcat flux from the plasma and i n  the presence of neutron and gamma bombardment 
during the ignition phase. Finally, the antenna structure must provide good 
coupling to a diverted, €1-mode plasma, while still being protected from the plasma. 
Preliminary results from the ASDEX and DTII-L) experiments indicate that  the load 
resistance seen by the antenna from the plasma decreases substantially in 11-mode 
operation, and further experiments are required to better define the parametric 
dependencies of plasma load resistance on opera tion mode, plasma-antenila 
separation distance, density fall-off distance, etc. 

Table 2 lists the major RScD needs and issues that should be addressed to 
provide a reliable IC11 system for CIT. The tasks identified in the table are similar 
to the needs identified in earlier reports. Work is needed in theory, in development 
experiments, and in experiments on large confinement devices. A review of 
machines available for large confinement experiments will be presented in Sect. 3. 
Section 4 contains the specific plan proposed for R&D for CIT “mainline” work. 

Table 2. @IT R&D needs and issues 

Development Confinement 
Theory experiment experiment 

Study of compact launchers 

Effect of high rf power flux 
on impurities 

Coupling to diverted, 
H-mode plasma 

High-frequency, high-density 
operation 

Launcher survivability with 
high plasma heat flux 

Effect of single (toroidal) 
loop on heating efficiency 

Resistance to radiation 
effects 

Voltage limits in plasma 
environment 

Faraday shield and 
feed through optimization 

Resistance to disruption 
forces 
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3. REVIEW 01.' US. ANI) INTERNATIONAII ICH PROGRAMS 

The issues identified in Table 2 require three types of research: theory, 
development experiments, and confinement experiments. The necessary theoretical 
work requires relatively modest funding support, and considerable theoretical 
research is now going on in both U S .  and foreign laboratories and universities. 
Considerable work is still needed, but  the resources exist to meet,  the needs, 
provided that  funding support is adequate. 

The development experiments needed for CIT are described in the plan in  
Sect. 4. They are not trivial and will require substantial funds if they arc to be 
carried out successfully in time to ensure reliable CIT operation. Nevertheless, a n  
adequate base of D&T expertise is available at ORNL and other U S .  laboratories 
and at several  foreign laboratorics (notably,  the  Max-Planck in s t i t u t  fu r  
Plasmaphysik a t  Garching, Federal Republic of Germany, and JAERI in Japan)  to 
carry out the needed research. 

'I'he "confinement experiments" identified in  Table 2 will require  the  
installation and  operation of expensive hardware on large tokamaks a n d  a 
substantial  allocation of the experimental research time available on these 
nrachines to IC€€ research and testing. This section describes the ICH programs 
planned or proposed for large tokamak experiments worldwide and compares these 
programs with the confinement experiments needed for CIT from Table 2. 

The CIT Ignition Physics Study Group sent a survey form to members of the 
tokamak ICH community requesting information about experimental plans over 
the next five years for ICH on machines with which they were associated. 'The 
results o f  the survey were intended to help CTT rnanagemient and IlOEiOFE to 
assess the ongoing and planned ICEI programs in  the in te rna t iona l  fusion 
community. 

The goals of the study were 

1. to document ICH experimental program plans worldwide for the next three 
to five years (in particular, to find out what significant questions relevant to 
ICM may be answered by each experiment); 

2. to indicate the differences between the experiments currently planned and 
the research needed for future machines such a s  the CIT and ETK; and 
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3. to present this information in a form suitable for guiding the U.S. ICH 
technology development program in support of U,S. and international 
collaborative programs. 

Figure 3 is a graphic indication of the major tokamak ICH experiments tha t  
exist or are planned from 1986 to 1994. The abbreviated name and major device 
parameters of each machine are listed to the left of the figure. Experimental ICH 
operations are indicated by solid or dashed lines. A solid line indicates an ICH 
experiment that  is under way or has received definite approval: a dashed line 
indicates a n  ICH experiment that  is planned but has  not yet received approval from 
its funding organization. The numbers in parentheses on each line indicate the 
ICH power in megawatts and the frequency range over which the ICH system can 
be operated. 

One obvious result of the survey is that ICH is being used or is planned for 
virtually all major tokamak facilities in the world. The diversity of heating modes 
and parameter ranges is substantial, and a substantial increase in knowledge of 
ICH physics and technology can be expected in the next five-year period, if the 
experiments that  have been indicated by the survey results are all carried out. 

Tables 3 and 4 summarize the survey results. Table 3 is a short listing of the 
results for all rnachines surveyed. In  this table, one “typical” set  of da ta  is  
presented for each machine. The information presented consists of data collected 
directly from the survey forms (indicated with an  asterisk by the information) and 
results calculated using the input information (e.g., confinement time and other 
plasma parameters). Details of the calculations are givcn in Appendix B. Table 4 is 
a subset of the information in Table 3, normalized to the parameter values expected 
for CIT machine operation. A more detailed listing of the survey response and 
calculated parameters is also given in Appendix B. The responses to the survey 
(retyped for uniformity and clarity) are reproduced in Appendix C. 

Several comments should be made about the results presented in Tables 3 
and 4. 

I. With the exception of CIT data, all machine data were taken from the 
survey forms filled out by the institutions. Cr?’ data a re  from ihc CIT 
conceptual design report. The November 1993 date is for first-phase ICH 
and no IC>-T; the November 1995 date is for D-T operation, with an assumed 
value of 25 MW of fusion power coupled to the plasma. 

2. Whc:n a range of parameters and/or operating conditions was given for a 
specific machine a t  a given time of the survey form, those parameters 
corresponding - most closely to CIT-like operation (e.g., maximum Bt and  
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Table 4. Summary of tokamak ICH experimental parametera normabed t,o parameter values for CIT 
-~ 

TOKRFll CIT DIII-D TFTR ALC-C C-MOD TEXTOR JET ASDEX ASDEX-U T.SUP. JIPPT-II JFT-2M JT-60 

1/93 1/90 4/88 9/86 1/90 5/88 8/87 1/87 1/89 1/90 a6 4/88 12/87 _____...._.___I 
M1,2B 2II Mode*- M2,2T 2H,2He,M M2 2H M2 Ml,M2,2D M1,M2 Ml,M2,2H Ml,M2,PH M1,M2 Ml  

FAge* L,D L,E L L  L,D P L,E L,D L,D L L L,D,P L,D 

1.00 0.21 0.48 1.15 0 3 7  0.25 
1.00 1.32 0.53 0.53 0.95 0.53 
1.00 0.93 0.64 1.50 1.00 0.40 
1.00 0.23 0.20 2.55 4.62 0.53 

1.00 0.47 0.23 1.00 1.00 0.14 

1.00 4.93 0.46 0.06 0.81 0.34 
1.00 0.31 1.01 1.15 0.87 0.67 
1.00 0.98 0.98 3.75 2.14 2.60 
1.00 2.19 0.67 0.93 1.93 1.53 

0.33 0.27 
0.84 0.53 
0.23 0.60 
0.14 0.71 

0.17 0.19 

1.02 0.97 
0.80 0.62 
0.92 2.60 
0.93 2.57 

0.344 0.43 0.29 0.13 0.43 
0.84 0.S3 0.53 0.89 0.53 
0.15 0.96 0.48 1.47 1.87 

0.52 0.10 0.43 0.39 1.85 

0.48 0.16 0.34 0.24 0.15 

1.94 0.27 0.45 2.85 0.73 
0.49 1.09 0.50 0.27 1.10 

2.60 1.27 1.30 1.41 3.36 
1.82 0.73 2.25 4.40 1.09 

"M1 = H minority in D; M.2 = HeS minority in D; M3 = H minority in He3; M4 = H minority in He4; 2H = second harmonic H; 2D = second 

"L = l initer;  D = divertor; E = extended boundary; and P = pumped limiter. 
harmonic D; 2T = second harmonic T; and 2He = second harmonic HeJ. 

maximum I, for a diverted plasma) were chosen to be listed in Tables 3 and 
4. For example, J E T  can run at a plasma current of 7 MA with a limiter 
plasma boundary but at 4 MA maximum for a n  expanded boundary, so the 
4-MA value was chosen for inclusion in  Table 3. 

3. To ensure uniform comparison among machines, a11 plasma parameters 
were calculated using Kaye-Coldston L-mode scaling for cb; (see Appendix 
A). Machines with divertors or expanded boundaries were assumed to he 
able to achieve H-mode; this was accounted for by multiplying the Lmode 
q: value by 2. 

Finally, the schedules and parameters for many of the machines listed are 
proposed but have not been necessarily approved by the appropriate funding 
agencies. The approval status is indicated to some extent on the completed survey 
forms (Appendix C) and is also indicated schematically by the dashed and solid 
lines in Fig. 3. It is unlikely that  all of the experiments shown in the figure and 
tables will be performed. 

3.1 DISCUSSION Ob' S U K V E Y  KKSUI,TS 

The main questions to be answered are: 

1. What machines will provide information on the critical R&D issues listed in 
Table 2? 
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2. When will this information become available? Of particular interest to the 
me to U.S. program is work occurring prior to C-Mod operation, i n  t 

optimize the possible contributions of C-Mod to ICH research. 

3. Are there major gaps in the planned experiments that should be ad( 
by new or modified experimental programs? 

ressed 

Table 5 indicates the suitability of U.S. and foreign machines to address the 
critical issues listed in 'I'able 2. Only existing or approved programs are included in 
the table. More details on the numerical values of data for the different machines 
are  given in Tables 3 and 4. The following paragraphs describe the "Issue" columns 
in Table 5. 

C-oppact launcher .._... ~ - Results show tha t  four machines are  now planning to 
address the use of compact launchers in  large devices prior to C-Mod: P'J?'TR, Tore 
Supra, JF'X'-2M, and JT-60. In  this context, a compact launcher is one that i;ts 
within a single port and operates at a n  rf power flux 210  MW/m2. This  is a 
necessary constraint on the design of launchers for future machines with high 
radiation levels. 

RP power flux on impurities - Six or seven machines will be able to study the 
effect of high rf power flux on impurities. This capability is usually synonymous 
with the use of a compact launcher, because compact launchers generally have 
higher rf power fluxes than conventional antennas. Listed in parentheses in this 
coliirnn is the  rf power flux through the antenna ports ( in  NIWlm2) for each 
machine. The only high-power flux experiment in the United States is 'I'FTIt. By 
running all of the available 6 PITW power into one of the launchers proposed for 
TFTR (as is being planned), it will be possible to achieve flux levels on the order of 
10 MW/rnZ. Other information will come from foreign experiments, nvtably JFT- 
2M and JT-60. In the next year, these two machines will achieve rf power densities 
greater than or equal to those anticipated for CIT. 

Hizh density - No currently planned experiments will achieve high-density 
operation with ICH in the near term. The maximum density achievable in each 
machine was calculated using Greenwald scaling (see Appendix B; numerical  
values of the  maximum calculated operating density a re  given i n  Table  3 ) .  
According to this scaling. the ASDEX Upgrade experiment should achieve density 
values of approximately 0.48 that of CIT operation; however. ASDEX Upgrade 
operation will not occur until early 1989, only six months before @-Mod should 
begin operation. Although in principle JIPPT-ZC' can achieve better than 30% of 
the CIT value, this is a small machine whose experimental future is relatively 
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uncertain. 
densities 20% to 25% of the expected CIT value. 

According to Greenwald scaling, TFTR should be able to achieve 

TWQ possibilities exist for obtaining higher-density 1CH information in the  
near term in the  1J.S. program, The first -would be to extend the  Alcator-C 
experiment, emphasizing ICH results at high density and possibly involving other 
laboratories in a collaborative effort with MIT. ‘I’he second possibility is  to perform 
TCH experiments in the 11111-D tokamak. l’his machine, according to Greenwald 
scaling, can achieve average density values almost 50% of the value expected for 
CIT, although at  relatively low magnetic field strength. 

H-mode, diverted - No experiment is planned in the U.S. program before C- 
Mod to study ICII heating of an  K-mode diverted plasma, but low-power coupling 
experiments are  being carried out on DIII-D. Four foreign machines (JET, ASDEX, 
JFr-2M, JT 60) will be carrying out experiments of this type in the next 12 months 
and should provide substantial information on this topic. ASDEX Upgrade will 
also have this capability but will not begin operation until Janu:iry 1989. 

__ Hc:{fD-mode -__I_ - Several machines (notably, TFTK in the United States and J E T  
and ASIIHX in Europe) have the capability for doing fast-wave IC11 using EIe:j 
minority heating with a deuterium background. JIW-2M also appears to have the 
capability for Hen minority heating in a deuterium background, but the high-field 
launch used on JE”I’-%M is different from C-Mod and CIT. Although i t  is not in the 
present JF”I’-2M experimental program, the transmitters there appear to cover the 
necessary frequency range. I t  is assumed that radiation levels from a JFT-2M-sized 
machine would not be a significant problem. CS-Mod and JT-60 are  apparently not 
planning to use this heating mode because of the radiation levels anticipated if 
deuterium were used as the majority species. Both could use He:< minority in  a He4 
background; however, the recycling characteristics of He3 are so different from 
those of deuterium a s  to make validity of results obtained from th i s  mode 
questionable. 

Rseistance to . . . .... disruption forces - Disruption forces in  launchers a re  caused 
primarily by the  iriteraction of disruption-induced currents in t h e  launcher  
structureawith the toroidal magnetic field. For machines operating with similar q 
values and aspect ratios, the force per unit length scales approximately as B1z. The 
CIT and C-Mod experiments are about a factor of 4 over machines such as ‘I‘F‘I’R, 
Tore Supra, and JT-60 i n  this parameter, resulting in higher disruption forces on 
the launcher elements. Experiments on these machines will provide some 
information on this problem, but the C-Mod device will he the first tokamak 
experiment to approximate the forces expected on CIT. 
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Summary - In the U S .  program, the 1'FI'R experiment is  the oiily ICII now 
planned prior to C-Mod. It will provide information on the performance of a 
compact launcher at high power fluxes using the  same mode of operation 
anticipated for CIT. However, the density will be substantially smaller than that  
expected in CIT, and the machine does not have the capability of operating with a 
diverted, El-mode plasma. The only possibility for doing experiments of this kind in 
the U.S. program before C-Mod would be to operate DIII-D with substantial  
amounts of ICIL. However, this program is not currently funded. If this program 
were to be executed, studies of a compact launcher with high rf power flux a t  
relatively high density in an 11-mode diverted plasma could he carried out. 

Overa 11, foreign experiments appear to offer the best likelihood of obtaining 
significant information relevant to CLT in  t he  near term. The two Japanese 
experiments (JFT-2M and ,JT-60) will operate with compact launchers, with high rf 
power fluxes, and in H-mode diverted operation (JFT-2N has already achieved H- 
mode operation using ICH only; JT-60 has not as yet). In addition, J F'f-2M appears 
to have the capability of running in the HeWD-mode, although this operation is not 
planned. The JET and ASDEX ICE31 experiments will provide s ignif icant  
information on HeVD heating in €3-mode diverted plasma Configurations well 
before the start  of C-Mod operation. 





21 

4. CIT/C-MO I) E X EDE f3 I MENTA I> A N D  DE V E LO P M  E N'I' 1' ROC HAM 

Sections 2 and 3 reviewed the needs and  issues  for CIT ICH a n d  the  
experimental devices on which the confinement experiments could be carried out. 
Obtaining early information on II-mode coupling, high power flux opera tion, 
impurity generation, and transport in H-mode, diverted plasmas is highly desirable 
to achieve a more reliable and better-optimized IC11 system. However, a n  ICH 
system design for CIT can be carried out now, prototype testing can he accomplished 
on C-Mod, and even significant changes to the basic launcher design based on 
C-Mod results can be accommodated in the existing CIT schedule. This section 
presents a coordinated development and experimental  schedule, l i s t ing  the 
necessary R&D elements as well as the design, fabrication, testing, and installation 
activities needed for C-Mod and CIT. This success-oriented program is based on the 
assumption that there are no fatal flaws in the basic premise of using fast wave, 
He3 minority heating as  the primary auxiliary heating mechanism for CIT. Rased 
on our present knowledge, i t  is likely that this assumption is valid and that  the CIT 
requirements can be met using this heating technique. 

Figure 4 is a logic diagram of the plan. The top part of the plan shows the 
C-Mod schedule and a summary schedule of the overall CI'I' design, Fabrication, and 
operation. 'I'he third block indicates the ClT ICH system activities. The main goals 
of these activities are to provide conceptual, preliminary, and final designs of the 
CIT ICH system with specified interfacing to the other subsystems on CIT and to 
manage a portion of the tasks in the lower two sections (ICH launchers and power 
units). 'I'he bottom two sections indicate the development and test work, as well as  
the design, fabrication, assembly, installation and ,testing of launchers on both 
C-Mod and CI'I'. The goal of this logic diagram is to indicate in  a cornparatively 
simple way what should be done to meet the C-Mod and CIT schedules and how all 
these activities are linked together. Briefly, the plan is as follows. 

Launchers 

L1. Design a CIT-like launcher and test i t  in the ORNL Radio Frequency Test 
Facility (RFTF). 

L2. Design and build a half-size CIT prototype launcher and test i t  in C-Mod, 
before fabrication for the CLT experiment begins, using rf power units 
available at C-Mod. 

L3. Build CIT launchers and perform qualifying tests in the ORNL RFTF, 
before installation on CI'I'- 



22 

ORNL-DWG 87-2500 FED 

Fy I :-MOD Schedule (for r.ef3 
Design !& Fab 
1st Phase Operation 
ICH Experiments 

:IT -_ Summary Schedule 
Design R Fab I 

Pre-op Tests 
Plasma Operation 
First ICH 

:IT ICH Svstem 
Adv. Conceptual 
Preliminary 
Final 
Integrated System Tests 

. .. .. 

-. _.. 

ICH Launchers 
Test Antennas Des/Fab 
Tests in RFTF 
C-MOD Design 8, Fab 
CIT Design & Fab 
High Power Tests in RFTF 
CIT Install 

!C_H.powei Units 
Tube Development 
FMIT Modifications 

Vendor Design 
Unit 1 (ORNL) 
Unit 2 (C17) 
Unit 3 (CIT) 
Unit 4 (CIT) 
Unit 5 KIT)  
Unit6(CIT) 
Unit 7 (CIT) 

Fig. 4. CIT ICH schedule with C-Mod test of launcher and power unit. 
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L4, Install the launchers on CI'I' after the CTT preoperational t,ests but before 
first plasma. 

Power Units 

PI. Complete the engineering design for an  FMIT 60- to 110-MHz, 2-MW 
modification and modify the low-power FMIT driver section at OEtNI,. Use 
this 100-kW source for the tests described in Lt. 

P2, Evaluate tubes available for use a t  2 M W ,  95 MHz; develop a high-power 
tube if needed. 

P3. Modify the high-power section of the O R N L  FMIT uni t  and  test it a t  
ORNL. Use this unit for qualification tests mentioned in L3. 

P4. Modify FMI'I' units 2-7 at Continental and install them at CIT. 

A detailed description of the elements in the plan is included as Appendix I>, 
which contains a one-paragraph summary for each activity shown in Fig. 4. 

It is hoped that, after suitable discussion and iteration of the plan arnong OP'E, 
MIT, and the CIT project management, an agreed-upon plan can be implemented. 
It appears to be a logical method whereby the major R&D activities as well as 
preliminary testing of the prototype systems for CIT can be carried out on C-Mod in 
a timely manner. 
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3.5 M W  DC ' POWER 

Appendix A 

CIT ICH SYSTEM IIESIGN I)fi:SCftII"I'ION 

This appendix discusses the overall system requirements (Sect. A. l ) ,  the antenna 
design (A.2), the rf transmission system (A.3), and the rf power system and power 
supplies (A.4). 

12.1 PERFORMANCE R E Q U I R E M E N T S  ANI) S Y S T E M  O V E R V I E W  (FIG. 
A-I)  

ORNL-DWG 87-2501 FED 

v - DUMMY 
INSTRUMENT * LOAD 

.M Hi -+ 
r 

PLASMA 

Fig. A-I .  ICH system block diagram. 

ICII SYSTEM -_ SPECIFICATIONS 

Frequency (maximum power) 
Frequency range (reduced power) 
Pulse length (flat-top time) 
Modular system; power per antenna (to plasma) 
Antennas per port 
Total power to plasma (initial operation) 
Number of ports for 10 nlrw to plasma 
Time needed to change frequency 

95 MHz 
80-1 10 MHz 
3.7 s 
1.6MW 
2 
10 Mw 
3 
4-6 h 

Antenna - A resonant double-loop structure with vacuum-varia hle capacitors at 
each end for tuning and matching and with a Cu current strap. Modular, compact 
construction for installation and removal through the midplane port; two antennas 
per port. 

't'ransmission and matching -- 50-12 coaxial cable, 23 crn (9 in.) in  diameter,  
pressurized to 1-2 atm with Nz, that matches directly to antenna input impedance. 
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Supply and power units -- Six modified FMIT units,  with X-2242 tetrodes or 
improved equivalent, for 2 M W  rf power per transmitter at 95 NIHz. 

Faraday shield - Cu-coated Inconel tubing [1.3 cm (0.5 in.) OD] in a staggered 
double row. Graphite coating brazed to Inconel tubing on the plasma side. Gas- 
cooled for heat removal between shots, with ceramic insulators to prevent disruption 
current from flowing in Faraday shield elements. 

Instrumentation & controls.-(I.&a - Monitoring and control of dc voltages and 
tuning elements (capacitors, tuning cavities in the transmitter, etc.), monitoring of 
forward and reflected power to/from antenna vs time. A dedicated minicomputer 
(e.g., MicroVAX 11) with CAMAC eontroUdata acquisition interfaces with main I&C 
for safety interlocks and data transmission and archiving-; it can operate the rf unit 
in stand-alone mode into dummy load for system checkout. 

A.2 ANTENNA 

A.2.1 Description and Opera t ing  Characteristics 

Reference 3 gives a general description of the resonant double loop (RDL) antenna, a 
conventional loop coupler that  uses capacitive impedance matching elements a t  the 
antenna. A resonant circuit is formed by the Combination of the antenna inductor 
and the two capacitors at the antenna ends. A real impetlance at the input to the 
aritenna results from tapping- into the resonant, circuit a t  some point along the 
antenna. The iuput impedanee can be matched to the source impedance by adjusting 
the capacitors for a given tap arrangement as the load resistance is varied. For a 
given load resistance, an  optimum tap point occurs when peak voltages at each end 
of the antenna are equal. 

Advantages of the KDL over conventional loop coupler schemes are 

1. 
2. 
3.  

no tuning stubs are required because the  input is matched to the line impedance; 
low voltage 2nd current are maintained at the vacuum feedthrough; and 
if  ceramic si~pports are required, they occur in the feedline where voltages are 
low (< 15 kV at 2 M W ,  50 '2 input impedance). 

The baseline design consists of a pair of RULs i n  a CIl' large port, with one antenna 
above and one below the equatorial plane. Power handling can be increased by up to 
a factor of 4 by breaking up ,a single long antenna into two short aniennds. No more 
than two RDL modules are fensible in a single port because of practical limitations 
on the size of components. 
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For the two-module configuration, the maximum power handling capability of each 
module as a function of load resistance is plotted in Fig. A-2 for 80,95, and 110 MHz. 

ORNL-DWG 87-2502 FED 

Antenna Load Resistance (Q/m) 
Fig. A-2. Pmax vs Rload for 80,95, and 110 MHz. 

A maximum voltage on either capacitor of 50 kV has been assumed. Antenna 
inductance has  becn estimated from L =; Zo/c,) tan ( P t )  with Z,, = 50 SZ and  
E = 35 em, where e is the antenna length. A constant lead inductance of 0.03 pEI has 
been added to account for radial currents at the antenna ends, A t a p  point has  been 
selected that gives optimum power handling for 95 MHz at a plasma load resistance 
of 4 Q/m. At this voltage level and resistance, each RUL module can handle up to -2 
MW at a frequency of 95 MIIz, Power handl ing 
increases a t  lower frequencies and decreases a t  high frequencies, as seen in Fig. A-2. 

for a total of 4 IMW per port. 

The antenna load resistance depends on the plasma density profile (and to a lesser 
extent, the temperature profile) and is particularly sensitive to the density profile in 
the plasma scrape-off region between the plasma edge and the antenna. Theoretical 
calculations give values from 1 Qlrn of antenna length to > 10 R/m, depending on 
the assumptions made about  the plasma profiles. Eased on IC14 coupl ing  
calculations and also on experimt:ntal rneasurerrien ts of antenna loading in other 
tokamaks, a load resistance of 2-6 Wm i s  estimated, with a “best ~ W S S ”  of 3-4 Wm. 
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Figure A-3 shows tuning capacitor values at 95 MHz. Capacitors in the range of 
45-70 pk’ are  required to match loads of 0.3-9 Wm to the 50-12 line impedance at 
95 MIlz. Simple structures with very high voltage capability can be used to achieve 
these capacitance values. Capacitor resonances can be made to occur a t  frequencies 
well above 95 MHz. To match the line to the antenna for a load resistance in the 
0.3-9 R/m range over a frequency range of80-110 MELz, the required capacitor range 
increases to 30-100 pl”. Tuningover a range of -65-1 10 MIIz should be possible. 

QRNL-QWG 87-2503 FED 

f 

Antenna Load Resistance (Q lm)  

Fig. A-3. Cd and Cz ws Wload a t  95 MH2 

A .2.2 A n ten ria Nl ec ha n i ca I I lesi gn 

T h e  antenna system interfaces with the transmission system a t  an ORNI,-designed 
constant impedance vacuum feedthrough. The  Feedthrough uses a brazed alumitia 
dielectric to separate the pressurized input 23-cm (9-in.) transmission line Froni the 
evacuated 15-cm (6-in.) antenna feed. Figure A 4 shows details o f  the  basel ine 
antenna configuration. The  center conductor is supported by the  vacuum 
feedthrough and a U4 shortcd s tub so tha t  no dielectrics are used in thc :intetiria 
system except :it the feedthrough, which can  be shielded. The :intennaa tr:lnsnnission 
line is 50 12 impedance. ‘I’he conductor feeds the 35-cm-lung an tcnn :~  off  center a t  

~t<&tOt<,I 0.64. 
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Fig. A-4. CIT antenna design. 



Each end of the antenna is connected to ground through a compact variable capacitor 
that  allows tuning of the antenna to match a range of frequencies and loading 
impedances. The variable capacitors are made of concentric cylinders. ‘Phe position 
of the grounded side of the capacitor can he adjusted by moving i t  axially, using a 
bellows arrangement for vacuum integrity. The current strap and the high-voltage 
ends of the capacitors are held in place by the rigid center conductor of the vacuum 
transmission line, which is connected to the tap point near the center of the current 
strap. The gas pressure between the capaeitor plates is tha t  of the tokamak; 
however, the capacitor plates are  shielded from direct exposure to  the plasma 
environment by the Faraday shield. Each capacitor is tunable from about 20 to 150 
pF; this can be accomplished remotely by computer control between tokamak shots 
to optimize the matching to the plasma load. 

An al ternate  matching network design replaces the variable capacitors with 
variable shorted stubs. This design has  the advantage of giving solid support to the 
antenna ends without dielectrics and removing the small gaps in the capacitors, 
which would be potential breakdown problems. However, this approach may narrow 
the usable antenna bandwidth. 

The entire antenna system is designed to hold off a peak voltage of 50 kV. Minimum 
gaps in  the design are 1 cm (for a peak electric field of 50 kV/cm); these gaps occur in 
the capacitor, between the antenna and Faraday shield, and between the erid of the 
antenna and the port walls. The antenna elements are designed for inertial cooling 
during each pulse andcold gaseousnilrogen cooling between pulses( - 1 hr). 

The transmission system is based on a nominal 23-cm (%in.) diameter rigid coaxial 
transmission line pressurized to 1-2 atm with dry nitrogen. The transmission 
distance from the rf sources to the vacuum feedthroughs is approximately 100 rn and 
introduces a total power loss of 2-470 of the transmitted power, depending on the 
number of bends and joints actually required. Dielectric spacers in the transmission 
line are alumina, and joint seals are metallic to be compatible with high neutron flux 
environments. Power dissipation is  low enough tha t  the transmission system 
requires no cooling other than radiation and convection to the ambient environment. 

Each transmission line will require a dc break near the vacuum vessel to isolate the 
transmitters from high voltages caused by tokamak disruptions. The dc break will 
be required to withstand up to 20 k V  of pulsed dc. 

Two 2.5-MW rfdummy loads with a 50-Q impedance will he required for testing and 
tuning the rf supplies. Two-position coaxial switches will switch each rf power unit 
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between the antenna and a dummy load. The load will be a commercial water-cooled 
unit capable of handling the full rf output power steady-state. 

A.4 RADIO FREQUENCY SUI’I’IAIES 

The ICH rf supplies are modified FMTT transmitters originally manufactured by 
Continental Electronics. The baseline design is for sources t ha t  a r e  nianually 
tunable over a frequency range of 60-110 MHz. At 95 MIIz, approximately 2 ,W of 
rf power will be generated by each transmitter. To  guarantee delivery of 10 MW to 
the plasma, up to 6 transmitters may be needed to feed 6 antennas in 3 ports. Each 
transmitter is configured as shown in Fig. A-5. Each class C final power amplifier 
(FPA) using an  EIMAC X-2242 tetrode (wi th  modifications) i s  fed by a n  
intermediate power amplifier ([PA) and a phase- and level-controlled frequency 
source. Each antenna’s phase and power level are then controlled by the IGH control 
I&C unit. Each transmitter unit  contains high-voltage cxYiwbars for the I T A  and 
P A  and is fed from a dedicated 13.8-kV/25-kV transformer/rectifier set. 

ORNL-DWG 87-2504 FED 

13.8 kV t t 
Fig. A-5. Hb’ power system diagram. 

The transmitter will be designed to be tuned over a range of 60-110 MHz, which is 
greater than the nominal design range of 80-110 NIHz for the  entire system. 
However, i t  should be reasonably easy to design the transmitter to cover th i s  
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frequency range. The power deliverable by the transmitter should be greater t h a n  
2 MW at frequencies below 95 MHz b u t  will probably fail off rapidly a t  higher 
freq 11 e nci e s. 

The requirements of 2 MMI per power unit  are beyond the capabilities of currently 
available rf tubes at 95 MHz. Development effort will be required to improve the X -  
2242 tetrode from EHMAC to operate a t  this power level and frequency. In addition, 
modifications to the FMIT transmitters will be required and testing of the modified 
units with the improved tetrodes will  be needed early in  the program. 
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Appendix B 

CALCULATIONS OF PLASMA PARAMETERS 

B. l  UNITS 

All quantities in the tables and formulas are given in the following units: 

Length-meters 
Magnetic field-tesla 
Plasma current--MA 
Power-M W 
Energy-MJ 
TE-seconds 
q - 1 0 2 0 ~ - 3  
T.-.---keV 

6 . 2  FORMULAS 

Plasma volume 
V = 27i2R6a2 = 19.74 RKa2 

Plasma q at edge (approximate, with correction for finite aspect ratio) 

Ohmic heating power 

(assumes 0.5 V loop voltage during auxiliary heating) 

ZCH power density at the antenna(s) 

Poh = 0.51, 

PICH/A TT YICH/(hportWportNports) 

Plasma confinement time (Kaye-Goldston scaling)2 

where 

are the equations for neo- Alcatos ohmic scaling, L-Inode auxiliary heating 
scaling, and “circular” q equivalent, respectively. 
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Plasma pressure 

Using Pre /V  = 3/2 n(Te + Ti) and converting to the units given earier (n  in 
10'' n1r3, T in keV gives n(Te + Ti) = 41.7 Ptotalre/V. 

Plasma beta (%) 

Maximum density attainable (Greenwald scaling, for auxiliary heated plasma) 

2 nmax LI= I p / m  

Maximum. normal operating density 

noper = 0.75 nmax or 4.0, whichever is smaller. The value of 4.0 is the 
density at which CIT will operate to achieve ignition (see Fig. 1). 

Dimensionless ICRF parameters 

is the ion collison frequency and 

is the trapped ion bounce frequency. 

All numbers were calculated for A ,  7 1. 

B.3 TABLES 

Tables B-1 and B-2 list tokamak ICH experiments and parameters. 



Table B1. Comphte list of tokamak ICH experiments 

CIT CIT DIII-D DIU-D DIII-D TFTR TFTR TFTH. ALC-C C-MOD C-MOD C-MOD C-MOD TOKRFl l  
11/93 11/95 1/87 

1.22 1.22 1.67 
0.45 3.15 0.67 
1.90 1.90 2.20 
9.27 9.27 32.56 
10.40 10.40 2.20 
9.00 9.00 2.50 
2.96 2.96 4.91 
3.70 3.70 1.50 

L,D L,D L,E 

4.5 4.5 1.3 
10.0 

10.0 20.0 0.0 
0.0 
1.4 

25.0 
14.5 49.5 12.7 

95.0 95.0 74.0 
156.0 156.0 33.0 
M2,2T M2,2T 2H 
0.80 0.80 0.50 
0.30 0.30 0.35 
0.24 0.24 0.18 
3.00 5.00 1.00 
13.89 16.67 0.00 
i.08 2.16 0.05 
3.00 3.00 
30.00 60.00 0.00 
41.67 50.00 0.00 

14.15 14.15 1.77 
4.013 4.00 1.33 
2.00 2.00 2.00 
0.647 0.433 0.276 
2.34 5.34 5.55 

re (K-C) (a) 

n(T,+T. )  (10" m-' kaV) 42.51 97.06 4.51 
T, (kev) 5.31 12.13 1.70 

0 (W 

Dimensionless parameters 
f C l / f , *  0.27 0.27 0.10 

o : / a  ( X l O O )  0.32 0.48 0.57 
V a  0.18 0.18 0.21 

9/86 1/89 1/90 1/91 1/92 

1.67 
0.67 
2.50 
37.00 
2.20 
2.50 
6.09 
1.50 
L,E 

1.3 
14.0 
2.2 
0.0 
2.0 

19.5 

ao.0 
33.0 
2H 
0.50 
0.35 
0.18 
2.00 
6.19 
0.06 
5.00  
11.00 
31.43 

1.77 
1.39 
2.00 
0.227 
6.16 
5.01 
1.88 

0.10 
0.21 
0.61 

1.67 2.60 
0.67 0.96 
2.50 1.00 
37.00 47.30 
2.20 5.00  
3.50 3.50 
4.35 3.39 
1.50 3.00 

L,E L,P 

1.8 1.8 
14.0 12.0 
9.0 6.0 
0.0 
2.0 

26.8 19.8 

60.0 47.0 
33.0 75.0 
2H.2He,M M2JD 
0.50 0.85 
0.35 0.60 
0.18 0.60 
4.00 2.00 
12.86 5.00 
0.24 0.13 
5.00 3.00 
45.00 12.00 
64.29 10.00 

2.48 1.21 
1.86 0.91 
2.00 1.00 
0.309 0.192 
11.54 0.80 
9.38 3.37 
2.52 1.86 

0.08 0.27 
0.18 0.18 
0.70 0.18 

2.64 
0.96 
1.00 
47.30 
5.00 
3.50 
3.39 
3.00 

L,P 

1.8 
27.0 
10.0 

38.8 

47.0 
75.0 
M2,ZD 
0.85 
0.66 
0.56 
2.00 
8.91 
0.21 
2.00 
20.00 
17.83 

1.21 
0.91 
1.00 
0.131 
1.07 
4.51 
2.49 

0.27 
0.18 
0.21 

2.60 
0.96 
1.00 
47.30 
5.00 
3.50 
3.39 
3.00 
L,P 

1.8 
27.0 
10.0 

38.8 

47.0 
76.0 
M2,2T 
0.85 
0.66 
0.56 
2.00 
8.91 
0.21 
2.00 
20.00 
17.83 

1.21 
0.91 
1.00 
0.131 
1.07 
4.51 
2.49 

0.27 
0.18 
0.21 .,., > , 

VI * 0.019 0.004 0.124 0.125 0.070 0.086 0.048 0.048 

0.64 
0.12 
1.00 
0.18 
12.00 
0.30 
4.83 
0.10 
L 

0.2 

0.5 

0.7 

210.0 

2H 
0.30 
0.04 
0.01 
2.00 
20.83 
2.75 
0.10 
0.05 
2.08 

180.0 

6.63 
4.00 
1.00 
0.023 
0.14 
3.49 
0.44 

0.31 
0.67 
0.30 
6.683 

0.64 
0.21 
1.80 
1.00 
9.00 
3.00 
2.75 
1.00 

L,D 

1.5 

3.0 

4.5 

80.0 
135.0 
M2 
0.60 
0.15 
0.09 
2.00 
16.67 
2.99 
1.00 
3.w 
16.67 

21.66 
4.00 
2.00 
0.098 
1.36 
18.44 
2.30 

0.23 
0.38 
0.52 
0.059 

0.64 
0.21 
1.80 
1.00 
9.00 
3.00 
2.75 
1.M) 
L,D 

1.5 

5.0 

6.5 

80.0 
135.0 
M2 
0.60 
0.15 
0.09 
4.00 
13.89 
4.99 
1.00 
5.00 
13.89 

21.65 
4.00 
2.00 
0.094 

25.69 
3.21 

1.89 

0.23 
0.38 
0.62 
0.030 

0.64 
0.21 

1.00 
9.00 
3.00 
2.75 
1.00 

1.80 

L,D 

1.5 

5.0 

6.6 

80.0 
135.0 
M2 
0.60 
0.15 
0.09 
4.00 
13.89 
4.99 
1.00 
5.00 
13.89 

21.65 
4.00 
2.00 
0.094 

25.68 
3.21 

1.89 

0.23 
0.38 
0.62 
0.030 

0.64 
0.21 
1.80 
1.00 
9.00 
3.00 
2.75 
1.013 

L P  

1.5 

5.0 
3.0 

9.5 

80.0 
135.0 
M2 
0.60 
0.15 
0.09 
3.00 
18.52 
4.99 
1.M) 
5.00 
18.52 

21.65 
4.M) 
2.00 
0.090 
2.62 
35.63 
4.45 

0.23 
0.38 
0.73 
0.016 



Table B-1. (cont . )  

C-MOD TEXTOR TZXTOR TEXTOR JET JET JET JET JET ASDEX ASDEX-U 
1/89 

TOXRFlI  
1/93 1/88 4/87 5/88 6/86 6/87 6/87 1/90 12/92 1/87 

0.64 
0.21 
1.80 
1.00 
9.00 
3.00 
2.75 
1.00 

L D  

1.5 

5.0 
3.0 
2.0 

11.5 

80.0 
135 0 
M2 
0.60 
0.15 
0.09 
3.00 
18.52 
4.99 
1.00 
5.00 
18.52 

21.65 
4.00 
2.00 
0.087 
3.06 

n(T,+T,) (IO2" m-3.keVj 41.70 
T, @?\I) 5.21 

Dimensionless parameters 
h i I 0.23 
A l a  0.38 
p i / a  ( X  100) 0.79 
vi * 0.0il  

1.75 
0.46 
1.00 
7.31 
2.60 
0.50 
3.83 
3.00 
L,P 

0.3 

2.7 

3.0 

29.0 
39 0 

1.75 
0.46 
1.00 
7.31 
2.50 
3.50 
3.83 
3.00 
P 

0.3 

2.7 

3.0 

29.0 
39.0 

1.75 
0.48 
1.00 
7.31 
2.60 
0.50 
8.63 
3.00 
P 

0.3 
3.0 
4.2  

7.5 

29.0 
39.0 

3.00 
1.20 
1.40 
119.39 
3.40 
5.00 
3.42 
15.00 

LE 

3.00 
1.20 
1.60 
156.44 
3.40 
7.00 
2.94 
15.00 
L 

3.00 3.00 
1.20 1.20 
1.60 1.60 
136.44 136.44 
3.40 3.40 
4.00 4.00 
5.15 5.15 
15.00 15.00 

L,E L,E,P 

3.00 
1.20 
1.60 
136.44 
3.40 
4.00 
5.15 
15.00 

L A P  

2 . 5  3.5 2.0 2.0 2.0 
9.0 18.0 18.0 18.0 18.0 
7.0 20.0 20.0 25.0 25.0 

10.0 10.0 

18.5 41.5 40.0 55.0 55.0 

55.0 55.0 55.0 55.0 51.0 
5i.O 5l.O 51.0 51.0 51.0 

1.65 1.65 
0.40 0.50 
1.00 1.00 
5.21 13.03 
2.80 3.50 
0.50 2.00 
3.06 2.86 
10.00 5.00 

L,D L,D 

0.3 1.0 
3.3 6.0 
4.0 6.0 
2.3 

9.8 13.0 

115.0 120.0 
42.0 52.5 .. . 

M1,M2,2D Ml ,M2,2D Ml,M2,23 M l , M 2  MLM2 MI ,M2 M1,M2 Ml,M2,2T Mi,M2,2H Ml,M2,2H 
1.58 
0.25 
0.35 
2.00 
3.91 
0.37 
1.50 
4.05 
5.87 

0.73 0 73 
0.28 0.26 
0. i9 0.19 
4.03 4.00 
3 56 5.53 
0.37 0.57 
1.50 1 5 0  
4.05 6.30 
5.33 8.30 

1.60 
0.50 
0.80 
5.00 
2.92 
0.06 

70.00 
29.17 

1o.00 

0.75 0.75 0.75 1.11 
0.56 0.56 3 56 0.83 
1.00 1.00 1.00 1.00 
0.035 0.936 0 021 0.385 
0.54 0.54 0.81 1.29 
0.61 0.61 0.92 2.51 
0.54 0.54 0.81 1.51 

3.18 9.18 0.18 0.19 

0.47 0.47 0.47 0.15 
0.40 0.40 0.49 0.20 
0.754 0.754 0 336 0.123 

1 .GO 
0.50 
0.80 
8.00 
3.13 

10.00 
200.00 
31.25 

0.15 

1.60 
0.50 
0.80 
8.00 
3.13 
0.15 
10.00 
200.00 
31.25 

1.6ll 
0.50 
0.80 
8.00 
3.91 
0.18 
10.00 
250.00 
J9.06 

1.60 
0.50 
0.80 
8.00 
3.91 
0.18 
5.00 
125,OO 
19.53 

1.55 0.88 0.88 0.88 
1.13 0.66 0.86 0.66 
1.00 2.00 2.00 2.00 
0.417 0.376 0.313 0.313 
2.75 2.39 2.73 2.73 
5.33 4.63 5.31 5.31 
2.30 3.49 4.00 4.00 

0.16 0.22 0.22 0.22 
0.12 0.16 0.16 0.16 
0.24 0.30 0.32 0.32 
0.064 0.028 0.021 0.021 

0.80 1.00 
0.30 0.70 
0.24 0.70 
2.00 4.m 
8.33 2.14 
0.77 0.46 
10.00 10.00 
40.00 60.00 
83.33 21.43 

0.99 2.55 
0.75 1.91 
2.00 2.00 
0.038 0.223 
2.27 4.55 
2.99 9.36 
2.00 2.45 

0.17 0.13 
0.47 0.23 
0.82 0.58 
0.068 0.075 

W 
03 
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Table 8-2. Coiiiplete !ist of tobnniak ICH experimental parametem normalived to parameter values for CI'l' 
.......... ..... .... ~___  .......... __ ..... ____. .... 

TOKRFll CIT CIT DIU-D DIII-D DIII-D TFTR 'TFTR TFTR ALC-C C-MOD C-MOD C-MOD 

1/93 1/95 1/87 1/86 1/90 6/87 4/88 1/90 9/86 1/89 1/90 1/91 

- ....... 
C-MOD 
1/92 

__ 
C-MOD 

1/93 

M2,ZT M2.2T 211 2H 2H,2He,M M2 M2 M2 2H ?d2 M2 M2 
L,D L,D L,E L,E L,E L L L L L,D L,D L,D 

1.00 1.00 0.21 0.21 0.21 0.48 0.48 0.48 1.15 0.87 0.87 0.87 
1.00 1.00 1.16 1.32 1.32 0.53 0.53 0.53 0.53 0.95 0.95 0.95 
1.00 1.20 0.00 0.45 0.93 0.36 0.64 0.64 1.50 1.20 1.00 1.00 
1.00 2.00 0.00 0.06 0.23 0.12 0.20 0.20 2.55 2.77 4.62 4.62 

1.00 1.00 0.33 0.33 0.47 0.23 0.23 0.23 1.00 1.00 1.00 1.00 

1.00 2.28 2.37 2.63 4.93 0.34 0.46 0.46 0.06 0.58 0.81 0.81 
1.00 1.00 0.37 0.37 0.31 1.01 1.01 1.01 1.15 0.87 0.87 0.87 
1.00 1.00 1.16 1.16 0.98 0.98 0.98 0.98 3.75 2.14 2.14 2.14 
1.00 1.51 1.79 1.89 2.19 0.58 0.67 0.67 0.93 1.63 1.93 1.93 

M2 
L,D 

0.87 
0.95 
1.33 
4.62 

1.00 

1.12 
0.87 
2.14 
2.27 

M2 

LID 

0.87 
0.95 
1.33 
4.62 

1.00 

1.31 
0.87 
2.14 
2.45 

+l'OKRPI1 TEXTOR 
1/66 

Mode** M I , M ~ , Z D  
Edge" L,P 

B,, ,  0.25 
n 0.53 
PtO,,h/A 0.28 
P%rb/v  0.34 

nOprr 0.14 

P (%) 0.23 

A l a  2.60 
f . i / f p i  0.67 

p i l a  1.25 

'TEXTOR 

4/87 

Ml,N2,2D 
P 

0.25 
0.53 
0.26 
0.34 

0.14 

0.23 
0.67 
2.60 
1.25 

_____ 
TEXTOR 

5/88 

Ml,M2,2D 
P 

0.25 
0.53 
0.40 
0.53 

0.14 

0.34 
0.67 
2.60 
1.53 

____. ...... 

JET 

6/BG 

Ml,M2 

L E  

~. 

0.33 
0.74 
0.21 
0.05 

0.21 

0.55 
0.72 
0.82 
0.61 

JET 

6/87 

M1,MZ 

L,E 

0.33 
0.84 
0.23 
0.14 

0.29 

1.17 
0.61 
0.70 
0.75 

JET 

6/87 

Ml,M2 

L,E 

0.33 
0.84 
0.23 
0.14 

0.17 

1.02 
0.80 
0.92 
0.93 

JET 

1/90 

Ml,M2 

0.33 
0.84 
0.28 
0.17 

0.17 

1.17 
0.80 
0.92 
1.00 

JE1' ASDEX 
12/92 1/87 

Ml,M2,2T Ml,M2,28 

L,E,P L,D 

0.33 0.27 
0.84 0.53 
0.28 0.60 
0.17 0.71 

0.17 0.19 

1.17 0.97 
0.90 0.62 
0.92 2.60 
1.00 2.57 

- - .......... 

ASDEX-U 
1/89 

Ml,M2,211 

L,D 

0.34 
0.84 
0.15 
0.43 

0.48 

1.94 
0.49 
1.30 
1.82 

~ ~~~ 

T.SUP. 
1/69 

M1,MZ 
L 

0.43 
0.53 
0.96 
0.26 

0.16 

0.19 
1.09 
1.41 
0.62 

- ......... __ 

T.SUP. 
1/89 

M l , M 2  
L 

0.43 
0.53 
0.96 
0.39 

0.16 

0.25 
1.09 
1.41 
0.71 

......... .......... ......... __ __ ..... ..____ 
TOKRFII T.SUP. JlPPT-I1 JIPPT-II JIPPT-I1 JIPPT-I1 JFT-2M JFT-2M JFT-2M JT-60 JT-60 

1/90 88 87 88 89 4/87 4/88 4/90 10186 12/87 -.__I__._ 

Mode'. M1,M2 MI  ? Alfv61i IBW MlJH M1,ZH MlJH 2H 2H 

Edge" L L L L L L,D L,D,P L,D,P L,D LiD 

&", 0.43 0.29 0.29 0.29 0.29 0.13 0.13 0.38 0'43 0'43 

& h / A  0.W 0.48 1.44 0.72 1.60 1.47 1.47 1.47 0'75 

Pich/V 0.39 1.95 3.90 3.90 3.90 0.52 0,52 1.73 0'04 O'" 

nap.. 0.16 0.34 0.34 0.34 0.34 0.24 0.24 0.73 0.15 0'15 

b 0.27 0.45 0.61 0.63 0.63 0.73 

f< i / f,, i 1.09 0.50 0.50 0.50 0.50 0.27 0.27 0.45 '.lo '.lo 
A l a  1.41 3.36 3.36 3.36 3.36 2.60 2.60 1.50 1.27 1.27 

0.73 2.25 2.63 2.67 2.67 4.40 4.40 2.37 1.02 1.09 p i l a  

n 0.53 0.53 0.53 0.53 0.53 0.89 0.89 0.89 0'53 0'53 

2.85 2.85 2.47 

.... .... ___._. ....___ 
"Ml  = H minority in D; M2 = He3 minority in D; M3 = H minority in He3; M4 = H minority in He'; 2H = second harmonic H; 2D = second 

hL 2 limiter; D = divertor; E = extended boundmy; and P = pumped liniiter. 
harmonic D; 2T = second harmonic T; and 2He = second harmonic He3. 
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Appendix C 

S U K V E Y I< I3 S PONS E: S 
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IPSG TCRH SURVEY (Part 2)  

Machine:Alcator-C 

This survey is intended to provide a da ta  base for ICI-I heating, physics, and  
technology from 1986 through 1990. Please indicate in the spaces below what  the 
main objectives of the ICE[ experimental program will be for different time periods of 
machine operation. The intent of this part  of the survey is to obtain a gualitative 
indication of the main questions that  the research you will do will answer. 

Time period: 

Major goaldquestions: .- ...... ........ .- 

....... _. 

Time period: 

Major goals1questions: I_ 
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IPSG ICRN SURVEY (Part 1) 

Machine:AI,CATOIt-G/MO~. Filled out by:M. Porkolab- 

1/92 1 /93 

0 64 0.64 
0 2 1  8.71 
1.8 1.8 
7-9 7-9 

3 3 

I 

3 

2 

80 8 'I 80 80 &180 
68,613 

15, '35 

3 

1 

68,6r? 
15,15 

l___l 

3 

1 

0.6 0 4  

1-5 1-5 
4 - 5 

5 5 



44 

lPSG ICRH SURVEY (Par t  2) 

Machine:_ALCATOR C-MOD 

This  survey is intended to provide a da ta  base for ICH heat ing,  physics, and 
technology from 1986 through 1990. Please indicate in the s aces below what  the 

machine operation. The intent of this par t  of the survey is to obtain a qualitative 
indication of the main questions tha t  the research you will do will answer. 

main objectives of the ICH experimental program will he for di P ferent time periods of 

Time period: 1/89 - 1/90 

Major goa1siqciestions:TW ininori t ~ _ h e n t i n a ( ~ r ~ e - m i n o r i t y  in D-.E!.ajori ty), scaling !?f 

confinemeflt with ICREI in d.i.v.ertcd p ! - ~ ~ n n ~ ~ . M > f i  

Time period: 1/90 - 10190 

Major gnaldquestions: bbcve, but raise power-tg-5 MW. Also, test&W heating a t  

80/180 M€Tz.yriJth loop and dielectric loaded waveguide. w y..l,5 wccl and w = 2:5j,,4 

L180 MHz). 

Time period: - I___ 

Major goalslquestions: ...... 

Time period: 

Major goaldquestions: ...... 

Time period: .......... 

......... Major goals'questions: .........I.I___ .......... I___. 

___lll__ ........ ____ .... ____ ..... 
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IPSC ICRH SURVEY (Part 1 )  

Date: 3/7/86 Machine:-ASDEX Filled o u t  by:-F. Wesner  

Notes __._I Heatingmodes: __ H -  minority in D; I-Ienmje&b-fcr comparison (only off-axis deplsition - ..- 

pzsibte); 22ct1 in H- plasmas and  H/D mixtures. 
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IPSG ICRH SURVEY (Par t  2) 

Machine: ASDEX 

This survey is intended to provide a da ta  base for ICH heating, physics, and  
technology from 1986 through 1990. Please indicate in  the spaces below what  the 
main objectives of the ICH experimental program will be for different time periods of 
machine operation. The intent of t h i s  part of the survey is to obtain a qualitative 
indication of the main questions t h a t  the research you will do wi l l  answer. 

Time period: 1989 - - 

Major goals/questions: ICRH - physi,gs __ 

- Optimization of loop antennas _ _ _ . . . . . ~  ..... 

ICH. H with w aye pu ide ante  n n2s.... ........ ....... 

Time period: 

Major go a lsiq u es t io ns: ._ .... 

Time period: ....... 

Major goaldquestions: ... 

.._ .. -. _- 
...... ........ I._.- ... .- 

Time period: 

Major goals/questions: -- ........ 
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IPSG ICRH SIJRVEY (Part 1) 

Machine:-ASDEX - Upgrade Filled out by:-.. E’. Wesner _ii_______l_i__l Date: 3/7/86 

Notes Power: 8 M W  RF at 80 MHz for 6 Mw in plasma. The frequency range allows operation of 

- He3 and H minority as well as second harmonic heating. 
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IPSG ICRH SURVEY (Par t  2) 

Machine: &SQF;&- Upgrade 

This  survey is intended to provide a d a t a  base for IC11 heat ing,  physics, and 
technology from 1986 through 1990. Please indicate in the spaces below what the 
main objectives of the ICH experimental program will be for different time periods of 
machine operation. The intent of this part  of the survey is to obtain a qualitative 
indication of the main questions tha t  the research you will do will answer. 

Time period:-1989 - .- 

Major goalsiquestions: Effective heating to reach the-.physicaI..goals of ASDEX-  

LJwrmde. ICKH in  a n  open divertor Rcometry;..@ffectivene;s of niinori-ty and  2Qc 

heat ing i n  a hiEh densi ty ,  -h;gh tempera ture  plas-rtia; infll!gnce of .cliff..en~ 

k,spec t r u m . 

Time period: 

Major goalsiquestions: ..___.__ __I__ ...-..... 

Time period: ._ 

Major goaMquestions: I_. .-.. 

Time period: 

Major goaldquestions: 

Time period: 

Major goaldquestions: 
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WYti lCHH YU1iVli;Y (Part  1 )  
!I. Mayberry *te: J d . Y  22, 1986 

Filled out by: 2.  Prater/ - Machine: DIII-D 

I 1.67 1.69 1 1.67 I I 

Notes 
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IPSG ICKH S U R V E Y  ( P a r t  2 )  

Machine: DZIL-D 

This  survey is intended t o  provide 3 d a t a  base f o r  ICH h e a t i n g ,  phys ics ,  and 
technology from 1986 through 1990. P l e a s e  i n d i c a t e  i n  the  spaces  below what 
t h e  main  o b j e c t i v e s  of the  ICH exper imenta l  program w i l l  be for d i f f e r e n t  time 
p e r i o d s  of machine o p e r a t i o n .  The i n t e n t  of t h i s  p a r t  of the  survey is t o  
o b t a i n  a q u a l i t a t i v e  i n d i c a t i o n  of t h e  m a i n  q u e s t i o n s  t h a t  the  r e s e a r c h  you 
w i l l  do w i l l  answer. 

Time per iod:  6/86 - 3/87 

Major g o a l s / q u e s t i o n s :  Coupling t e s t s  for  resonant  c a v i t y  antenna,  us ing  very 
low power. Absor t i o n  measurements for 2nd harmonic hydrogen h e a t i n g  with 
I, 52 and f o r  He’ mi.nority h e a t i n g .  

T i m e  per iod:  9/87 - 6/88 

Major g o a l s / q u e s t i o n s :  High power coupl ing tests f o r  resonant  c a v i t y  antenna 
u s i n g  2.2 MW o f  h e a t i n g  a t  2nd harmonic of hydrogen. Confinement with I C H  
a t  8 > 5X (genera ted  wi th  NBI) is main i s s u e .  - 
T i m e  per iod:  1/89 -- 1/90  

Major goa ls /ques t ions :  9 MW h e a t i n g  us ing  4 antennas i n  phased a r r a y .  Goal. 
i s  s i m u l a t i o n  of C I T  hea t ing .  
2h$ in CIT; o r  LIH + 2me4 i n  (H)-He3-He4 in DIII-D t o  simulate t h e  %le3 + 2 %  
or ‘4-r + 2,$ t r a n s i t i o n s  from minor i ty  t o  second harmonic h e a t i n g  of CZT. 

2% o r  2%e3 i n  H - H ~ ~  plasma to  s i m u l a t e  2% o r  
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IPSG ICRH SURVEY (Part 1) 

Machine: JET Filled outby: P.P. Lallia/JET Date: 1 JULY 1986 

Notes A. 3He or  H m i n o r i t y  i n  deuterium plasma 

B. 

C. 

D.  

E. ~ r o p o s e d  

Combined ICRF + D beam injection + P e l l e t  

Combined ICRF + D beam + LH Current Drive + Pe l l e t  

3 H e  & second harmonic of T ox B & second h m  af D. 
- . 
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IPSG ICRH SURVEY (Part 2) 

Machine: JET 

This survey is intended to rovide a data base for ICH heatin hysics, and 

main objectives ofthe ICH experimental program will be for di erent time pe14ods of 
machine operation. The intent of this part of the survey is to obtain a gualitative 
indication ofthe main questions that  the research you will do will answer. 

% f  technology from 1986 tbroug K 1990. Please indicate in the s aces e ow what the K 

Low q operations 

Timeperiod: 6 / 8 7  - 6/90 

~ ~ j ~ ~ ~ ~ ~ l d ~ ~ ~ ~ ~ i ~ ~ ~ :  A s  above + sawtee th  control by LHCD - Maximum ion 

pressure on axis 

Timeperiod: 1/90 - 1 2 / 9 2  - 
Major goaldquestions: ___ ~ - Qual i fy  and perform T)-T o p e r a t i o n s  

d particle h e a t i n g  

Time period: .........___I 

Major goaldquestions: 

... 
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not authrized 

DATE 

MACHINE & GEOMETRY 
1. R (m) 
2 .  a (m) 
3. Elongation (b/a) 

4. %tor (TI 

5.1, (MA) 
6. tpu I se (s) 
7. Edge (L, D, E, 0 )  

I 1.5-1.7 I 1.5 I ' 
1.4 1 ,  I 4.0 ---k '1* 

1 1.5 I 2.0 1 1 5  

Notes A --- Fast wave Current Drive(O.6MHz) 2?Icu', 
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JFT-2M 
Machine: 

IPSG IC= SURVEY (Part 2) 

This survey is intended to hysics, and 

machine operation. The intent of this part of the survey is to obtain a sualitative 
indication of the main questions that the research you will do will answer. 

rovide 8 data base for ICH heating, 
technology from 1986 througi 1990. Please indicate in the s aces be P ow what  the 
main objectives of the ICH experimental program will be for di K erent time periods of 

41 '86  - 4 1 ' 8 7  
Time period: 

Major goa1dquestions:m ne t inDut Power. ( H ) / D  mode Conv. Regime, 

Confinement S c a l i n g ,  H mode l i k e  plasma. 

Timeperiod: 41 '87  - 41 '88  

Major goaldquestions: 
improverent  of confinement by a c t i v e  c u r r e n t  p r o f i l e  

Curren t  P r o f i l e  Cont ro l  v i a  ICRF c u r r e n t  d r i v e ,  

c o n t r o l .  
_I 

41 '88  - 4/89 T h e  period: 

Major gddquestions: High 6, plasma 7 

improvement of  B, 1 i m i . t  by a c t i v e  c u r r e n t  p r o f i l e  c o n t o r l .  

Timeperiod: 41'89 - 4 / ' 9 0  

~~j~~ goals/questions: Power up and r e c o n s t r u c t i o n  of JFT-2?1, and move -. 
to Naka Itesearch Es tab l i shment .  

( 4T, 1.5MA, ICRF Power lOM!J) 

Timeperid: 41'90 - f + f ' 9 l  

Major goakdquestions: ?lachine s t a r t  up, ohmic Heat ing , -_I. Confinement S c a l i n g ,  

l o w  power ( 3Wd) ICRF h e a t i n g .  
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DATE 1 1986 I 1987 I 1988 I 1989 I 
MACHlNt 81 GkOMETRY 

~~k~ We are discussing now about future plans.  

So, t h i s  i s  a very t e n t a t i v e  one, 



Machine: J1pp '-'Iu 

This survey is intended to hysics, and 

main objectives of the ICH experimental. program will be for di erent time periods of 
machine operation. The intent of this part of the survey is ta obtain a qualitative 
indication of the main questions that the research YOU will do will answer. 

rovide 8 data base for ICH heatin % H  technology from 1986 thrsug R 1990. Please indicate in the s aces e ow what the K 

Time period:-j 986 - 1987 

Major goaldquestions: establishment o f  confinement scaling on High power 
I 

ICRF Heating. 

Time period: 1987 - 1988 

Majorgoaldquestions: mf nf TCRF riirrent d r i v e  at.  700 Y t i z  - .  

( 40 MWz already done ) -_ 

Time period: 1988 - 1989 - 
Major goaldquestions: proof of current drive at very low frequency. 

Time period: 1989 - 1990 

Major goaldquestions: proof of I.B.W. current drive 

Time period: 

Major goaldquestions: 
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Notes 
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m6: ICRH SURrnY (Part 2) 

Machine: JT-60 

This survey is intended to hysics, and 

main objectives of the ICM experimental program will be f w  di erent time periods of 
machine operation. The intent of this part of the survey is to obtain a qualitative 
indication of the main questions that the research you will do will answer. 

rovide a denta base for ICH beatin 

K: technclogy from 1986 throug &, 1990. Please indicate in the s &c~s%efkv what the 

4/85 - 7/86 
Time period: -~ 
Major $aals/questions:Ohmic heating. No aux. heating I = 2.1 MA Divertor 

Time period: 8 / 8 6  - 11 186 

Major goals/questions: Coupling experiment and Heating . .- ._ experiment with phase 

control at 211)CB, 120 MtIz, 1-2 MW, 2 sec. 
-.-I-. 

Time period: 1 I 87  - 3/87 

Major goals/questions: Fast wave current drive and combined heating --I__ 

(2wCH, 2.5 NW, 5 see) with NBI 

Time period: 4 / 8 7  - 12/87 

Majorgoaldquestions: Combined heating (20,~, 5m, 5 see) with NBI.  

Break-even experiment. 

Time period: 

Major goaldquestions: 
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R. WEYNANTS 

TEXTOR 

DATE 

MACHINE & GEOMETRY 

3. Elongation (bla) 

4, BtQf 

5 .  Bo (MA) 

7. Edge (L, D, E, PI  
POWER 

I f H  PARAMETERS 

97. trcHW 
18. Mode 
19. Frac. oper. time 

PLASMA PROPERTIES 
20. ne(I0zQm-3) 

Notes A M m i n o r i t y  o r  2w_, i n  D(H)  plasma 

B W, mode c o n v e r s i o n  i n  D(H) Dlasma 

C 

* ALT-1 ( l o c a l i z e d  pump l i m i t e r  wQ) 
+ width  c e n t r a l  conductor  + a p e r t u r e  gaps 

..- 
3 

H 3  m i n o r i t y  i n  D(H3) Dlasma 

ALT-2 ( t o r o i d a l  pump l i m i t e r  : segmented b e l t )  

L 

** 
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rPSG ICRH SURVEY (Part 2) 

This survey is intended to hysics, and 
technology from 1986 througf: 1990. Please indicate in the s ~ c ~ ~ ~ ~ ~ o ~  what the 

machine operation. The intent of this part of the survey is to obtain a gualitative 
indication of the main questions that the research you will do will answer. 

rovide I$ data base for ICH heatin 

main objectives of the ICH e ~ p e ~ i ~ ~ n t a l  program wil1 be for di K erent time periods of 

Time period: 1986 

~~j~~ g081S/queStiOtlS:Go"inement t ime s t u d i e s  w i t h  I C R H  w i t h  d i  f f e r e n t  

h e a t i n g  s c e n a r i i  

-.--. ____I_____ 

Time period: - 1987 

Major gOds/queStiOnS: I C R H  i n  v r e s e n c e d . t - o . r g i d a 1  pimp l imiter  and .- 
3 .  

p e l l e t  i n j e c t i o n .  Heat ing mode : u i n o r i t y  H o r  H i n  D plasma 
.......... e 

Time period: 1988 

Major goaldquestions: Combined ICRH and N B I  he?.tin-2 

...... 

Time period: 

Major goaldquestions: -_ ...... 

.... 

Time period: 

Major goaldquestions: ....... 
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IPSG ICRH SURVEY (Part 1) 

Machine: TFTR Filled out by: J- Hosea Date:------ 9/11/86 

Notes A f i n a l  modification of antenna elements may be required prior to  tritium 

operation ( - s i m i f i e s  continues a t  same value as f o r  Dre-neriadl 
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IPSG ICRH SURVEY (Part 2) 

Machine: TFTR 

This survey is intended to 

main objectives of the ICH experimental program will be for di erent time periods of 
machine operation. The intent of this part of the survey is to obtain 8 gualitative 
indication of the main questions that the research you will do will answer. 

rovide a data base for ICH heatin 

K technology from 1986 throug R 1990. Please indicate in the s aces 

Major goaldquestions: Design, f ab r i ca t ion ,  and tes t  of high power antennas. 
2 

Design f o r  ~ 1 . 5  kW/cm power density a t  antenna Faraday shield.  Incorporate D&T 

features  re levant  to C I T  where p rac t i ca l .  
I~ 

Timeperiod: 6 /87  4/88 

Majorg~als/questians: 
high densi ty  (21014 cm-3)  and i n  hot ion mode. 
of antennas t o  support modifications as may be required fo r  f u l l  10 INW operation. 

Fabricate and i n s t a l l  modifications a s  needed. 

Gperate a t  6 iTd on TFTR. Test cen t r a l  heating scenarios a t  
Evaluate power handling capab i l i t y  

.... ..... 

Major goaldquestions: 
Optzimize Q = l  scenarios i n  coiijiinction with beam heating. 

on antenna t o  - 2  kw/cm2 i n  support of CIT design. 

CQ e r a t e  a t  10 MN on TFTK,---. 

Push power density tests 
__._I. 

........ l___l 

Time period: . - 3 9 0  - 3/90 

Majorgoals/questions: 
performance fo r  tritium case a t  highest  possible  temperatures and dens i t i e s  

(Ti - 20-30 keV, Te 2 10 k e V ,  n (0) 2 3 x IOm cm 3 ) .  Support physics and antenna 

Operate a t  10 bW on TFTR fo r  D-T plasmas. Evaluate pbysi (3s 

. - 
~~ 

cxtrapolat ioas  t o  CIT .  

N 

Time period: _l__l 

Major goaldquestions: 
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IPSO ICRH SURVEY (Part 1) 
~ ~ d ~ ~ :  TORE SUPRA Filled out by: J. ADAM Date: SePt 3386 

3 A .  First t e s t s  :H or He minority w i t h  D 

B. H d r  He3 m i n o r l t y  w i t h  D; 2 d C H  o r  2 d c  He3 
C .  Vast e f f i c i e n t  mode - Test  o f  2 d C H  usin? guides 

Notes 



8861 :popad array 
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Appendix I) 

Design and Fabrication 

Advanced conceptual des ign ,  p r e l i r n i n a r y  arid f i n a l  des igns ,  fabr ica t ion ,  
modification, delivery, and instaiiation of all CI'Ii' subsystems at t h e  C I'I' site. 

Pre operational,  integrated lesting of all CTT systrrris a n d  controPs pr ior  to 
~ C K I C I X ~ ~ O I I  nf  the first plasma. [CII I:iunchers ark' installed in  the vacuum vesscl 
before first plasma hut a r ~  not t e s t d  in  CIT until sftvr the first plasrn:i is generfpted. 
Prp-oprsationaI testing nf the %GI1 systcrxa is limitcd to hesting of the clc power 
supplies, rf tmmmit tcrs ,  f&C, and pa r t  of thc triinsrnissiori line system to the rf 

karnnly loads. 'k'esting of the launchers wi l l  occur after p f : i s ~ ~ t  Ci111 btl generatr:d in 
the vacuum vessel :inti wiII be e w e t a t i a  Ily an extension O F  pre-operational testing 
iKit0 the plasma operation phase, Launchers will  have been tested and ci~sndi tioncd a t  
full power in the  RFrl'F a t  ORKL as pnrt  of the [ a ~ n c h e r .  production program. This 
will minimizr: the additional testing and conditioning required once the launchers 
are installed on CIT and should allow correction of design and fabrication errors 
hefore installation on CIT. 

Initial plasma operation will begin a t  reduced magnetic field with an ohmically 
heated plasma. Integraled system testing of the IC11 system also occurs during the 
first 6 rrionths of plasma operation because of the need for n plasma load for launcher 
testing. 

First [ C H *  

ICIE experiments on CIT begin about  6 months af ter  the beginning of plasma 
operation on CIT. This gives time to run ohmic heating experiments prior to adding 
the ICH. The initial plasma operation will be a t  reduced magnetic field (8 T) such 
that  IIes minority heating can he accomplished a t  80 MHz. Second harmonic 
deuterium (or fundamental hydrogen) heating could be done at a further reduced 
magnetic field of about 7 T. At full magnetic field, the heating mode options are 
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limited to fundamental deuterium, second harmonic tritium, minority He'), and  
minority IIe.2. 

11.2 CIT ICH SYS'I'EM 

Advanced Conceptual Ilesign 

Completion of the conceptual design and  advanced conceptual design report .  
Completion of t h i s  task occurs when PACE funding begins. At the end of conceptual 
design, an  overall system configuration will  h a w  been generated with a proposed 
launcher concept. The launcher concept is assumed to change throughout the 
launcher K&D program b u t  is retained in the PACE design to help identify potential 
interferences with other CrI' systems, to give a basis for the cost estimate, and to 
help direct the R&D program to the greatest benefit of the CT'I' experiment. 

Preliminary detailed design of ICH subsystems ends with the formal Preliminary 
Design Review of the system. Each ICE subsystem is designed in enough detail to 
determine that the design is feasible and to identify all subsystem interfaces and 
potential design, fabrication, assembly, installation, or operational problems. Each 
subsystem of the ICH system will have a conceptual design and some design details 
a t  the end of this period. 

Final Iksign 

Final design of the ICH system generates fabrication and installation drawings of all 
ICE1 subsystems, including launchers. Final design changes after the preliminary 
design phase a re  incorporated into the design in  preparation for fabrication. 
Purchase, fabrication, and modifications begin immediately after the final design 
phase. 

Integrated System Test 

Testing of the entire ICH system, as installed into the launchers on CIT. This  
requires a plasma to be present and  therefore follows the CIT integrated system 
tests. As much of the ICE1 system as possible is tested before this test so tha t  only 
part of the transmission line and the antennas must be tested at this point. Prior to 
this test, each launcher will have been conditioned and tested to full current and 
voltage into a plasma load in the ORNL RF'l'F. 
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11.3 ICH LAUNCHERS 

The overall goal of the CIT antenna development program is to develop a launcher 
operable a t  high frequency (> 100 MIIz), long pulse (5 s) ,  and high power density 
(2-2.5 kW/cm2) in a high magnetic field and high neutron fluence environment with 
high disruption loads. Eliminating dielectrics, increasing power density capability, 
and increasing frequency of operation are design goals. Generating a mechanical 
design that  is  able to withstand large disruption forces and is remotely maintainable 
are goals in the mechanical design of I h c  launcher. The antenna R&D program is 
designed to address these specific needs. 

Test Antennas I)esign/Fahrication 

Design and construct low-power models of the CIT prototype launchers ( P  < 1 W). 
Test designs and variations to determine the electrical parameters of the launchers 
and aid in the development of the mechanical design, assembly and maintenance 
procedures. Explore potential mechanical and electrical designs of the Fw-aday 
shield. Generate  fabrication a n d  assembly techniques sui table  for the CII' 
environment (high disruption Loads, high neutron fluence, high magnetic fields, 
remote maintenance) .  Investigate effects of changes in  launcher  and  port 
dimensions :ind parameterize the launcher before higher-power tests in EZ,FTF, 

'I'ests i 11 R Fl' F 

Design and fabricate a moderate-power ( 100-kW) developmental antenna based on 
low-power antenna tests. Attempt to incorporate as many rf and mechanical design 
features of the f i n d  design as possible in the ILtF'I'F test antenna. Test electrical and 
mechanical operation in RFTF a t  high voltage and high current. Iterate the design 
as necessary to develop a design usable at high power density (2-2.5 kWlcm2) in the 
CIT environment. Later tests in RFTF will he at full power and will use a modified 
F M IT transrni t te r . 

C-Mod Ilesign and Fabrication 

Design and fabricate a CIT-like ECH launcher for testing in Alcator C-Mod. This 
should be a scaled version of the Ci'I' launcher and should incorporate as many of the 
design features of the CIT launcher as possible. This task must occur early enough 
that design improvements in Ct'I' are still possible. The launcher will then be 
operated in C-Mod with the 6-Mod power units, transmission line, and I&C system. 

CIT Iksign and Fabrication 

Based on results of lowpower, RFTF,  and C-Mod tests and the CTT R&D program, 
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modify the design as necessary and  fabricate CIT launchers that meet the system 
requirements, 

High-Power Tests in RF'I'F 

Production test  a n d  condition each launcher in RF'I'F a t  high rf voltage a n d  current  
to verify i ts  integrity and  to condition the launcher before installation on CIT. This  
is necessary to minimize the amount  of experimental time needed to bring a new 
launcher up to full operational capability. This will be essential later in the CIT 
program because t h e  ac t iva ted  CIT m a c h i n e  will  p rec lude  a n y  h a n d s - o n  
maintenance of the launchers once they have been installed on the machine. 

C 1'1' I n sta 1 I a t,i o n 

Install the  tested and  conditioncd launchers on CIT. ' fhe launchers are  modular a n d  
are  designed fu r  remote maintenance,  so th i s  task  will be mainly a "plug-in" 
operation wi th  a minimum number  of cooling, instrumenta tion and  rf power 
connections necessary. Leak-check a n d  tes t  t h e  ins ta l led  launcher  module  
mechanically and c:lectrically in  preparation for high rf power testing. 

11.4 ICH f30WII:R UNI'I'S 

' I' u be I )  eve  I o p me n t 

Test the EIMAC X-2242 tube to determine i ts  power handling capability versus 
frequency. If the X-2242 will not  meet  t h e  r e q u i r e m e n t s  for %IT, a w a r d  a 
subcontract to R tube manufacturer to develop or modify a tube to meet the CIT 
requirements. 

Issue a subcontract to industry to design the upgrades to a n  FMIT power uni t  to meet  
the  CIT rf power requirements.  CIT requires a t u n a h l e  f requency r a n g e  of 
60-110MHz, wi th  a n  o u t p u t  power of 2 MW per t r a n s m i t t e r  a t  9 5  M H Z .  
Modifications will require using a new final power amplifier tube, upgrading the dc 
power suppl ies ,  a n d  itnstalling a n e w  cavi ty  to meet  f requency a n d  power 
requirements. In addition, I&C modifications will be required to allow remote 
control and  monitoring of the transmitter.  

T h e  first modified FMI'I' uni t  will be installed a t  OEZN-L. The modification will be 
done in two phases. The  first  phase in  FY 1988 will  upgrade t h e  low a n d  
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intermediate power stages of the unit to the 60-110 MHz range, and will provide an 
output power of -100 kW that  can be used in antenna tests in RFTF. The second 
phase, in FY 1990, will be the modification of the final power amplifier stage and 
testing to ful l  rated output power. 

1~'Ril i'l' Modifications-Units 2-7 

An industrial subcontractor will modify Units 2-7 based on the design arid testing of 
Unit 1, The sutwontractor will perform factory tests up to but not including the final 
acceptance tests, which will be performed a t  the CIT sitc after installation. The 
units will be shipped to the CT'I' site, where lhcy will then be installed and tested. 
This  will be done in a sequential manner, with approximately three months between 
the completion Of installation of each FMl'I' unit. 
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