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Abstract 
An engineering study was performed on the rf and 
neutral beam heating systems implemented for DIII-D, 
HFTF-B, JET, JT-60 and TFTR. Areas covered include: 
methodology used to implement the systems, 
technology, cost, schedule, performance, problems 
encountered and lessons learned. Systems are 
compared and contrasted in the areas studied. 
Summary statements are made on common problems and 
lessons learned. 

Introduction 

The D&T (Development and Technology) Branch of the 
OFE (Office of Fusion Energy), in 1986, authorized an 
engineering study be performed to summarize the 
salient information on the various heating systems 
implemented for the world class magnetic fusion 
machines (see Table I). 

TABLE I . HEATING SYSTEM'S STUDIED FOR THE 
WORLD CLASS HAGNETIC FUSION- EXPERIMENTS 

DIII-D JET JT-60 HFTF-D TFTR 

Neutral Bean Heating X X X X X 

Ion Cyclotron Heating X X X X X 

Electron Cyclotron Heating X X 

Lover Hybrid Heating X 

a. The HFTF-B Project was cancel led October, 1985, and the 
heat ing systems were not completed. 

* Work performed under EKe ausp ices of tKe U.S. 
Department of Energy by the Lawrence Livermore 
Na t iona l Laboratory under cont rac t number 
W-7405-ENG-4B. 

The data base for t h i s study was ga thered by 
in te rv iewing the JET and JT-60 people r e spons ib l e for 
the neu t r a l beam and rf systems and c o l l e c t i n g 
p r o j e c t and cost in format ion . [1) DIII-D and TFTR 
submitted cost packages s p e c i f i c to t h i s s tudy , but 
were not v i s i t e d because the authors a l ready had the 
p ro jec t information r e q u i r e d . [2 , 31 

The primary purpose of the study was to compile a 
d a t a base of exper ience , compare and con t r a s t p r o j e c t 
parameters for the va r ious systems, and summarize the 
r e s u l t i n g information, DOE had a s p e c i f i c i n t e r e s t 
i n the cost of the var ious systems and the l e s s o n s 
learned in implementing them. 

The es t imates at completion given are the a c t u a l 
c o s t s spent plus the e s t ima tes to complete for the 
va r ious systems. Using the cost e s t i m a t e s , to 
compare or p red ic t c o s t s , i s a q u a l i t a t i v e e x e r c i s e 
a t b e s t . System unique f ea tu r e s , assumptions on 
ope ra t ing modes, ex t en t of QA and t e s t i n g , 
e s c a l a t i o n , exchange r a t e s , and market c o n d i t i o n s , 
s i n g l y and c o l l e c t i v e l y , can af fec t e s t ima te s by a 
f a c to r of 2. 

Neut ra l Beam Systems 

Neutra l beam systems have been cons t ruc ted and 
operated on a l l the world c l a s s magnetic fus ion 
experiments s tud i ed . The parameters for the n e u t r a l 
beam systems are given in Table I I . 

TABLE I I . NEUTRAL BEAM SYSTEM PARAMETERS 

DIII-D 
Number of Power Suppl ies 8 

Vol tage/Current Rating(kV/A) 90/100 

Number of Sources 8 

Voltage/Current(kV/A):Gas 80/80:H 

Number of Beamlines 4 

System Pulse Length ( s ) 3-5 

Duty Cycle (X) 1 

JT-60 
14 

100/96 

28 

75/35:H 2 

14 

10 

3 .3 

JET 
a 

16 

BO/60 

16 

80/60:H. 

10 

3.3 

HFTF-B 
22 

9 0 / 9 0 

22 

8 0 / 8 0 : D 2 

11 c 

0 . 5 / 3 0 

1.0 

TFTR 
12 

150/70 

12 

120/70:D, 

2 

0.1 

a. The JET n e u t r a l beam system can be reconf igured by connecting two power suppl ies 
in s e r i e s fo r a combined r a t i n g of 160kV/60A. 

b. The JT-60 sources have three o p e r a t i n g modes with hydrogen: 75kV/35A and 40kV/NA, 
which have been demonstrated, and 90kV/48A uhich i s planned to be demonstrated in 
the Spring of 1988. 

c . MFTF-B had 4 beamlines with one 30s s o u r c e , 2 beamlines with one 30s source and 
one 0 .5s source , 5 beamlines with two 0.5s sources and four 0 .5s source1;; veie 
connected d i r e c t l y to the vacuum vesse l w a l l . 



The methodology used to implement the various neutral 
beams systems was very similar. Physics requirements 
were established which initiated a source development 
program with appropriate test facilities. Culham 
Laboratory developed sources for JET, JT-60 developed 
their own sources and LBL devliped sources for DIII-
D, HFTF-B and TFTR. 

Power supply designs were accomplished via 
performance specifications and implementation was 
done by industry. The power supplies for JT-GO, 
DIII-D, HFTF-B and TFTR were purchased under a single 
performance specification and to the degree practical 
from a single vendor, while JET elected to purchase 
their supplies under multiple contracts. The JET 
modulator regulator prototype was designed and built 
by a U.S. firm and the technology was transferred to 
a European firm. 

The beamlines were treated separately from the power 
supplies. Much of the design was done in-house and 
the methodology of implementation varied. JT-60 and 
HFTF-B had a single contractor build their beamlines. 
DIII-D, JET and TFTR served as the integrating 
contractor; bought pitce parts and assembled their 
own beamlines. JT-60 protested all their beamlines 
prior to installing them on the Tokamak. 

The technology used for the various neutral beam 
systems was quite similar. The significant 
exceptions were: the US, namely; DIII-D, HFTF-B and 
TFTR used rail type, high current density sources, 
whereas JET and JT-60 used whole type grid 
technology; JT-60, used gated turn-off thyristors in 
the modulator regulator section of their power 
supplies in place of a high power vacuum tube; both 
the DIII-D and TFTR beamlines are quasi-long pulse in 
that they used short pulse technology for the beam 
dumps which reduced cost, complexity and risk. 

The cost estimates at completion for the various 
neutral beam systems are shown in Table III. The 
exchange rates used were 250 yen per dollar for JT-60 
and 1 ECU per dollar for JET. The estimates were not 
escalated since the construction periods for the 
various systems were roughly the same. 

The average length of the Neutral Beam Projects is 
estimated to be 8 years, and the mid-points occurred 
in the early 1980'?. The DIII-D and TFTR systems 
have undergone significant upgrades, which included 
all new long pulse sources. 

Problems Encountered 

The problems encountered with the various neutral 
beam systems were numerous. In all cases, the 
sources required continued development and attention 
during the implementation phase of the power supplies 
and beamlines. The power tubes used in the JET, 
JT-60, HFTF-B, and TFTR modulator regulators did not 
perform satisfactorily, all of which suffered from 
parasitic oscillation problems. JT-60 ultimately 
replaced their tube with gated turn-off thyristors. 

JET and TFTR had difficulty with predicting beam 
trajectories and both installed active bucking coils 
to nullify the effects of stray magnetic fields. JET 
continues to have difficulty with beamline 
components. 

DIII-D, HFTF-B and TFTR had difficulty with vendoi 
performance on power supply contracts. Problems were 
encountered in almost all areas: design, 
construction and test; high voltage, high power, 
grounding and shielding, controls and systems 
integration. Essentially, the power supply systems, 
as delivered, were used as kits and upgraded to 
achieve desired performance. The last four power 
supplies delivered to DIII-D were an exception. 

In all cases, the systems integration function was 
not carried out effectively. Sources, beamlines, 
power supplies, and to some degree controls, were 
typically run as separate projects. Form, fit and 
function were often found to be unacceptable when the 
subsystems were interfaced and/or tested as part of 
the complete system. Tight space constraints often 
caused latent and serious problems. 

Lessons Learned 

Developmental items, such as sources and high voltage 
tubes, took five or more years to complete, A 
vigorous and complete test program, whereby devices 
and subsystems are fully qualified, is prerequisite 
to ensuring overall schedules are achieved. 

The powers and energies available from long pulse 
sources is simply awesome. Accurate predictive 
models, adequate beam codes, and extensive analysis 
are required to ensure reliable beamline operation. 

TABLE III. COST AND POWER RATINGS FOR THE NEUTRAL BEAM HEATING 
SYSTEHS* 

ESTIMATE 
AT 

C0HPLETI0N 
(H$) 

INPUT 
ELECTRICAL 
POWER 

(HW) 

ION 
BEAM 
POWER 
(HW) 

POWER 
INCIDENT 
ON PLASHA 

(HW) 

POWER 
ABSORBED 
IN PLASHA 

(HW) 

61 60 51 14 11 
JT-60 133 82 20 

JET 66 100 77 lb 1.1 

HFTF-B 86 176 U l 42 40 

TFTR 163 126 101 25 24 
The power ratings ate based on the soutce parameters given in 
Table II. The power ratings could be increased if operation 
modes are changed and/or the systems is upgraded. 

a. Estimate 



TABLE IV. ICRH SYSTEM PARAHETERS 

DIII-D a JT-60 JSIb HFTF-B TFTR 

Number of r f Genera tors 1 e 16 2 4 

Rating of rf Genera tors (MW) 2.25 0.75 1.5 1 . 0 c 

Number of Antennas 1 4 8 2 2 

Frequency (HHz) 30 to 60 110/120/130 23 to 57 6 tD 20 c 

Pulse Length(s) 5 10 20 30 2 

Duty Cycle (X) 1.0 1.66 3.33 10 0 .6 

a. DIII-D is using an existing FHIT transmitter upgraded to 2.25 HU. The system 
is scheduled to be operational late 19BB. 

b. JET plans on upgrading their rf generators from 1.5 HW to 2.0 HW. 

c. TFTR is using! two existing transmitters, rated at 3 HW, with a discreet 
frequency of 47 MHz; and two upgraded FMIT transmitters, rated at 1.5 HW, 
with a frequency range from 40 to 80 HHz. The system is scheduled to be 
operational at 6 MW late 1987 and upgraded to full power mid 1988. 

The systems integration function was found to be 
inadequate on all systems studied. Running sources, 
beamlines, and power supplies as separate projects 
contributed to latent interface problems. 

The industrial base, capable of producing neutral 
beam systems, is yet to be developed in Europe and 
the U.S. 

RF Systems 

ICRH systems have been implemented or are under 
construction for all the world class magnetic fusion 
experiments studied. The parameters for ICRH systems 
are given in Table IV. Only the systems for JET and 
JT-60 will be discussed in that the systems for DIII-
D, HFTF-B and TFTR are relatively small, have not 
been completed and in the case of DIII-D and TFTR, 
rely heavily on existing, used equipment. 

The methodology used to implement the JET and JT-60, 
ICRH Systems was similar with the exception of the 
antennas. JET first built and tested inertially 
cooled antennas on the Tokamak, before undertaking 
the full compliment of water cooled antennas, whereas 
JT-60 built the final antennas at the outset. 

By far, the antenna systems were the high technology 
components of the ICRH systems. Cooling, 
adjustability with respect to the plasma and 
protecting the active portion of the antennas from 
the plasma were the major technical challenges. The 
rf generators and transmission systems are a 
relatively mature technology. 

The cost estimates at completion and power ratings 
for the various ICRH systems are shown in Table V. 
The exchange rates used were 250 yen per dollar and 1 
ECU per dollar. The estimates were not escalated 
since the construction periods for the JT-60 and JET 
systems were about the same. 

TABLE V. COST AND POWER RATINGS FOR THE ION 
CYCLOTRON HEATING SYSTEHS 

E s t i m a t e 
At 

Complet ion 
(MS) 

I n p u t 
Electr ica l 

Power 
(MW) 

Generated 
rf 

Power 
(HW) 

2.2 

Pover 
Incident 

On 
Plasma 

(HW) 

NA 

Pover 
Absorbed 

By 
Plasma 

(HU) 

D I I I - D 3 NA 

Generated 
rf 

Power 
(HW) 

2.2 

Pover 
Incident 

On 
Plasma 

(HW) 

NA NA 

J T - 6 0 14 16 6 5 2.5 

JET 40 53 24 NA 12 

HFTF-B 8 3 2 NA NA 

TFTR 11 IV 9 7 NA 

A difficult design problem associated with ICRH is 
maintaining efficient coupling between the antenna 
and the plasma. The three design issues that have to 
be satisfied are: close proximity to the plasma to 
maximize coupling; sufficient stand off from the 
plasma to ensure survivability of the antenna; and 
adjustability of the antenna to ensure the antenna is 
corectly positioned for the various operating modes 
of the Tokamak. 

Lessons Learned 
The phased approach used by JET to test simple 
uncooled antennas prior to committing to a final 
water cooled design was cost effective and lessened 
technical and schedular risk. 

Conditioning of the rf wave guides and amennas was 
more problematic and took longer than expected. 

ICRH technology is relatively mature and has a well 
established industrial base in Europe, Japan and the 
U.S. 

LH/JT-60 

Problems Encountered 
Most of the problems associated with the ICRH system 
were in the area of antenna construction and 
operation. JT-60 had difficulty conditioning their 
antennas up to full power. 

JT-60 has implemented a LH (Lower Hybrid) system, 
wherein the fundamental building block is a klystron 
rated at 1 MW. The system is comprised of three-
phased array (8 x 4) launchers each driven by 32 
waveguides, which in turn are driven by 8 klystrons. 
There are 24 klystrons in all, producing 24 Hw of rf 
pover. The system has 5 discreet frequencies from 
1.7 GHz to 2.3 GHz and a duty cycle of 1.66X. 



The system vas designed, constructed and tested over 
a seven year period and became operational mid 1986. 
The system power ratings are 15 HV power incident on 
the plasma and 7.5 MW power absorbed. The cost for 
the system was 53 H$, given an exchange rate of 250 
yen to the dollar. 

ECRH/DIII-D And HFTF-B 

ECRH (Electron Cyclotron Resonance Heating) systems 
have been implemented for DIII-D and MFTF-B. The 
fundamental building block for both systems is a 
gyrotron rated at 200 KW. The design approach for 
the DIII-D system is significantly different than the 
system for HFTF-B. The DIII-D system drives all the 
gyrotrons in parallel from a common power 
supply/modulator regulator, whereas the HFTF-B uses a 
common power supply, but each gyrotron is controlled 
from a dedicated modulator regulator. 

The DIII-D system currently uses 6 gyrotrons and is 
expandable to 10. The gyrotron frequency is 60 GHz 
and the system is rated for a 0.3s pulse length. The 
system produced 1.2 HW in 1985. 

The overall cost for the DIII-D system was 7.6 H$, 
which does not take credit for using an existing 
90kV/100A dc power supply. 

The HFTF-B system uses B gyrotrons with a combined 
rating of 1.6 MU. There are 2 gyrotrons at 28 GHz, 2 
at 35 GHz, and 4 at 56 GHz, all rated for 30s. The 
system never became fully operational due to the 
HFTF-B Project being cancelled. 

The estimate at completion for the HFTF-B, ECRH 
system is 17.6 HS which, does not take credit for the 
use of an existing 90 kV/90A dc power supply. 

Summary 

Large neutral beam systems have been implemented and 
made operational on all the world class Tokamaks, 
notwithstanding the system built for MFTF-B, which 
was never finished. The technology has significantly 
matured, though an industrial base for neutral beam 
systems is yet to be developed in Europe and the U.S. 
Implementation of future neutral beam systems could 
benefit from integrating the source, beamline and 
power supply projects. The impact of space 

constraints should be elevated to a high level in the 
early design phase, and the function of system 
integration and interface control should be given 
high priority. The estimates at completion for the 
neutral beams studied had a large variance and the 
U.S. systems underwent significant modifications and 
upgrades. 

ICRH systems have been implemented and made 
operational on JET and JT-60. The technology is 
relatively mature and an industrial base for ICRH 
systems is established in Europe, Japan, and the U.S. 
The antenna system presents the greatesL technical 
challenge wherein plasma coupling and antenna 
servivability are contradictory. 

A summary of costs per watt of ion or rf power 
generated and power abosorbed, and overall system 
efficiency can be found in Table VI. It is 
interesting to note that the cost per watt for 
neutral beam heating is a relatively conservative 
number based on current system performance. If full 
existing system capability is used, as in the case of 
JT-60, the cost per watt would decrease by over 502, 
to $4.50 per watt for power absorbed. 

Conclusions and Recommendations 

Neutral beam technology has significantly matured 
over the last 10 years with large scale systems 
operating on DIII-D, JET, JT-60 and TFTR. An 
industrial base capable of producing neutral beam 
systems is yet to be developed in Europe or the U.S. 

ICRH and LH technology is relatively mature with a 
well established industrial base. 

ECRH technology is relatively immature with a minimal 
data base available as a predictor for future 
systems. 

RF and neutral beam systems are comparable in cost 
and efficiencies. Choosing one over the other should 
be made on a technical basis rather than an economic 
one. 

High voltage devices, such as sources and high power 
vacuum tubes, have required constant attention to get 
them to meet specification, and typically they take 
at least 5 years to perfect. Even old technology, 
su'.h as ignitions, have not performed reliably in 
fusion heating systems. 

TABLE VI. HEATING SYSTEH SUHMARY 

Neutral Beam Heating 

Cost Per Vatt 
of ion or rf 
Power Generated 

$ 1.70 

Cost Per Vatt Overall Efficiency 
of Power Power Absorbed/ 
Absorbed Electrical Power Used 

S 7.00 20X 

Ion Cyclotron Heating, 

Electron Cyclotron Heating 

Lower Hybrid Hea t ing , 

S 2.00 $ it.00 

-S10.00 -5)0.00 

$ 2 . 2 0 $ 7.00 

15* 

152 

152 

Cost per watt based on TFTR and JT-60 systems. JT-60 plans on operating 
their sources at 90kV/A8A in 1?88 versus the present operating point of 
75kV/35A, which would decrease the cost per vatt from 51.HO per watt, ion 
power and 57.39 per watt, absorbed power to 51.10 per watt, ion power and 
$4.50 per watt, absorbed power. 

Cost per watt based on JET and JT-60 systems. 

Cost per watt principally based on MFTF-B system. 

Cnsr npr vatt haned nn IT-60 Tv^tom. 



Heating systems should be given high priority in the 
planning phase of experiments and should be included 
as a fundamental system as compared to being treated 
as an auxiliary system. Space allocation should be 
treated as one of the key system variables. 

Heating systems should be managed as an integrated 
project and priority given to; system integration; 
the interface between the development phase and the 
construction phase; and, component, subsystem and 
system test. 
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