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Summary 

A calorimeter has been designed for use with the 
TFTR prototype .aeutral beam injection system. It con
sists of three vees each having two 18.8-mm-thick 
(0,75 in.) copper plates at a 6-deg angle, relative to 
the beam centerline. The maximum power density on a 
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plate with this arrangement will be 2.0 kW/cm , result
ing in a front surface temperature rise of abouc 420°C. 
A support and retraction system moves the calorimeter 
in and out of the beam centerline. Various factors 
used in the selection of the absorber place material 
will be discussed and also some experimental test 
results will be presented. 

Purpose of the Calorimeter 

When the ulorimeter is moved into the centerline 
of the beam, i: will provide a target i'or source test
ing. By measuring the equilibrium temperature at var
ious locations on the absorber plates, the beam profile 
can be determim . The divergence angles of the beam 
(— point), «s wfej1 as the maximum power density, can 
then 'je calculated. If the calorimeter is used with 
the ion deflection magnet turned on, tho energy con
tained only in the neutrals will be m jsured. If 
the ion magnet is off, then the power contained in 
both che ions and r. utrals will be measured. 

Introduction 

The purpose of the Tokamak Fusion Test Reactor 
(TFTR) is to combine all the necessary physics condi
tions for a net production of fusion energy. Present 
plans call for it to be operating at the Princeton 
Plasma Physics Laboratory in the early 1980's. 

A major part of the TFTR project is the design and 
construction of several neutral beam injection systems. 
These systems will inject high-energy neutral deuterium 
atoms in the plasma, raising its temperature to 
50-100 million QC. Figure 1 shows an elevated view of 
a neutral beam injection system, consisting of: a 
vacuum vessel ; three ion sources; three neutrali^er 
ducts, where high energy D ions charge exchange to D° 
neutrals; an ion deflection magnet to deflect the 
remaining ions from the beam; an ion aump to absorb the 
energy from che deflected ions; a calorimeter for source 
testing; and large cryopanels to provide the fast pump
ing speeds required to limit further charge exchange 

3 outside the neutralizes 

The InjecCion sysCem :.s divided into three pumping 
chambers by baffles running from the top of the vacuum 
chamber to the bottom. This arrangement allows excess 
deuterium gas to be differentially pumped, with the 
lowest pressure in the chamber containing the calorim
eter. The three ion sources are aimed through a duct 
into the torus. For testing the sources, a calorimeter 
is lowered into the beam line absorbing the energy in 
the neutral and ion beam. 

Calor ieter Specification 

The calorimeter insists of essentially two part^; 
the energy absorbing i-lates and the retraction and sup
port part. Figure 2 shows the overall appearance of the 
calorimeter and Fig. 3 shows a plan view of the cover 
plate. 

The calorimeter used in the neutral beam line must 
have the ability to move into a beam centerline for 
testing, and move out of the way for normal operation. 
It must absorb 7.2 MW of 120 keV neutral and ion beam 
power generated by a 10 * 40 cm source with a pulse 
width of 0.5 s. The power density profile at the calo
rimeter location is shown In Fig. 4. The normal pulse 
race is one shot per 5 rain. For source conditioning, a 
pulse rate of one shot per minute may be used. The calo
rimeter is expected to be a high maintenance item and 
must be easily removed from the vacuum vessel. A 1.32-m 
(52 in.) port for the calorimeter assembly is provided 
in the vacuum vessel. Because the fuel used at the 
Princeton Plasma Physics Laboratory (PPPL) will be a 
deuterium-tritium mixture, remote handling capabilities 
must be incorporated intc the design. The life of the 
calorimeter is estimated to be 5000 shots or about 
2 years of operation-

Energy Absorber Plate Selection 

The basic energy absorber, for high energy beams of 
short pulse duration, consists of flat plates inclined 
at a specified angle to reduce the power density. To 
Initially select possible materials for the plate, a 
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Fig. 1. Elevated view of the Neutral Beam Injection System. 
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Fig. 2. Elevated view of the calorimeter. 
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Fig. 3. Plan view of the calorimeter cover plate. 
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Fig. 4. Power density at tiie calorimeter location. 

figure of merit was used. For example, for a semi-
infinite plate exposed to a constant heat flux, the 

4 fr'.-nt surface temperature rise is : 

wher-i T is temperature, Fo is heat flux, t is time, k i 
diffusivity, p is density, and c is specific heat. If 
AT equals the melting point of the material minus the 
initial tempera tun? 
merit. 

then: AT (kpc) 1/2 figure of 

Figures of merit for some possible materials are: 

Figure of 
Material merit, * 10 
Tungsten 7.00 
Molybdenum 5.24 
Copper 4.00 
Mild Steel 2.44 
Al Alloy 1.43 

Cost is an important consideration when selecting 
plate materials. Estimated costs of several possible 
materials are: copper - $4.4/kg ($2/lb); tungsten 
- $44.1/kg ($20/lb); and molybdenum - $26.4/kg ($12/lb). 
Many kilograms of absorber material will be needed for 
TFTR, therefore, the costs of using tungsten or molybde
num becomes significant when compared to copper costs. 

During teiits conducted at PPPL, the front surface 
of copper wiis Seated to about 800°C for approximately 
1000 shots. These tests indicated that copper should 
last the required number of shots, with little damage. 
The 800°C front-surface temperature was used as a maxi
mum desired value. 

One of the disadvantages of using copper is its 
high sputtering rate. For example, the difference in 
normalized sputtering rates with 20 keV incident D 
particles is : 

Cu 1.0 
Mo 0.3 
W 0.02 

The amount of material sputtered off the heat sink may 
be decreased by either using a material different from 
copper, or clidrimg the copper surface with another 
material. One possibility is to put tungsten over the 
surface of the copper plate. The cost difference 
between a solid tungsten plate is approximately 20 tines 
the cost of a tungsten-clad copper plate. 

Plate Design 

After considering the potential materials, copper 
was chosen as the absorber material. The results in 
Figs. 5, 6 and 7, for copper, can be calculated using 
room temperature properties, and using the solution of 
the thermal diffusion equation for heat flux in one side 
•)f a plate and an insulated backside. Figure 5 shows 
that a 18.8-mm (0.75 in.) copper plate is infinitely 
thick for a 0.5-s pulse. The front-surface temperature 
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rise for a 2.0 kW/cm*" maximum power density input is 
about 420°C. The maximum equilibrium temperature of the 
plate will be about 150rC I'JL" the same power inpL". If 
a maximum limit o!" 800°C for the front surface is 
assumed, the beam on time can increase to about 1.6 s. 

Although the normal mode of operation calls for one 
shot every 5 min, there is a possibility that during 
source conditioning a rate of one per minute will be 
required. To cool the copper plates in this amount of 
time, the b. 4-inin-l.D. cooling pipes are spaced 60 mm 
apart. Assuming the film coefficient in the pipes does 
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not decrease to less th.in 0.2 cal/cnT'sec °C, and using 
the Dittus-Boelter en lation, a flow of 1.51 kg/s (24 CPM) 
will be required lor each vee. At this flow rate, the 
water in the pipes will be turbulent. 

Retraction and Support Design 

The TFTR calorimeter consists of three vees side by 
side. Figure 8 illustrates a single vee subassembly. 
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Fig. 5. Temperature rise per kW/cm versus plate 
thickness for copper; pulse width is 0.5 s. 
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Fig. 6. Temperatire rise per kW/cm versus pjlse 
width for a 18.6-mm-thick copper plate. 
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Fig. 7. Temperature rise per kW/cm versus position x 
of a 18.8-mm copper plate. 

Each vee is tvo rectangular oxygen free high conductivity 
(OFHC) copper plates at an angle of about 6 deg to the 
beam center line. This angle decreases the maximum power 

2 density to about 2.0 kW/cm . The plate will expand 
about 5 JDJB vertically and horizontally. By supporting 
the plates at the top and not restraining them at the 
bottom, the plates can expand as required. The back of 
the vees are prevented from opening by through-bolts; 
bowing of both plates is prevented by a stiff back sup
port. Belleville washers are used to hold the plates 

Cooling 
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Fig. 8. Vee subassembly. 

together, and to keep the bolts from experiencing large 
stress fluctuations as a result of thermal expansion of 
the copper. The chree back supports are bolted together 
to further increase the stiffness and to maintain 
centerline spacing. 

The design of the system allows easy removal of one 
of the vees with its water manifolds, back support and 
electrical diagnostics lines. This is accomplished by 
pulling three-ball detent pins at' the bottom-front of 
the vees; removing the bottom plates; disconnecting two 
water lines; pulling two-ball detent pins at the top of 
the vees; and disconnecting the electrical lines from 
the cover plate. A single vee assembly can then be 
lowered away from the calorimeter system (Fig. 8). 
Using ball detent pins and easily accessible bolts 
should facilitate remote assembly and disassembly of 
the system. All bolts are fastened with helicoil 
inserts. 

The three vees are attached to a middle plate. 
This middle plate is attached to four 10.2 mm O in.) O.D. 
pipes. The pipes carry the weight of the vees and also 
supply inlet and exit water. One of the pipes will 
carry in all the water for the three vees. Each of the 
three remaining pipes carry out water from a single vee. 
This allows water temperature and flow measurements to 
be made outside the vacuum. Alignment of the assembly 
is facilitated by bearings held in the cover plate. 

Outside the vacuum vessel, the four pipes are 
bolted to a carriage. The assembly is driven up and 
down within 3 rain by a motor and a screw. A blowout 
line is provided to remove the water in case of pumping 
failure. This is necessary because of the proximity of 
the large 80 K cryopumps. Side shields protect the 
sides of the calorimeter from the cold surfaces. Using 
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the equation for power density for a diffuse source, 
and divergences of 0.7 deg and 2.0 deg, it is possible 
to select a plate height of 430 mm (16.9 in.) from the 
beam centerline. 

All the elements of the assembly were analysed for 
a 0.5 g earthquake load (an LBL requirement). The 
ribbing of the middle plate was determined using beam 
theory and the cover plate ribbing using plate theory. 
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The total weight of the system including the cover plate 
is 3600 kgm (8000 lb.). 

Calorimeter Diagnostics 

The primary diagnostic for the calorimeter is an 
array of thermistors mounted about 12 mm (0.5 in.) into 
the copper plates from the back. As shown in Fig. 7, 
this is the location of the calculated equilibrium tem
perature for a 0.5 s pulse. The thermistors are rated 
to 300°C and have a time constant of less than I s . A 
test is planned to determine the consistent accuracy of 
this value. The output Qf the thermistors can be dig
itized and displayed on a, computer monitor and also 
printed out. The profile can be integrated and the 
beam power calculated by computer. The closeness of the 
water pipes to the thermistors may cause the profile to 
"smear" if the water is running while data is being 
collected. For this reason, the water will normally be 
turned off for accurate beam profile measurement. By 
measuring the mass flow and temperature rise of the 
water, the total power in the calorimeter can be deter
mined. These measurements are available for each vee 
of the calorimeter. 

Limit switches and two other micro switches are 
provided in the motor lift mechanism. These switches 
are interlocked to ensure that the beam is not fired 
unless the calorimeter is either completely up or down. 

Research and Development 

As the pulse width and power of neutral beams 
increases, thermal inerttal beam dumps will not be 
practical and active cooling will be required. During 
the last several months, Lawrence Livermore Laboratory 
has sponsored a contract with RCA to test an active 
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cooling concept. Their configuration for a 2.0 kW/cm 
average power input is shewn in Fig. 9. Several tests 
on flat plates have been conducted on Test Stand III A 
at Lawrence Berkeley Laboratory, In the first test a 
plate was exposed to a maximum power density of about 

i tftf" Fins 
10 Equal spaces 
at 6 35 mm X 
1.27 mm deep 

Copper-

Fig. 9. RCA configuration for active cooling. 

Fig. 10. Front surface of copper plate exposed to 
2 

about 2.5 kW/cm (120 keV hydrogen beam). 

Fig. 11. Grooved plate after exposure to approx-
2 

imately 1.4 kW/cm , about 300 shots (110 keV hydrogen 
beam). 
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