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ABSTRACT

Two millimeters thick Beryllium tiles, induction brazed onto an actively cooled
CuCrZr vapotron, have been exposed to 1000 cycles with peak power densities of
12.5 + 1.5 MW/m?2. During the cycling all tiles maintained the cooling without
deterioration. In an area of 200 x 54 mm?2 there was only one 6 x 6 mm?2 area well
outside the beam centre which showed increased temperatures.

1. INTRODUCTION

In a previous test the performance limit for induction brazed Beryllium tiles of
2 mm thickness has been measured as 17 MW/m? (1] . Aim of the present test was
to demonstrate that the tiles can sustain in excess of 1000 cycles at a power density
of 75% of this limit.

2. TEST PROCEDURE

The tiles were exposed to approximately 1000 cycles at essentially fixed beam
settings. The actual power density pdmax could be kept in the range

11< pdpmay <14 MW / m?

Beam modulation was used for most pulses with on cycles of 1 - 2.5 seconds
duration, separated by off periods of 1 - 1.5 seconds. The overall pulse length was
between six and eight seconds and the off period between pulses was of the order

of four minutes.

[1] C Ibbot - test report on destructive testing of induction brazed Be tiles - to be published.



3. MECHANICAL SET-UP AND INSTRUMENTATION

Two vapotron elements of 27 mm 46 mm

>

width each were installed side by scraper

side with an angle of 14.5° to the B R A

- beam
plane normal to the beam axis o ,
(Fig. 1.) The vapotrons were

covered with castellated 2 mm

Beryllium tiles. The distance

between castellations was 7 mm

and the castellations were 1.2 mm

deep. The vapotrons used where

produced in a batch of four

elements. The other two elements in. calorimeter

were used to measure the

performance limit. .
Fig. 1: Layout of the test assembly. The

) test sections are angled against the beam
The power density was measured . . . . L
b . lorimet _ tl axis. An inertial calorimeter is installed
water calorimetry using recen
y- ) y & y behind the slot between the two test
calibrated turbine flowmeters. The .
_ sections.
accuracy of the measurement is
limited to + 1 MW/m?2 by the noise in the water temperature signal (Signal to
noise ratio 7:1 see Fig. 2 on page 8). The correlation between total power P and

power density pdmax is
P = pdpmax % [ 8(x, y JAxdy (1)

g(x, y) is the normalised beam profile. For the vertical profile we use that
measured with the inertial calorimeter strip, for the horizontal profile we
assume constant power density. This means that the quoted power densities are
averaged over the exposed width of one element.

The surface temperature was measured with an AGA thermovision 900 system.
Transmission and emissivity were determined by heating the test sections
without cooling to approximately 400°C. During the cooldown the thermal
gradients in the test section can be neglected. Emissivity and transmission are
then both adjusted until the measured surface temperature matches the



temperature of thermocouples welded into the vapotron side walls 2 mm below
the braze.

Table 1: Test Summary

SCAN AV POWER PEAK POWER NO OFON
DENSITY DENSITY CYCLES

Set-up pulses 32

6s on time 12.2 15.1 73

2s on 1s off 12.5 13.8 307

1s on 1s off 12.8 14.8 552
2,5s on 1s off 12.5 13.8 40
Pulses total 1004

4. RESULT

The tile exposure is listed in Table 1. In excess of 1000 cycles have been performed
with an average power density of 12.5 MW/m2. One 6 x 6 mm? area well outside
the beam centre on the right test section was getting hot from the start of the test.
Otherwise no deterioration of the tile performance was observed.

4.1 Surface Temperature

Fig. 3 on page 9 shows the surface temperature distribution during beam on (a)
and immediately after beam on (b). The castellation grooves are the hottest
section during beam on, after beam on (frame frequency 25 Hz) the temperature
distribution is uniform. This shows that the radiation in the castellations is
either produced from material with a short cooldown time constant or is due to
some effects related to the geometry.

The tile performance is demonstrated by the temperature history of the
maximum surface temperature in an area excluding the hot spot (Fig. 4a on page
10). The real surface temperature of the tile has to be taken from an area without
castellations . The temperature of such an area in the beam centre is shown in
Fig. 4b.



4.1.1 Temperature Limits During Cycling

Most of the cycles had been done with one second on time and one second off
time. As Fig. 5 on page 11 shows, 90% of the equilibrium surface temperature is
achieved within the first second. Within one second after the pulse the surface
cools down to less than 100°C. The cooldown in Fig. 5 is fitted with two
exponentials. One exponential is derived from the cooldown of the copper as
measured by thermocouples. The second exponential is fitted to the surface
temperature data points above the noise level and is dominated by the cooldown
of the Beryllium.

The peak temperature in the second pulse in Fig. 5 is approximately 40°C above
that of the first pulse. Some of this increased temperature is due to an increased
power density in the second cycle (3.3% higher beam current). This shows that
the bulk temperature was less than 40°C above ambient at the beginning of the
second cycle and confirms the extrapolated cooldown. The same is seen in Fig 6
for a pulse with one second on/ one second off periods.

4,2 Power Densities

The power density for each pulse and for both elements is plotted in Fig. 7a-d
(pages 12 and 13) against the number of on cycles. Also shown is the power
density from the inertial calorimeter. Although the agreement is generally very
good the inertial measurement should be regarded as relative only as the slot
between the two elements narrows visibly during beam pulses and reduces the
exposed width of the calorimeter strip, resulting in a lower indicated power
density.

4.3 Temperature Profiles

Fig. 8 on page 14 shows vertical and horizontal temperature profiles as measured
by the IR system. The vertical profile shows a good match between calorimetric
measurement and surface temperature on the top half, while the bottom half
shows a considerable difference. The scale for the vertical dimension is derived
from the castellations which can be clearly seen on the temperature.

The horizontal profile shows, that the right element is hotter and has a smaller
illuminated area. This is probably caused by a slight rotation of the assembly



which increases the angle of incidence on the right element and shifts the whole
assembly to the right. The temperature along the horizontal profile varies by 40%
of the peak value.

4.4 Pressure

During beam on the entire BE test rig is at the source pressure of 2 - 4 pbar. The
gas throughput is of the order of 1 mbaré/s. The actual pressure varies
considerably during a pulse due to beam pumping and stable beam operation is
made difficult by the varying source pressure. To investigate this pumping effect
some test pulses have been done during the endurance test.

4.4.1 Test Rig Pumping Speed

The tank pressure can be modelled by assuming a constant flow from the source
gas supply plus an initial burst from a trapped volume between needle valve and
absolute valve (Fig. 9 on page 15). The turbo pump has a nominal pumping speed
of 2500 ¢/s but the actual pumping speed is just 10% of that, due to the high
pressure. At this pressure the compression ratio of a turbo pump is rather poor
and the pumping speed is mainly determined by the fore-vacuum pump.

4.4.2 Pumping Of The Plasma Source

The pulses in Fig. 10 (page 16) have been done at the end of an extended
operational period (top trace) and after an extended weekend break (bottom trace).
After the break the tank pressure drops to a quarter of its initial value when the
arc comes on. After an extended operational period this pressure reduction is
much lower (66%). The influence of the beam current shown in Fig. 10 will be
discussed next.

4.4.3 Pumping And Degassing With Beam

A beam current of 5 Ampere corresponds to a particle flux of 0.75 mbZ/s which is
roughly two thirds of the total gas flow. Nevertheless the beam has very little
influence on the tank pressure (Fig. 10). After the long break, beam on is only
visible by an initial short pressure spike, probably due to the gas heating effect of
the beam. At the end of an operational day the pressure falls during beam on and
rises when the beam is off. However, this effect is small compared with the



pumping of the arc. Fig. 11 on page 17 compares the tank pressure for sequential
pulses in which the timing of the arc and beam have been varied. It is obvious,
that the influence of the beam current is much smaller than that of the arc. The
pulses in Fig. 11 have been done between the two pulses in Fig. 10 with a break of
20 hours between the last longer operational period (pulse 55762 in Fig. 10). The
arc current is larger than the beam current by a factor of 50 and it appears that the
pumping effect is dominated by current rather than energy.

5. DISCUSSION
5.1 Accuracy Of The Power Density

In the Beryllium test rig the distance between the test section and the beam
source is only 2 m. At this distance neither beamlet divergence nor focusing are
important and perveance match can not be determined in the usual way. We
have hardly any experience with beam profiles in this distance from the source.
One measurement done in the target tank at a comparable distance shows a
considerable discrepancy between measured and calculated profiles. (2) The actual
power density scaling is surprisingly complex and has caused confusion in
previous tests.

In the previous destructive tests [1] we used an array of copper calorimeters in the
position of the right element. Fig. 12 (next page) gives the power densities
measured with this calorimeter for an extraction voltage of 60 kV.

The average extracted current of the present test was 4.5 A and the calorimetric
power density of 12.5 MW /m2, matches perfectly the power density derived from
water calorimetry in this test (12.2 - 12.8 MW /m? in table 1).

The horizontal beam profile is not taken into account for calculating the power
density. This under-estimates the peak power density by 11% if the surface
temperature varies linearly with power density. The vertical profile from surface
temperature is wider than that from inertial calorimetry. For calculating the peak
power density we used the calorimetric profile. If the actual profile is wider, as
shown by the surface temperature, we over-estimate the power density by 20%.

(2] JET-DN/C(86)31
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Fig. 12: Power densities measured in a

previous test with an inertial

calorimeter. For an average current of
4.5 A we expect a power density of 12.5
MW /m2, which agrees very well with
12.8 MW/m? measured with water
calorimetry at the same location in this

test.

5.2 Observations

The extracted current tends to
increase slightly during a pulse
(Fig. 10). A 5% increase in current
causes a 10% increase in power
density and would lead to a 5%
under-estimate in peak power
density over a pulse.

The perfect match between the
the
the water

inertial measurement in

previous test and
calorimetric measurement in the
present test suggest that the
measured power density is
correct. All the water flow meters
had been calibrated and showed
identical flows and the gain of the
thermocouples had been checked.
We can therefore assume that the
peak power density is 10 - 15%
above the measured power
density which is averaged over
the width of one element and

over one pulse.

The structure of the Beryllium surface is clearly visible at the beginning of the

test and disappears after some hundred cycles (Fig. 13). This is not caused by a

coating of the window, as the structure of the copper calorimeter remains clearly

visible. This means that reflection of visible light changes during the test. The

cause of this has not yet been investigated.
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Fig. 13: CCD picture from the unexposed Beryllium surface (left) and after 200

pulses (right). The copper calorimeter appears unchanged hence the change must
be on the Be surface.
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Fig. 2: Water temperature signal for a 1 ‘\LW\ ;\NA [
pulse with two on cycles of 2.5 seconds Yy

and 1.5 seconds off period. The signal to oL
noise ratio is 7:1.




Fig. 3: IR image of the element surface during beam on (top) and immediately
after beam on (bottom). Pulse 55862, frames 129 and 130 - 6.438 and 6.48 seconds
after beam on. Temperature range: top: 280 - 550°C, bottom: 250 - 450°C. Note:
Castellations are only visible during beam on. The hot spot is well outside beam
centre area.
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Fig. 4: History of the surface temperature for the peak temperature (bottom) and
for a small uncastellated area in the beam centre (top). No hot spot develops
during the endurance test. The temperature scatter is small except for the one
second on cycles, number 55693-55842.
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Be Surface Temperature [°C]

Be Vapatron Surface Temperature [°C]

Fig. 5: Surface temperature in the beam centre for a pulse with 2.5 seconds on, 1.5
seconds off periods. The surface heats up to 90% of the equilibrium temperature
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Fig. 6: As Fig. 5 but for a pulse with one second on/one second off periods.
Equilibrium is essentially achieved in the second period where the temperature

is 20 Celsius above the first on period.
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power density for 2mm ind. brazed Be tiles - setup pulses 1 - 8 s
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Fig. 7: a and b: Power densities during the endurance test for both elements from
water calorimetry and from the inertial calorimeter. Set-up pulses and
unmodulated pulses had a six seconds on period.
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power density for 2mm ind. brazed Be tiles, endurance test, 2s on, 1s off, 9 & 10/3/93
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Be Vapatron Temperature Profile
Pulse 55862, y = 0 - Calorimeter Center
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Fig. 8: Vertical and horizontal temperature profiles from the IR camera. Note:

e The right element is hotter than the left element.

e In the horizontal direction there is a clear variation in power density across
one element.
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time gas pulse length 12.7
dt time increment 0.01
QO equilibrium gas flow ' mbl/s 1.1
LT conductance for trapped volume 0.018
VT Volume of trap 0.0045
S turbo pumping speed 265
V overall volume 700
p0 starting trap pressure 1000

formula: dP = Qo-Po x exp(-Lt/Vt*t)+PxS/Vx dt

Presssure in the Be test rig with gas only (55766) 12/3/93 and with beam (55771 15/3/93)t
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Fig. 9: Pressure in the Beryllium test rig during a gas pulse with and without arc
in the plasma source. The fit assumes constant flow plus a burst from a trapped
volume. The pressure drop with arc is similar to that at the end of the gas pulse.

156



VR (RN (NN L — N

RV PEVITeY 3 :
e —

H il A 1 1 1 1
14 YE 3 20 22 24 2¢ 28
NEUT. 1-3 Soratron (none)/t’s)

\
2.5 \\ ! fov
___________________________ \---_ [ (R . _-__-_‘._‘_._»A,,_/J_%
2.0 i 1/
J"\ Vsl N 1d
24 % ! TSN Masd
e . — —_—— — — —, — — A b
ol
1.5
1.0
0.5
1l 1 ] ] 1 1 A A,
14 3 T 0 22 24 2¢ 28
NEUT V-3 Borolron ‘mone; /tis:

Fig. 10: Pressure in the Beryllium test rig during a beam pulse at the end of an
operation day (top) and after an extended break (bottom). The pressure in the
presence of beam more than doubles after sufficient operation and degassing
with beam becomes visible. The beam current is indicated (modulated beam).
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Be test rig, pressure with different arc and beam timing

pulse 55766 55767 55768 55769
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Fig. 11: Pressure traces for pulses with different arc and beam timings. The
influence of the arc is large, that of the beam hardly visible.
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