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Thermal stress analysis was performed on the plasma chamber of the
Large Volume Magnetic Multipole Bucket Ion Source (LVB) designed for use
on the JT-60 NBI system. The energy absorbed by the walls of the plasma
chambers of neutral beam injectors is of the order of 1% of the
accelerator electrical drain power. A previous study indicates that a
moderately high heat flux, of about 600W/cm®, is concentrated on the
magnetic field cusp lines during normal full power operation. Abnormal
arc discharges during conditioﬁing of a stainless steel 1VB produced
localized melting of the stainless steel at several locations near the
cusps lines. The power contained in abnormal arc discharges (arc spots)
was estimated from the observed melting. Thermal stress analysis was
performed numerically on representative sections of the copper LVB
design for both stable and abnormal arc discharge conditions. Results
show that this chamber should not fail due to thermal fatigue stesses
arising from normal arc discharges. However, fatigue failure may occur
after several hundred to a few thousand arc spots of 30mS duration at
any one location. Limited arc discharge operation of the copper bucket

was performed to partially verify the chamber's durability.

Keywords: Thermal Stress, Ion Source, Bucket Source, Magnetic Cusp,

Anode Chamber, Fatigue Life, Arc Spotting
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1. INTRODUCTION

The power deposition on the walls of a high current plasma
generator is of the order of 1% of the accelerator drain power. Since
neutral beam injectors are currently required to operate at quasi-steady
state conditions, heat dissipation and thermal stress have become
important design factors. Thermal problems are intensified in magnetic
multipole bucket designs because the area for particle bombardment 1s
limited to narrow Bands at the cusp lines. The JI-60 Large Volume
Bucket (LVB) is an extreme example of this geometry. The magnetic field
intensity at the inner wall surface is doubled partly through placement
of iron strips in channels cut into the outer wall surface beneath the
magnets, see Fig.ll). Therfore, the width of the particle loss area is
much smaller than the previous JT-60 Prototype bucket design. While
this geometry has enhanced particle confinement, as evident by the
chamber's high arc efficiency and 90% proton ratio, it also has gener-
ated concern about the chamber's durability.

To assess the temperature profile within the Large Volume Bucket,
the power density distribution over the bucket's walls was experi-
mentally determinedz). With this data as input, a thermal analysis
computer code was used to estimate the temperature distribution in the
cusp region. This temperature profile was then input into a stress
analysis program to provide an estimate of the thermal stresses.

Operating experience with the LVB indicated that abnormal arc
discharges, "arc spots", are not infrequent. These arc spots were found
to produce extremely high localized heat loads. Melted regions formed in
a stainless steel LVB provided a means of estimating the intensity and
size of these discharges. From these estimates thermal stress and
fatigue life estimates were made for a small representative section of

the bucket wall at the cusp using the coupled thermal and stress

analysis programs.
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2. OPERATING EXPERIENCE

The following is a summary of relevant operating experience on

magnetic multicusp bucket type plasma generators at JAERT.

2.1 JT-60 Prototype Bucket (80% proton ratio).

During operation, this stainless steel bucket acquired a coarsening

of the inner surface on narrow strips at the cusp lines.

These strips

were generally 3 to 5mm wide but many contained multiple shallow melted

regions of 4 to 6mm wide by 10 to 50mm long near the
These melted areas were believed to have been formed
discharges (arc spots) during conditioning at an arc

2
up to 6OkW ).

2.2 Stainless steel Large Volume Bucket (90% proton
The LVB chamber also exhibited a course surface
lines after 2 days of conditloning up to 50 kV, 204,
filament configuration tests, consisting of 1.5 days
only" opération, melted regions of | to 2mm by 10 to
20 locations near the negative filament legs. These

parallel to the cusp trace but were offset by 1 to 1l

tests the bucket's operation was frequently unstable

. Hmm.

filament legs.
by gbnormal arc

discharge power of

ratio).

trace on the cusp
O.2s. During

"arc

of short pulse
15mm were formed at
regions ran

During these

leading us to

conclude that arc spots and not the normal arc discharge was responsible

for the melting.

Tn view of these results, the chamber wall material was changed to

oxygen free copper for future production units of this design3) hecause

of OFHC's superior thermal properties. Operating experience also

suggested a logical division of the thermal stress analysis into stress

arising from (1) normal discharge at long pulse durations and (2) "arc

spotting”.
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3. THERMAL STRESS ANALYSIS

3.1 DNormal Arc Discharge

3.1.1 Heat Load

During nmormal operation of the large volume bucket, a moderately
high heat flux is concentrated on the cusp lines. Measurements of the
cusp heat flux profilles were performed by passing a thermocouple probe
across the cusp lines in a perpendicular direction. These measurements
did not directly establish quantitative values of the flux intensities
but they did confirm that the cusp width is approximately 2 mm and they
provided relative intensities. The peak flux at the cusp lines in the
central portion of the chamber, near the filaments, was found to be
about 2.5 times higher than at cusps near the flanged ends of the
chamber and 60 times higher than at off-cusp 1ocation522 Infared
thermographic imaging of the exterior of the chamber indicated that the
flux intensity exhibits a broad profile along the cusp line with maximum
temperatures located near the filaments. By combining the probe
measurements with the measured total absorbed power and the observed
temperature profiles, the most intensely heated cusps were estimated to

2)

be subjected to a power density of 600 W/cm2

3.1.2 Computer Model

To determine the magnitude of the temperature rise and resultant

4)

thermal stress, a finite difference thermal code, HEATING3'/, and a

finite element stress analysis program, SAPV 51 were employed. As a
first step a small section of the cusp line was modeled (denoted WALL3)
as shown in Fig. 2. Unfortumately, the stress intensity proved to be a
strong function of the imposed boundary constraints as well as the
applied heat load. When the boundary planes perpendicular to the cusp
line were fixed, the maximum stress exceeded the yield stress level, but

if these planes were allowed to move freely then the stress level was

well below yleld. These preliminary findings indicated that (1) the

-3 -
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stress level is non-trivial and (2) a more extensive model is needed to
aceurately simulate the resistance to thermal expansion provided by)the
wall material surrounding the small section model.

A new larger model, designated WALL6, was developed to more
accurately simulate the constraint conditions. WALL6 as shown in Fig. 3a
is a model of one quadrant of a full cusp line. Since the central
magnetic cusps are spaced 5 cm apart, a model width of 2.5 cm was
chosen. The height is the same as the chamber wall thickness of 1.0 cm
and the length is 21.0 cm, half the length of the bucket's side wall.
Because of limitations in the HEATING3 code, the cooling tube is
represented by a rectangular channel. By symmetry the WALL6 model
simulates a 5 cm wide by 42 cm long strip of the chamber's side wall.
Fig. 4 is an isometric view of the model showing the element divisions
and coordinate system. As shown in this figure, x extends outward
perpendicular to the chamber surface; y extends along the cusp line; and
z lies parallel to the beam axis. This coordinate system is followed
throughout the present report.

The assumed heat flux distributicemn, shown in Fig. 3b is consistent
with the observations mentioned previocusly. A high heat flux is
prescribed for the central cusp region, represented by a lmm wide strip
along the z=0 edge, while the remainder of the surface is subjected to a
uniform flux of lOW/em?. The high flux region consists of a central
10cm section of 600 W/cmz_with 450W/cm2 regions on elther side. The
cusp and the high flux region extend from the y=0 edge to 1.5cm from the
extreme edge (y=21lcm) of the model. The boundary constraints, listed

below, were dictated by symmetry and geometric compatability.

i) xy plane at z=0 is fixed in the y direction
ii)  xz plane at y=0 is fixed in the z direction

iii) vy 2 19.5 at x=0 is fixed in the x direction

The first two boundary conditions are obvious from symmetrical

considerations while the third is required to eliminate rotation of the
end plane of the model. In the actual situation, rotatlon of the edge
of the chamber's side wall (y=21 cm edge of WALL6) is restrained by the
adjoining top and bottom walls. Expansion in the y direction is opposed
by the chamber's end flanges, however, the most intensely heated cusps

are located relatively far from the flanges and thus are not effectively

— 4 —
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restrained from expanding along the y axis.

3.1.3 Results of Computer Modeling

Temperature contours of the heated surface (yz plane) and of a
cross section (xz plane) of the model at its' hottest point are shown in
Fig. 5 and 6 respectively. As shown in these figures, a maximum
temperature rise of 103°C occurs at the center of the 600W/cm? region.
Temperatures fall off rapidly in the directions perpendicular to the
cusp and at the end of the cusp line. The lowest temperature rise of
24°C occurs at the cooling channel. A highly distorted three dimensional
representatioﬁ of the temperature profile of the wall surface is shown
in Fig. 7. A heat transfer coefficient of 2.0W/cm2C and & water
temperature of 0YC was assumed in all calculations. The maximum thermal
stress predicted by SAPV is 12.7kg/mm? and is located near the heated
surface at y=llcm. As evident from the stress contours of this plane,
shown in Fig. 8, the peak stress is not at the hot surface but instead
is located near the iron-copper interface due to the difference in
thermal expansion of the two metals., Stress components for the most

highly stressed element are given below in kg/mm?.

Ox = 0.16 Txy = 0.05
Jy = =12.50 Tyz = 0.00
Gz = -~ 4.62 Tzx = 0.10

Deflection and expansion of the model can be determined from the
translation of individual nodes. Given below are the translations of

representative nodes on three orthogonal faces of the model.
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Since the z=0 face is fixed, the entries of Table 3.1 are
equivalent to the overall expansion in the z directiom, which is
approximately 0.0l mm. Similarly, Table 3.2 indicates that the overall
expansicn in the y direction is 0.092 mm. The entries in Table 3.3 show
the deflection of the heated surface of the model. According to these
calculations the maximum deflection of 0.02mm occurs on the cusp at the
center of the high flux region. The deformed shape of the mesh is shown
in Fig. 9. Dashed lines represent the model's undeformed shape while

the solid lines correspond to a highly exagerated deformed shape.

3.1.4 GEwvaluation of Results

The absence of contraint on the overall expansion in the y and =z
directions is a good approximation to actual conditions if the deformed
shape of the modeled section maintains continuity with the adjacent wall
sections of the chamber. One requirement for continuity is satisfied if
the overall expansion of the model in the z direction is uniform for any
given depth, i.e. for any given x. The values for z translation in
Table 3.1 show that the maximum difference in expansion for a given x is
only 0.006mm, therefore this criteria is roughly satisfied. Similarly,
expansion in y is very uniform with less than a 0.00lmm difference over
the entire y=2lcm plane. These results indicate that the chamber will
uniformly expand in height (y direction) and depth (z direction} in the
central region of the chamber.

While expansion in z at a given depth is relatively uniform, a
slight rotation about the y axis of 0.0008 radians occurs at the z=2.5cm
plane. To maintain continuity, rotation of this plane should not be
allowed. Unfortunately this was not easily implemented in the SAPV
formulation of this problem. To obtain an estimate of the error
introduced by this failure, the moment required to eliminate this
rotation can be computed by treating the model as a plate subject to a
bending moment along the z=2.5cm edge. From plate theory the maximum
compressive stress generated in the heated surface of the model is
calculated from the fellowing;

- Eh

z 12 ¢ 1-v?) p
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Table 3.1 Z Translation of the WALL6 Model

at Z=2.5 cm, in mm.

Y (cm)
X {(cm) 0 6 11 16 21

Table 3.2 Y Translation of the WALLS Model

at Y=21 cm, in mm.
Z (em)

X (em) 0] 0.3 0.6 1.0 2.5

Table 3.3 X Translation of the WALL6 Model

at X=0, in mm.

1.0 -0.0088 -0.0117 -0.0140 -0.0067
2.5 +0.0022 -0.0005 -0.0028 0.0 0.0
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where E is the modulus,V is Poisson's ratio, P is the radius of
curvature, and h is the height of the model. The resulting stress
components are Oy = —O.Skg/mm2 and Jz = —Z.Zkg/mmz.

Since the stress intensity is determined by the maximum difference
in principal stress components, only the y component will have an effect
(refer to the stress components given previously). Since this bending
stress component is only 6% of the total y component stress, neglecting
this contribution will not seriouly affect the results.

The peak stress intensity of 12.7kg/mm2 exceeds the yield strength
of 7.7kg/mm2 for OFHC copper at 130°C, which creates two problems.
First, cyclic stress in excess of yield may result in fatique and
second, the stress predicted by SAPV is not accurate above the elastic
1imit. However, the concept of elastic strain invariance, which assumes
that the strains derived from elastic calculations are the same as would
cccur during cyclic plastic straining, can be applied te this situatiom.
According tc Manson6) this method agrees well with cyclic plasticity
calculations and a modified version of this method has been adopted by
the ASME Pressure Vessel Code for Nuclear Pressure Vessels.

Values for the strain components can be calculated from the stress
components of section 3.1.3 by use of the elastic stress—strain
relations. Ignoring the small shear components, the strain components

are;

4 4

4 £z = 0.96X10

€x = 5.17X10 £y = -9.84X10°
Since the material is in a state of tri-axial strain, an equivalent
strain range must be computed sco that a lifetime estimate can be made
from uniaxial test data in the literature. The equivalent strain-range,

aq is related to the strain components by the following 6);

bEeq = {g; [ {age - ey)}2 + {A(ey - e )P+ A, - e )} }

Assuming that the strains are fully reversed during cooling, the value
of the strain range of component differences is equal to two times the
difference,eg. A{sx-€y) =2(ex-gy). By this method the maximum Ageq =
0.0018.

Annealed OFHC copper has the property of asymptomically strain
hardening during repeated cycling over a fixed strain range. The stress

level at which no further hardening occurs is called the "saturation

— B —
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stress" and is a function of the imposed strain-range. A compilation of
the cyclic strain hardening data from Rasmussen and Petersen7) and
Manson6) for OFHC at room temperature is plotted in Fig. 10. According
to this curve the strain-range of 0.18% corresponds to a stress-range of
- 15kg/mm?(21.3ksi). Using the SN curve in Fig.ll, for life as a function
of stress amplitude, the most probable life for 7.5kg/mm?(10.7ksi), the
stress amplitude, is in excess of 108 cycles. The extremes of the band
on the SN curve represent the 1% and 99% failure limits and thus a
cycles to failure range of 3X105to infinite is indicated. Since the
highest stresses will ocurr at the highest temperatures, the actual 1life
will be less than that predicted by data from room temperature
mechanical strain cycling tests, such as the SN curve of Fig. 10.
Additionally, Mansonﬁ) has found that even elevated temperature
mechanical cycling tests predict lifetimes up to 2.5 times those found
in thermally induced strain cycling at equivalent peak temperatures and
strain-ranges. However, in view of the extremely long predicted life
and the relatively low peak temperature of the cusp region, these

factors are not critical in this case.

3.2 Arc Spots

3.2.1 Heat Flux Fstimation

Arc spotting was investigated using the smaller volume, prototype
bucket source with the same filaments as the LVB source. It was found
that, if no over—current protection was used, multiple spots occur
during a single shot, with a duration of 20-50mS and a temporal spacing
of 30-100mS between spotsll). When the protective circuitry was used,
the arc was stopped in less than 100mS after a fault condition was
detected. Therefore an arc spot duration of approximately 30ms is a
reasonable estimate.

To estimate the heat flux required to produce the melted regions,
the heat transfer code HEATING3 was used to model a small segment of the
stainless steel bucket wall. The model (WALL2) is shown in Figs. 12a
and b. The heated region is assumed to be a small rectangular area 10mm

x 2mm (5 x lmm on the model due to symmetry). Melting is assumed to

— g —
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occur when the temperature rise of the surface exceeds 1AOOOC, the
melting point of stainless steel.

For short heating times, the surface of even a thin conductor may
be approximated by a semi-infinite solid. Assuming constant properties,
the solution fer the tempefature, T, at a given depth, x, in a

semi-infinite slab is:

Lri - 29 AN GO S X
T - Ti . [ ( Y exp ) (1 erf W ), }

with the boundary conditions T(x,0)=Ti and q/A=-k 37/3x for T>0. Where

q/A is the heat flux, k is the conductivity, T is the heating time, and o

102

For stainless steel k=16.3 W/mC and u=4.44x10-5m2/s. The fraction

ig thermal diffusivity

of the temperature rise at a depth of 0.8mm, which is the depth of the
stainless steelfiron interface, is indicative of the accuracy of this
approximation. For 7=30mS this fraction equals 0.068 and thus only a
small amount of the surface temperature rise is present at the stainless
steel/iron boundary. Repeating this calculation for T7=50mS gives a
fractional rise of 14%. Therefore, the gsemi-infinite slab is adequate
for estimating the surface temperatures of the stainless steel bucket
for heating times of less than 50mS.

¥ig. 13 shows the heat flux required to produce melting as a
function of arc spot duration. For heating times of less than 50mS the
analytical solution was used and for times between 50 and 200mS the
HEATING3 code was used. The lowest heat flux, SkW/cmz, corresponds to
an assumed arc duration of 200mS and the highest flux calculated,
6.8kW/cm?, corresponds to a 20mS arc spot. The thermal response of the
copper bucket to this range of arc spot duration and intensity
combinations was calculated using HEATING3 and the WALL3 model. The
resultant surface temperature rise as a function of spot duration is
shown in Fig. l4. Note that the temperature rise is approximately
constant and well below the melting point due to the higher conductivity

of OFHC cepper.
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3.2.2 Elastic Thermal Stress Calculations

To evaluate the bucket wall's ability to withstand arc spots of
30ms and q/A=5.5kW/cm2, HEATING3/SAPS computations were performed on a
- modified WALL3 model (designated WALL3B). This model has the same
features as the original WALL3 model except it has been lengthened in
the y-direction to 2.0cm and the mesh spacing in the y-direction has
been altered (Fig. 15). The 5.5kW/cm? heat flux is imposed over a 5mm X
lmm area on the yz surface along the planes of symmetry and thus
represents a 10mm X 2mm spot. All other regions are unheated. As in all
previous models, convective cooling is assumed in the water channel with
h=2.0W/cm2C and an ambient water temperature of 0°¢C. The boundaries are
fully constrained from expansion in both the y and z directions.

The 2 em length of this model was chosen to assure that the heated
region will be completely enclosed by cool reglons at the boundaries.
Calculated temperature contours for the various planes are given in
Figs. l6a-b with a bird's eye {isometric) view of the surface
temperature rise provided in ¥Fig. 17. Note that the temperatutre rise,
having a maximum of 22500, is confined to the heated corner region.
Stress contours of each plane are given in Figs. 18a-c in units of
N/cm®. As evident from these contours, the maximum stress intensity
occurs in the surface of the heated corner region, with a value of
32.8kg/mm? (32.1X10 N/cm®).

Mesh spacing can affect the accuracy of both stress and temperature
calculations. Since Fig. 16 indicate that a high thermal gradient is
present in the heated corner region, a new model was constructed (WALLS)
with a finer mesh in this region. The new mesh, shown in Fig. 19
eliminates the complicated geometry at the water channel since WALL3B
results indicate that this region has little affect on either the stress
or temperature distributions. With the exception of the simplified
geometry and finer mesh, this model is the same as WALL3B.

The peak temperature for the WALLS5 model is 234°C, which is only
slightly greater than prevously predicted, and the temperature
distribution, Fig. 20, is nearly identical to the WALL3B case. Stress
computations were performed on the WALLS5 model for two different
boundary conditions. First the model was allowed free expansion in the ¥y
and z directions with only the planes of symmetry fixed and second,

expansion in y and z was completely constrained. The resulting maximum
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stress intensities and stress components for the WALL3B and two WALLS

runs are tabulated below.

Table 3.4 Comparison of the Calculated Stress Values

for the Region of Maximum Stress Intensity

(kg/mn? )
Component WALL3B WALLS
no expansion free expansion
Ox - 1.0 - 0.5 - 0.5
Oy - 33.9 - 37.2 - 37.0
Iz - 14.6 - 14.3 - 14.8
Txy, Tyz, Tezx 0.15 0.1 0.1
9intensity 32.8 36.8 36.5

The relatively close agreement between the WALL3B and WALLS results
indicate that the mesh is sufficiently fine for this application. These
results also show that the stress state in the region of maximum stress

intensity 1s insensitive to the different applied boundary conditions.

3.2.3 Evaluation of Results

Since the thermal stress level greatly exceeds the yield strength
of OFHC copper and in view of the repetitive nature of arc spots,
fatique failure of the bucket wall becomes a distinct possiblity. As
previously applied to the normal discharge case (section 3.1.4), the
method of elastic strain invariance can be used to calculate the
equivalent strain-range. Assuming the strain is fully reversed upon
cooling the equivalent total strain-range is 0.547%., 1In addition to
arcing, thermal strains are induced during normal arc discharge thus, in
the worst case, the strain will be the sum of these two effects. The
cumulative strain-range is 0.727%, which corresponds to a room

temperature fatigue life of about 8X104with a l to 99% failure range of
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103 to 8X104 cycles. However, due to the degradation of copper's

mechanical properties with increasing temperature, the actual fatigue
life will be less.

Since the spot duration is much shorter than the thermal time
response of the bucket wall, the surface temperature rise due to arc
spots will be nearly additive to the wall temperature prior to the spot.
Therefore, the bucket wall surface mav locally reach temperatures of
340°C or more if the spot occurs after several seconds of normal
discharge. To provide some estimate for life in the present elevated

temperature situation the Coffin-Manson fatigue law was used;

L
AEp =CN° where AEp

plastic strain-range

N = cycles to failure
and c = -1/2 ln[}%gégéi after Osgoodg)

With this empirical relation, the plastic strain-range is computed by
subtracting the elastic component from the total strain-range. The
elastic strain-range component is assigned the value of 2S/E where S is
either Sy, the yield strength or Se, the endurance limit. TLife
predictions by this method are listed in Table 3.5 for three conditions,
(1) arc and normal discharge strain summed but room temperature material
properties used, (2) arc spot strain and temperature rise only and (3)

normal and arc discharge strain and temperature summed.

Table 3.5 Fatigue Life Estimations from

the Coffin-Manson Fatique Law
Ag Ae

Condition Temp. eq P C N
1 R.T. 0.727% 0.592% 0.805 18500
2 240°C  0.547% 0.434% 0.200 2100
3 340°C 0.747% 0.644% 0.281 1900

The reduction in life with increasing temperature is due to the sharp
drop in ductility (RA) in the 170 to 250°C range, Fig. 21, and the

steady decrease in yield strength from room temperature, Fig. 22.
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Condition 1, which is equivalent to the conditions assumed when
estimating lifetimes from the SN curve of Fig. 11, shows a rough
agreement between the two methods.

The results tabulated in Table 3.5 indicate a fatigue life on the
order of 2000 cycles for repetitive arcing at any one location on the
bucket wall. As mentioned previously, there is a discrepancy of up to
5.5 times between thermally induced strain and mechanically induced
strain at elevated temperatures. Therefore, the best estimate of fatigue
life under arc spotting conditions is between 750 and 1900 cycles.

While we have attempted to be conservative in our analysis the
premise that the heat flux during arc spots is the minimum required to
locally melt the stainless steel butket is not conservative.
Unfortunately this is our only Indicator of the flux intensity, so there

is an inherent uncertainty in the preceding analysis.

4. LARGE VOLUME BUCKET TESTING

Testing. As mentioned previously, under normal conditions (ie. no
arcing) the cusp regions are expected to absorb up to 600 W/cmzfor 10
seconds. This value was based upon an arc discharge power of 57 kW
which is equivalent to 40 A of extracted beam at an arc efficiency of
0.7A/kW. To test the large volume copper bucket design, the source was
mounted on the JI-60 NBI Prototype and subjected to over 2400 "arc only"
shots. A summary of these tests is provided in Fig. 23. A shot
duration of = 5 seconds was selected on the basis of the thermal
response time of the bucket wall. HEATING3 calculations of the WALL3
model show that the wall surface approaches equilibrium in 5 seconds.
Temperature/time histories are shown for selected locations in Fig.24.
As shown in Fig. 23, the nominal design power condition was not
achieved, however, more than 1300 shots were performed at power levels
of 46-51 kW. During these tests many arc spots occured resulting in the
destruction of § filaments. No air or water leaks were detected during

testing and post-test inspection revealed no damage to the bucket wall's

inner surface.
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Condition 1, which is equivalent to the conditions assumed when
estimating lifetimes from the SN curve of Fig. 11, shows a rough
agreement between the two methods.

The results tabulated in Table 3.5 indicate a fatigue life on the
order of 2000 cycles for repetitive arcing at any one location on the
bucket wall. As mentioned previously, there is a discrepancy of up to
2.5 times between thermally induced strain and mechanically induced
strain at elevated temperatures. Therefore, the best estimate of fatigue
life under arc spotting conditions is between 750 and 1900 cycles.,

While we have attempted to be conservative in our analysis the
premise that the heat flux during arc spots is the minimum required to
locally melt the stainless steel bucket is not conservative.
Unfortunately this is our only indicator of the flux intensity, so there

is an inherent uncertainty in the preceding analysis.

4. LARGE VOLUME BUCKET TESTING

Testing. As mentioned previously, under normal conditions (ie. no
arcing)} the cusp regions are expected to absorb up to 600 W/cmzfor 10
seconds. This value was based upon an arc discharge power of 57 kW
which is equivalent to 40 A of extracted beam at an arc efficiency of
0.7A/kW. To test the large volume copper bucket design, the source was
mounted on the JT-60 NBI Prototype and subjected to over 2400 "arc only"
shots. A summary of these tests is provided in Fig. 23. A shot
duration of = 5 seconds was selected on the basis of the thermal
response time of the bucket wall. HEATING3 calculations of the WALL3
mode]l show that the wall surface approaches equilibrium in 5 seconds.
Temperature/time histories are shown for selected locations in Fig.24.
As shown in Fig. 23, the nominal design power condition was not
achieved, however, more than 1300 shots were performed at power levels
of 46-51 kW. During these tests many arc spots occured resulting in the
destruction of 5 filaments. No air or water leaks were detected during
testing and post-test inspection revealed no damage to the bucket wall's

inner surface.
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5. CONCLUSIONS

The results of the thermal stress calculations for both normal and
arc spot discharge conditions are the product of several assumptions and
approximations. For the normal arc discharge case, the heat loads were
determined from very limited data at relatively low power conditions and
then assumed to scale linearly with arc power. More importantly, the
heat flux at only a few cusp locations was amenable to measurement thus
requiring the overall distribution to be assumed on the basis of sym-
metry and educated guess-work. However, the lifetime predicted for
normal arc discharge conditions exceeds the requirements by a wide
margin, and in view of the conservatism used in this analysis, thermal
stress arising from normal arc discharge should not result in damage to
the copper scurce chamber.

Due to the extremely high heat flux contained in arc spots, thermal
strains generated by these events are too large to be tolerated for more
than a few hundred occurances. The estimated heat flux intensity corre-
sponds to a minimum value, thus the life prediction made in this
analysis may be overly optimistic. The limited testing of the bucket
during "arc only" operation does provide some evidence that some arc
spots can be tolerated without causing melting or other observable
damage. However, to insure long term operation of this chamber, the
source must be protected from the occurance of frequent arc spots. Thus
high speed arc spot detection and switching circuitry has now been

installed to both protect the hot filaments and to prolong the chamber

life.
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Fig. 7 Three dimensional view of surface temperature of WALLS medel.

[+
«10
.0 0.2 0.4 0.5 0.8 1.0 1.2 1.& 1.6 1.8
—i_‘!("’wml.,:)‘ N DS S S “
x&»*”f& COMETCIN [ '
j:'/ * » x . 3
ooz 77 oA
T »
A
1 »
(AN ENE
% * K| ¥ E
Wi
* \\\\\\ T CONTOUR VALUES 10xw 2 N/cm?
i2.4
., Z B8.8
X * % 3 é?g
5 28.0
x| » [ x| x ] L 6 34.4
7 40.8
g 47.3
§ 53.7
10 B80.]
11 65.5
12 72.9
13 79.3
14 85.7
15 92.1
16 98.5
17 105.0
18 111.4
19 117.8
20 124.2

Fig. 8 Stress inteasity contours of cress section of Wall6 model at mid-model (XZ plane at ¥=llcm.).



JAERI-M 84-011

'adeys pawiojopun
9yl 238 saull paysep pue odeys pawmiciap oyl jusssiadsa saur| PITOS *Jopow gTym JO UOTIDaTIaQ 6 "21d

e o
my 4 C
R
P o
m o o
T r vy 3re
- -
- 4 - - -_ [l
.* -1 < =
= > o
| | oo
@
S aAn
1 | | B e w
Y moa o
mImmano
L T . ¥au TR
e m
| i re 7
]
e
cSw a2
| 1 e x
L] m
— i3
— - w w
ﬂ..g O
w
m
I I 5 <
> -
L} [~
.I|$...|T o [
w &
" . & Lid
o
18 Bn- H
= Bl
z =
Q
=z
[a}
=g
L
-
=
™
=
o
=
o
=1
@
>
e
£
e
@
N
N
uwn

—



JAERI-M 84-011

SATURATION STRESS RANGE, dogar (Kgf )

Fig.

40 +
Vi
D/
/
rd
Is
/
/
/
/
/
/
304 /
/
/
/
s/
/
yd OFHC COPPER
/7
/7
/!
/
201 /ék)
%
9/0
(=]
ézo
o RASMUSEN, PEDERSEN
10 ELASTIC e MANSON
1 i
0 0.5 1.0
TOTAL STRAIN RANGE, 4¢ (PERCENT)
Fig. 10 Strain hardening by cycling at constant
strain-ranges
3
”.—
255;%
3
'l
®
st
'o.—
s
Pl vyl el oy vapd pa o
o' ot o* ot o’ wo*
N, cycls
11 S-N bands for copper alloy CDA-102 ("OFHC").

R -1.0, Kt 1.0.
From reference 8.

Room Temperature.



JAERI-M 84-011

STAINLESS STEEL
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