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Abstract 

This paper describes a maintenance problem in a 
fusion power plant. The problem is to specify which 
life limited parts should be replaced when there is an 
opportunity. The objective is to minimize the cost rate 
of replacement parts and of maintenance actions while 
satisfying a power plant availability constraint. Thu 
maintenance policy is to look ahead and replace all 
parts that will reach their life limits within a time 
called a screen. Longer screens yield greater system 
availabilities because more parts are replaced prior to 
their life limits. 

Introduction to Fusion Power Plant Maintenance 
Nuclear fusion is the joining of atomic nuclei— 

usually the hydrogen isotopes deuterium and tritium. 
This process produces energy in our sun and other 
stars. Fusion releases energy In the form of energetic 
neutrons and charged particles. The neutron's energy 
can be captured as heat which then boils water to run a 
conventional steam-electric generator. The charged par­
ticles can be collected and their energy converted at 
high efficiencies into direct electric current. 

As a potential source of energy, fusion is attrac­
tive for two reasons: the process produces a few con­
tainment wastes and the fuel is found in virtually lim­
itless supply in water. 

But the fusion process is very difficult to ini­
tiate. In order to fuse, the nuclei of fuel atoms must 
approach each other forcefully enough to overcome their 
mutual repulsion. In magnetic fusion approaches, the 
positively-charged nuclei and the negatively charged 
electrons are separated from each other, forming a 
"plasma." Since the plasma particles are electrically 
charged, they may be contained by a magnetic field. 

Two magnetic field shapes are being studied in 
America. The Tokomak (Figure 1), a Russian invention 
shaped like a doughnut, is being studied at the Prince­
ton Plasma Physics Laboratory, General Atomic Co., and 
Oak Ridge National Laboratory, The Tokomak is a pulsed, 
dosed system. Fuel is injected and held for relatively 
long times in the center of the doughnut-shaped plasma. 
Aft.;.- "burning" for as long as several seconds, the sys­
tem must be evacuated to remove energy robbing impuri­
ties and the cycle begun anew. In contrast, the magnet-
jit: mirror being studied at Lawrence Livermore National 
Laboratory (Figure 2) is a steady state system. The 
strength of a magnetic mirror field increases from the 
center to the sides. The shape of the field resembles a 
twisted bow tie. Magnets which produce this field are 
built in the shape of a baseball seam or as a pair of 
interlocking C-coils (called a "Yin-Yang" configura­
tion). Nuclei are reflected toward the center by the 
high field regions at the ends of the magnetic mirror. 
Some particles, however, are also lost out the ends, 
Lost or consumed fuel is replaced by steady state neu­
tral beam injectors. 

Figure 1. Closed system-simple to us. 

Neutral beams provide a means of heating and fuel­
ing magnetic fusion devices. Because they lack elec­
trical charge, neutral atoms of fuel pass unaffected 
through magnetic fields, whereas charged particles are 
deflected away. 

Figure 3 shows a typical neutral beam 'njector. 
Neutral beams are made by creating and accelerating a 
beam of positive ions then neutralizing the 1ons "on the 
run" in a gas cell. The neutral ions then ;ss through 
the magnetic field, are re-ionized by the f: ion plasma 
and trapped by the same magnetic field. Neu.ral atoms 
thus "add fuel to the fire" and maintain the density and 
temperature of the fusion plasma. 

Figure 4 shows how the Mirror Fusion Test Facility 
(HFTF) plasma machine will look. Please note bath the 
size (see scale men models) and the location and number 
(up to 45] of neutral beam injectors. They are the 
rectangular protrusions. 

Neutral beam injectors have become a key part in the 
successful Operation of magnetic fusion systems. The 
injectors being manufactured today have two repairable 
parts with service life cycle times considerably shorter 
than most other parts of the Mirror Fusion Test Facility 
(MFTF). The HFTF operations goal availability has been 
established at 70S successful shuts. (A shot is an 
attempt to sustain fusion for approximately 30 
seconds.) Each shot requires most of the neutral beam 
injectors to operate for success. 

Each neutral beam injector consists of many short 
life components assembled into two parts, the arc cham­
ber and the accelerator. Failure of either part consti­
tutes Injector failure with consequent system shutdown— 
a process both time consuming and expensive. Deteriora­
tion of these parts from shot to shot suggests preven­
tive replacement (like lightbulbs) before failure. Con­
sequently, life limits are set on both parts, and the 
injector life limit is the smaller of the two part life 

This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract no. W-7405-ENG-48. 
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Figure 2. (a) Simple magnetic-mirror cell with axisymmetric field concentrated 
at the ends (the mirrors) to reflect ions back toward the center, 
(b) Current in Ioffe bars imposes transverse iwUipole field on the 
simple-mirror field resulting in magnetic pocket (mlnlmum-8) at the 
center, (c) The single baseball coil produces the same minimum-!! 
field configuration more efficiently that the loffe-bar system, 
(d) The two nested yin-yang coils produce the same minlmum-l! field 
but provide greater flexibility by permitting different currents in 
the two coils, thus different strengths of magnetic mirrors. 

work are scheduled every 13 weeks. At that time many 
injectors can be replaced. Repair of an injector takes 
approximately 4 man weeks and costs about 15,000. 
Table 1. Proposed Life Limits of Neutral Beam Injectors* 
Injector Number Shot Life Limit System 
Type Required Duration (shots) Success Note 

IM 
ZOKv start up 20 
SOKv sustaining 7 
eOKv sustaining 16 

0.010 
30 
0.5 

10000 
2000 
10000 

Figure 3. Cutaway of neutral beam injector. This 
Injector produces a 50-A-equivalent cur­
rent of neutral deuterium atoms at an 
average energy of 18 keV. The current 
drawn between the filaments and the anode 
Ionizes the deuterium gas to about W , 
roughly 1 0 l z ions/on . Positive ions 
and neutrals stream through defining 
accel-decel grids. Subsequent charge-
exchange collisions between the positive' 
forts and the deuterium gas result In a 
beam of neutral deuterium atoms having al­
most the full energy of the extracted 
positive deuterium ions. The plasma cham­
ber is virtually free of magnetic fields, 
and the source plasma in the chamber 1s 
free of instabilities and turbulence. The 
uniformity of this source plasma Is one of 
the factors contributing to achieving the 
small angular divergence of the emitted 
beam. 

limits. Tables 1 and 2 give proposed life limits. They 
are chosen so that the probabilities of failures prior 
to the life limits are small. 

Shut down of HFTF for repair or service 1s compli­
cated both by the physical difficulty due to its size 
and shape and by Its neutronics history. If the time to 
replace for each failure becomes long or the number of 
spares required becomes too large, Inefficiency re­
sults. Any unscheduled shutdown is costly, perhaps 
S15.0C0 per shift. Spare parts are costly also—up to 
S250.C0O per injector. Shutdown to replace an injector 
or several injectors takes one shift. An Injector can 
be disassembled to replace one of its two parts, reas­
sembled, and reinstalled In one shift. Or another In­
jector may be installed. Periodic shutdowns to do other 

*The actual design may be different. 
System Success Notes: 
1. If no more than one startup injector at each end 

falls, 
2. if no sustaining (30 sec) Injectors fall or if only 

the middle injector fails, and 
3. If no more than two sustaining (.5 sec) injectors 

fail, the shot is a success, unless the two failed 
sustaining injectors are adjacent. 

Table 2. Proposed Injector Part Life Limits 
P l r T 
Name 

Number 
Required 

Injector 
_JffiL_ 

Life Limit 
(shots) 

Accelerator 1 30 sec sustaining 4000 
Filament 1 30 sec sustaining 2000 
Accelerator 1 Other 20000 
Filament 1 Other 10000 

There are two opportunistic replacement problems in 
the fusion power plant. Both have the objective of min­
imizing the cost rate (cost per unit time) of parts and 
downtime. One is replacement of Injector parts, and the 
other is replacement of one or more Injectors. If one 
Injector part has reached Its life limit, shall we re­
place the other part too? If the HFTF system is shut 
down to replace an Injector, shall we replace some other 
Injectors? He will deal with these two problems sepa­
rately although this is suboptimal. 

Two Part Opportunistic Replacement 
This section shows how to find the optimal station­

ary opportunistic look ahead replacement policy for a 
two part system. A replacement policy says when to re­
place parts whether worn out or not, A look ahead re­
placement policy says replace a part if it reaches Its 
life limit within a time called a screen. An opportun­
istic policy considers all parts for replacement it 
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Figure 4. The MFTF-B Vacuum Chamber showing magnets in the cut away area and neutral beam 
injectors as rectangular protrusions. (See man standing by lower right hand 
support!) 

every opportunity such as replacement of another part. 
A stationary policy doesn't change the screen as the 
system ages. An optimal policy minimizes the cost rate 
of parts and maintenance. 

An opportunistic look ahead replacement policy saves 
money when the cost of replacing both parts simultane­
ously is less than the cost of replacing them separate­
ly. This Is due to reduced downtime or labor cost. Vie 
reconrnend an opportunistic replacement policy for the 
two parts of neutral beam injectors. 

The two parts have life limits that force the system 
to be shut down for replacement whenever a life limit Is 
reached. The life limits are chosen so that premature 
failure is unlikely. 

For example, the two parts of the neutral beam in­
jectors are easy to separate, so replacement of both 
when one requires replacement costs no more maintenance 
time than replacement of one. Figure 5 shows a two-part 
replacement problem with part life limits 8 and 11, part 
costs SI and !2, and maintenance cost of SI, The opti­
mal stationary screen Is 2 which ends the life cycle at 
time 22. The maintenance cost excludes parts costs, so 
the cost rate is (2 + 3 • 2 + 4)/22 = SO.50 per unit of 
time. 

The first model of opportunistic replacement is sum­
marized by Jorgenson, HcCall, and Radner [Ref. 1). 

Figure 5. A complete cycle for a two-part replace­
ment problem with no early replacement. 
If the screen is 2, the cycle ends at time 
22. 

Their model describes several randomly failing compo­
nents one of which may be replaced early at Inspection 
or at exponentially distributed failure times of the 
other component'.. The problem 1s to choose inspection 
times and the replacement policy. The cost of replacing 
the special part at the Inspection time or at replace-
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ra i t of another part is less than the cost of replacement 
v the part alone. 

Their solution method was extended to non-exponential 
l i fe distributions by Gertsbakh (Ref. 2), chapter 2, 
section 3. Vergln and Scriabin (Ref. 3) used dynamic 
rrograijing to solve the problem, Sethi (Ref. 4) stud­
ied the problem under the assumption of increasing f a i l -
„"e rate for the special part and formulated the problem 
J> a Markov decision process. He also determined the 
cjt inal replacement policy for a series system of two 
jarts with an opportunity to replace either part at re-
usti cost when the other f a i l s . He assumed; both parts 
h!l increasing failure rates. 

The differences between the previous papers and our 
t-oblasi are that opportunistic replacement can take 
o'ace at the tine either part reaches i ts l i f e l imit and 
f ia t premature failure does not occur because l i fe 
";--nits are set so that the probability of failure is low. 

jorce notation is necessary to describe our problem. 

?!J 

S(J) 

flu 

cost of part J, J=l,2; 
life Unit of part J, T(J)£ | l ,2 , . . . | ; 
cost of maintenance; 
the look ahead screen interval, 
IEJO.l, 
T(D ' 

N(J,I) 

.,min T(J) - l|; 
cycle time, the time until both 
parts are replaced simultane 
ously, min T(J) <T<T(1)T(2); 
number of replac7ments of part 
J in a cycle; and 
number of maintenance actions 
in a cycle. 

The stationary opportunistic replacement policy is, at 
the tine of any replacement, look ahead anount 1. If 
*.-* other part 1s due for replacement at or before I, 
replace it. The objective function is 

min S C(J) H(J> + (C M) (!»n) / T , 
I LJ=1 ' 

(1) 

The formulas for T, N(J) and Ify as functions of I 
»-e in Seorje and Lo (Ref. 5). The number of values of 
! for which the objective function differs is small. An 
efficient enumeration program finds the optimal I . The 
•flowchart of the program is in figure 6, A FORTRAN 
l ist ing can be obtained from George. (Write to me at 
t w address in the biography.) 

A single screen stationary opportunistic look ahead 
reolacement policy may not be optimal. There may be a 
;;uble screen which looks ahead different amounts of 
time for each part and gives a lower cost rate. How­
ever, we have never found an example. Therefore we con­
jecture that a single screen stationary policy always 
exists that yields the same minimal cost rate as the op­
t ical double screen policy. 

The conjecture has been proved by enumeration for 
a l l integer costs C(I) and C« in 0, 1, . . . , 10 and 
for integer l i fe l imits T(l) <T(2) * 3, 4 7, T(l) 
- 7, T(2) ' 11, and T(l) * B,"T(2) • 11. 

He believe a single screen policy 1s optimal for all 
integer life limits and costs. This is because of the 
following observations made during enumerations: 

!. A reversal Is the second occurrence of a specified 
time between scheduled replacements. Reversals oc­
cur symmetrically during the time T(1)T(2). (See 
Figure 5. Reversals occur at times 44, 4B, 55, 64, 
66, 72, and 77.) 

2. All screens which change the cycle time T and cost 
rate terminate the cycle before the midpoint of 
T(DT(2). 

3. The only reason to have a double screen fs to ter­
minate a cycle at a reversal. 

4. ND-early-replacement is cheaper than or as cheap as 
early-replacement at a reversal. 
Since the optimal single screen policy may be cheap­

er than no-early-replacement and since no-early-replace­
ment is cheaper than early-replacement at a reversal, we 
recommend a single screen policy for a two part neutral 
beam injector. 

L 'input Life Limits and Parts7 
and Maintenance Costs / 

"1 
Compute Cycle Time as Least Common 

Multiple of Life Limits 
I Screen WidlF 
-•"* 

Advance Clock to next Replacement 
of Part H U h Longer Life 

Compute Shortened Cycle Time 
And Numbers of Parts Used 
And Maintenance Actions 

X |Co«pute Cost Rate for this Screen] 

I Increase Screen Width 

I 
/ Print Cost Rates, Cycle Times, 7 

/Minimum Cost and Corresponding Screen/ 

Figure 6 Flowchart of a Simple Enumeration Solution 
of the Two Part Opportunistic Replacement 
Problem. 

Single Screen, Multiple Part Opportunistic 
Replacement of Injectors" 

The multiple-part opportunistic replacement problem 
is to find a stationary screen to minimize the cost rate 
of parts and maintenance. Let N be the number of parts. 
The cost rate is 

f N l 
| 2 C(J|N(J) + CDNH J/T. (2) 

The numbers of parts required N[J), i • 1,2,..., N, and 
maintenance actions N N and T are functions of the 
screen, The maintenance cost is assumed to be the same, 
Cf), regardless of the number of parts replaced simul­
taneously. No early replacement is done unless all 
parts are due for replacement within a screen, THere-
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, rtrl, early replacement terminates a cycle by renewing 
ill parts. 

The two part replacement problem is imbedded in the 
Multiple part replacement problem. The solution of the 
.Multiple pa.rt problem uses all optimal two part screens 
is trial screens. The computer program that solves the 
problem 1s in Figure 7. The reason for trying optimal 
two part screens is that enumeration of all possible 
screens may take too long. 

/Read C(J), T[3), and C H , J - 1,2,..., NPARTS/ 
Call the two part opportunistic replacement progran 

find all I " ™ ' 4 ] optimal screens. Add I = 0 
and I = min T(J) - 1 eliminate duplicates. 

J 
Compute'the cycle time T, numbers of replacements 
N[J), and numbers of maintenance actions Nu for 
all screens. The cycle ends when all parts' 

lives expire within the screen. • 
Conpute total cost rate per cycle for all screens, 

IIPARTS r | 2 |C(JJ«(J) • C„NH|/T 0*1 
/Print min cost rate and corresponding screen./ 

Figure 7. The multiple part, single screen computer 
program flowchart. 

He conjecture that the optimal single screen station­
ary policy for the multiple part problem is in the set of 

all two part optimal screens or is 1=0 or m m T(JJ-1. 
He have not found an exception yet. Us have observed the 
following results in comparison of complete enumeration 
with the enumeration of only optimal two part screens, 0 
and min T(J]-1. (See Figure 7.) 
1. He have never had an optimal multi-part screen that 

was not an optimal two part screen, zero or 
min T(J]-1. 

2. Complete enumeration is wasteful because there are only a few screens for which the cost rates differ. 
3. When the set of two part screens plus 0 and 

min T(J)-1 misses a unique cost rate, that missing 
cast rate is not minimal. 

Therefore, we recommend the program in Figure 7 if enu­
meration is Impractical. If mtn T(J) is small, then enu­
meration is practical. 

Tables 3 and 4 show several four part problems. The input values are in Table 3, and the results are in Table 
4. The vector entries are (T(1),...,T(4)) and 
(C(l) C(4)). Problems 1 and 4 had the optimal screen 
of 2ero. Problems 2, 3, 5, and 6 had optimal screens 
which were two part optimal screens. 

Table 3. Input Data for Multiple Part Problems 

Problem Number Part lives Part costs Maintenance 
Number of Parts T(J) times C(J) 1 cost CM i 

1 4 
2 4 
3 4 
4 4 
5 4 
6 4 

(4,7,11,15) 7,7,7,7 1 
4,4,4,4 I 

" (2.2,2,2) 1 
(7,11,15,19) (1,1,1,1) 1 

t! fl g 
7 

Table 4. Multiple Part Optimal Screen Solutions 

Problem 
Number 

Screen 
I time 

Cycle 
T time 

Numbers of 
Parts/cycle N(J) 

Number of 
Maintenances Nf| 

Cost Rate 
I/time 

1 0 
1* 
z 
3 

4620 
539 

75 
42 

(1156,661,420,308) 
(135,77,49,36) 
19,11,7,6) 

(11,6,4,3] 

2100 
243 
35 
20 

4.308 (opt) 
4.308+ 
4.387 
4.476 

2. 0 
1* 
2 
3 

Same 2.656 
2.655 (opt) 
2.707 
2.762 

3 0 
1* 
2 
3* 

Same 1.555 
1.553 (opt) 
1.587 
1.619 

4 0 
1* 
2,3* ,4* 
5*,6 

21945 
209 
75 
55 

(3135,1995,1463,1155) 
(30,19,14,11) 
(11.7,5,4) 
(8,5,4,3) 

6825 
66 
24 
17 

.664 (opt) 

.670 

.680 

.673 

5 0 
1* 
2,3,4* 
5\6 

Same 1.597 [opt) 
1.617 
1.690 
1.600 

6 0 
1* 
2, ,3,4* 
5*,6 

Same 2.530 
2.565 
2.600 
2.527 (opt) 

"These screens are in the set of optimal two part screens. 
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A Genarai Multiple Hart upporuimstic Kepiacmiaa 
The policy in the previous section never replaces any part early unless all unexpired part lives end with­in the screen. This policy ignores the possibility that early replacement of a subset of parts may be worth­while. It is necessary to specify maintenance costs for replacement of subsets of parts before we can determine whether early replacement of a subset is worthwhile. Then perhaps a different screen for each subset yields a lowsr cost rate. Replacement costs for subsets of neu­tral bean injectors are necessary to plan opportunistic rep';:erasnt in the HFTF' system. He know replacement of all injectors simultaneously is too costly. There is some doubt whether complete renewal of a system will ever occur if we replace subsets of parts. Complete renewal is desirable occasionally. On the other hand, spare parts supply limitations may prohibit simultaneous replacement of all parts. The three part problem with T(J) • 3,4,5 never terminates if 1 » 1. There is no time when all three parts are replaced simultaneously. 
Opportunistic Replacement and System Availability 
A design constraint on the KfTF experiment states that neutral beam injector system availability must be at least 70S. This means that the conditions in Table 1 for successful operation must all be satisfied for at least 70S of the shots, "bis section shows how to compute system availabil­ity and how system availability varies with the oppor­tunistic replacement policy. Any opportunistic replace­ment increases availability because parts are fresher than if no opportunistic replacement is done. However, the lack of increase is surprising. Figure 8 shows the amiability computation. Neutral beam injectors have bathtub shaped failure rates. Assuming a neutral beam injector survives burn in, its life is'characterized by a long interval of nearly constant failure rate and then an increasing failure rate function. KFTF operator intervention can stretch the life of an injector substantially once an injector shows signs of impending failure. Consequent­ly, sample injector lives can't tie used to estimate failure rate functions of future injectors. This sec­tion illustrates availability when parts have quadra-tically increasing failure rate functions. The probability a part survives to time t is 

P Part life>t • exp[-/r(u)du) 0 (3) 

where r(u) is the failure rate function. If part J is 
replaced 0(0) times in a cycle, then the probability i t 
doesn't fail in a cycle is 

, , | T(J) Ml) 
?\?trt J does not fail in (0,T)| = [exp!-/ r(u)du) ] 

t T ( J > l = exp -N(0)/ r(u)du. (4) 
' 0 ' 

into 2 sets; Q contains all parts whose lives end at the end of the cycle and Q' contains the parts that are re­placed early at the end of the cycle. The last exponen­tial is the probability of survival through the last partial lifetime of length T mod T(J), (T mod T(J) de­notes the modulo operator; e.g., 8 mod 5 » 3, 17 mod 2 -1, etc.) 
The formula for P(T) is approximately 

PIT) 1 - fl H(J) / r(u)du -
jet}' o ' 
. T(J) TmodT(J) . - II (N(J)-:)/ r(u)du+/ r(u)du (6) jEq-l o o ' 

when the sum of negative terms is small. This approxi­mation is flowcharted in Figure 8. The approximation failed for long cycles in the example problems. 

/ 
Input failure rate functions for all parts, scream cycle time, and number of replacements per cycle./ 

Compute the sum of failure rates per cycle for each part. 
[Sum over all parts.| 

|p[System Fail/Cyclej a I - EXP(-SUM) 
Availability* 1 - p[System Fail/Cyeie]/Cycle Time 

Figure 8, System Availability Computation Flowchart 
Assuming Parts are in Series. 

The probability of at least one failure during a 
cycle is l-P(T). The long run average availability per 
shot is approximately 1.0-(1-P(T))/T if l-P(T) is 
small. Since we assume part lives are chosen so that 
the probability of premature failure is negligible, the 
approximation is adequate for short cycles, Table 5 
gives the availabilities for all problems assuming the 
failure rate function is r(u) =• (l.aE-S)Iu' + u + 1/6). 
The ava"ability could be combined with the objective 
function and minimized as in Sule and Harmon (Ref. 6), 

Table 5. Availability as a Function of Screen 
Problem 
Number 

Screen 
I,(time) 

Cycle 
(time) 

Availability 
(1-P(T))/T 

1-3 
3 

75 
42 

.99355 

.99660 
4-6 2-4 

5,6 
75 
55 

.99753 

.99756 

This is a lower bound if part 0 is replaced early at the 
end of a cycle. 

If failure of any part causes system failure, the 
probability the system survives a cycle is the probabil­
ity of no failure:, 

i T(°) i PIT) • n exp(-N(J) / r(u)du) JEQ 1 0 ' T(J) TnodT(J) II exp(-(N(J)-l) / r(u)du) exp(-/ JEQ'1 0 0 

Ultimately, spares availability should also be in­corporated into the objective function and constraints. This is because there may not be a spare available to replace a part even though the opportunistic replacement policy says replace it. Or there might be two unequal spare parts with different residual lives. The choice of which of several unequal spares to use 1s called the build problem. We've hardly started to study the build r(u)du)| (5) problem. (See George, et al., Ref. 7, George Ref, 8, 
1 and Friesen and Deuenmeyer Ref, 9.) 
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