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‘associated with epoxies, ceramics and organic polymers will be

'4dealt with in a future paper. .

I. INTRODUCTION

' One of the prerequisites for the successful operation of a
fusion reactor is a reliable oéeration of the superconducting
magnet system. This reliabilitf must be guaranteed even after
many years 6f service in a particle radiation field. It is
therefore, necessary to evaluate the radiation damage that can be
expected during the lifetime of the r;actor.

Any cryogenic superconducting magnet will.in general make
demands of both metallic and non-metallic materials. In the
metallic category, materials for three d%fferent functions are
needed: &) superconductor (NbTi or NbBSﬁ) b) stabilizer
(Cu of Al) and c)strueture (304 sSS). In the UWCIR magnet, theée'
compcnenté occupyvrespectiVely 1%, 32% and 677 by volume. ’
The non—metallic méterials play structural, thermal, and

electrical roles. A mineral-filled époxy‘will.be used to
mechanically bond the4copper to the steel and simultaneously serve
as an insulator. The thermal insulation is a composite of Al and mylar.

In this paper we will deal only with radiation damage to the .

metallic components of the magnet systém. Those problems

" In order to predict the performaﬁce of any material, the
operational environment must be defined. For a typical fusion magnet

: ' 2
system those conditions are as-follows:
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a) 4.2°K or lower
b) Keutron flux of 10 n/cm ]/ sec
¢) 85 kilogauss
d) stresses around the yield point of copper
and 50 ksi in the stainless steel.
With these conditions in mind we can now investigate the

characteristic features of neutron irradiation at low temperatures.

II. RADIATION DAMAGE AT LOW TEMPERATURES

The production of radiation damage at low temperatures is
not significantly different from high temperature production. In the
neutron case, a neutron enters the lattice and can impart a

small fracticn of its energy,4/M,to a lattice atom. This lattice

,

_atom referred to as a PKA, careens through the lattice losing

energy by ioniéation and displacing atoms from their equilibrium
sites to interstitial posifions. Near the end of its_travel,the

PXA beglns to strike atoms every lattice spacing and creates what

is known as a dlsplacement spike. (”1gure '1). Usually accompanying
this displacement spike ?s arlarge amount of therﬁél energy or
thermal spike.: The dlsplacement spike is an 1mportant
characteristic of neutron irradiation as oppoeed to electron or

heavy charged partlcle 1rrad1atloﬁ. The dlsplacement spike segregated

the defects: the interstltlals in an outter corona surroundlng a core of

' vacancies or the depleted zone.

An important event which we have neglected in the above

‘sequence is the replacement deféct. As the energy of a displaced
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the primary atom may impart most of its enexrgy to the lattice

'_'Na;urally as more defects are produced, these interactions become more

atom falls below a certain value, usually taken as twice the
displacement energy, no further displacements can cccur. However,
atom which then proceeds on té a subsequent collision. In the process
the PKA comes to rest in the vacated lattice site. For pure metals
this type of event has little effect but it becomes important for
ordered alloys and compounds.

In the above discussion we have neglected the fate of the
neutron. Depending on its energy this neutron can enter into
nuclear reactions with the lattice atoms changing them to
entirely different elements. This form of damage is completel§
independent of temperature and theref;re will not be effected
by annealing. We will return to this point later since it is
both pefmanent and accumulaﬁive.

What then characterizes iow temperature irradiation effects?
The sole significant influence of temperature on the observed
irradiation changes is the degree of mobility of thésé defects.

In the case of most metals at 4.2°K the thermal mobility of the :

defect is extremely small. One of the.exceptions is Al where a very s
limited mobility seems to exist at 4.2°K.20 Nevertheless, the
driving force for the mobility of these defects is not entirel&

temperature dependent. Each defect has associated with itself

a stress field which enables it to interact with other defects.

.
-

numerous and leads to the observed saturation of irradiation

induced defects. - e - K
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As one would expect, the annihilation of defects on annealing'
at higher temperatures has been the source of extensive investiga-
tion. At the lower temperatures the sequence is rather simple. The

’-

interstitials having a lower migration energy (U = ,05 eV)

i
m
become mobile first. The interstitials may a) recombine with
vacancies b) be trapped by impurities, c¢) be ennihilated by
dislocations, graio boundaries, etec. or d) conbine with other
interstitials to form clusters. At higher temperatures the
vacancy begins to move and has the same options as the interstitials.
The basic pattern of defects resulting from these migrations will
determine the annealing pattern at higher temoeraturesr

With this brief overview of low temperature irradiation let

us now consider the effect these defects have on certain specific

pure metals and alloys of interest in a superconducting magnet.

‘ITI. ANALYSIS OF RADIATION EFFECTS TO PURE METALS AND ALLOYS

Ve

While it most be evideot from the general introduction, it
is important to point out that each material plays a special role
and therefore was chosen for a special phy31cal property. Thus,
copper and aluminum were chosen for their lo" re51stiv1ty, Nle for
its “high crltlcal current and field, and stalnless steel for its
strength and ductility at low temperatures. All three materials
will exhlblt dlfferent changes in their design propertles due to
1rradiatlon. However, one charactcrlstic common to all is the

energy stored by the defects produced by thls low: temperature



irradiation which will be releaced upon ennealing. In the
following sections all of these aspects will be treated in detail,

and applied to the UWCTR.

Resistivity Changes in the Pure Metals Cu and Al

In an analysis of the resistivity changes in copper and
aluminum an important parameter to be determined is the rate of
change of the resistance with increasing neutron flux. In early

-, 28. . . , .
work done by Burger ef. al. the derivative of resistance with

dose was assumed to be linear. An integration with respect to time of

,dpr/dt yields equation III—l for .

o =B 1- e:;p (-8t)1 | - (1II-D)

Obviously, this result is not in agreement with the known mobility
of the defects due to the stress fields of each-defect. In recent
work by Horak and Bléwitt5 the recombination volume of the defects

are taken into account and the rate of increase of resistance then’

varies with the square of the flux and yields the folléwiﬁg

expression III-2.
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d 2—“ p 2
Py =& {1- o r\l 4 (I11-2)

This expression can be extrapolated to two straight lines

similar to III-1 where the cross-over point occurs at a neutron

flux of 3 x lOls cm—z. Table 1 and Figures 2 (a and b) given

the experiment data points and the constants for expression III-2.

Table 2 gives the saturaticn values for these pure samples.

As we have previously pointed out the energy of the incoming
neutrons will have a significant effect on the type of defect
produced. It is therefore, neeessary to evaluate the effect of
neutron spectrum on the.resistance changes. For the purposes of

.

this analysis we will divide spectrums into two groupsr 1) a

predominantly thermal neutron spectrum and 2) a fast neutron

'spectrum. In the. former ‘case we need only ‘to con51der the

displacements due the recoil nuclei of the (n,Y) reactioms.

From Table 3 we can see that the energy of ﬁhe "?KA"_is ot the
order of a fraction of.a.kev.9 From this type of a spectrum one
would expect defects similar to those resultlng from electron
1rrad1at10n, that is, an absence of displacement splkes. In

the fast neutron spectrum the defect structure will dbe.

predomlnantly spikes and clusters. Anneallng curves for copper

and aluminum are shown in Figure 3 for several flux spectrum.
Of notable importance is the absence of effect in the aluminum

samples. This insensitivity of Al to spectrum can be explained

by its low capture cross section and in general by the increased
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importance of ionization effects in light elements. However in the Cu

samples the increased annealing at low temperatures can be
directly related to the absence of displacement spikes.

In addition to the difference of the type of defect present,
the transmutations resulting arelsignificantly different. 1In
general the cross section for (n,y) is much larger at thermal
energies than (n,2n), (n;p) and (n,Heé) at high energies. The
contribution from (n,Y) t;ansmu;ation.droducts to the resistivity
increase can be on the order of 107 from Coltman et. al.9

The study of irradiation damage recovery from annealing is
important from the standpoint qf engineering application as well
as the understanding of fundamental mechanisms. As a result
experimental investigatiors in this area are numerous.

The annealing recovery process is divided into several
stageé. Stage 1 is characterized by the migration of the
interstitials whicﬁ continues up to 60°K for copper and 50°K
for aluminum;lg Within this stage we fin@ five separate sub-
stagés: Athe'first three (A,B,C) represent élése—péir annihilation,
and last two (D and E) are characterized by free migration of
the interstitials, D correéponding to a small number of steps

and E a large number of sieps.zo Figure 4 illustrates these

substages for electron irradiated Cu and Al and Figure 5 neutron

irradiated samples. Notice the relative size of the A to € peaks

between the two types of irradiations indicating. the lack of close~

pairs in the neutron case. A characteristic of aluminum is the

.




absence of the A peak indicating a limited mobility of aluminum
even.at liquid helium temperatures. Of importance to the engineer
is.the defect retenticn after stage I annealing sho&n‘in Tigure 6.
This data indicates 65% retention for Cu and 50% retention for
Al:20

In Stage II (60 to 220°K for Cu and 50 to 170°K for Al) wve
find no basic change in the pattern. The mean density of the
defects is reducedwdue to elimination of thermally unstable
interstitial-vacancy and trapped interstitial structures.

The migration which occurs in Stage III (220°K and up for
Cu and 170°K for Al) is still under.discussion. The situation
is extremely dependant on the structures formed in earlier anneals.
For Al a vacancy mig;ation theory is in gcod agreement with

experiment while for Cu the conversion—-two-interstitial appears to

apply.20 The freg'migration of vacancies seems acceptable for

Al with its low meltingrpoinf.\‘

‘Stége.III anneaiing reveélsfan important difference between
Al and Cu from the engigeering standpoint. Recov;ry is complete
for Al at room_temperature‘(Figure 7) whereas defect retention
is still 20% for Cu (Figure é) complete :écovery occuring only

20

at temperatures greater than 500°K. - One last effect that might

‘be important for UWCTR is the shift of annealing peaks: to lower

temperatures with increasing fluence. This would be expected since
more defects decreases the inter-defect distance and increases the

prqbability'of annihilgtion (Figure 9).-> R



Irradiation Effects to Superconductors

Before one could enter into an examination of the effects
of radiation on superconducting properties, it is necessary to
understand what this state implies and in what environment it
can exist. Some materials at very low temperatures make an
abrupt transition to a non-resistive state. This supercon-
ducting statebis possible within a region below the critical
values of températnre, current, and magnetic field which differ
for each material. Figure 10 defines this region for Nb3Sn 3.
The critical temperature Tcrcan vary up to 21°K, the critical
field Hc up to 400 kilogauss, and critigal.current Jc up to
106 amps/cmz. Unfortunately, we cannot achieve these limits
simultangously. Both Tc and Hc are mainly properties of the
material's electronic distribution and are not changed signi-
ficantly by defects in the lattice. O0f the radiation effects
to be studied, transmutatioﬁ reactiong could effect Té and Hé
since they introduce new materials changing the electron dis-
tributions. The lattice defect contribution to Tc‘is through

the effgct of the phonon frequency, but this term generally

makes only a small contribution to Tc' - However, in.some materials,

Nb_Sn for éxample, ordering plays an impottant role in’Tc and

3

therefore disordering effects due to displacement, and more

important, replacements need to be considered. On the other

“hdnd, Jc is strongly depengdent on the defect structure. In

order for a superconductor to.carry current, the flux lines
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must be pinned by defects to stop their motion under the Lorentz
force. However, not all defects are equally effective as pinning
sites and theréfore the better the defects are at pinning, the
higher the attainable J_. The critical current density is not
only proportional to the defect density but also to the degree

of difference between thevdefect and the matrixz. This latter
condition will become important in our interpretation of the
experimental results in the next.sections. The role that both
defects and precipitates play in increasing JC can be seen in
Figure 11, where Jc Yerses H curves are shown for various annealing
procedures. Annéaliné at 450°C introduces a—Ti precipitates

increasing Jcé Lower annealing temperatures (i.e.ZOOOC) yields preci-

s . . . . o
pitates to small to be effective pinning sites while a 650 C anneal

produces precipitates too large to be effective and makes significant
changes in the matrix alloy compositiom. The phase diagram for the

Nb-Ti system is shown in Figure ]2.

Useful superconducting materials basically fall into two
metallic typesi 1) alloys like NbTi and NbZr and 2) inter-
metallic compounds like Nb3Sn, Nb3Al, V3Ga and mény o?hers. In
general the alloys have good ductility and bond easily with
copper. The intermetallic compounds, on the other hand, are
of tﬁe beta tungsten structure, seen in Figure 13, which is the
source of higher Tc, Hc, and J; than for the alloys. However,
this‘stfucture is extremely brittle and these compounds require
complicated f;bricaﬁion processes in addition to being more

expensive. Present day magnets either use NbTi or Nb3Sn\with

NbTi  predominant for the reasons mentioned above.
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Irradiation Studies

As a prelude to an indepth\discussion of irradiation
effects to superconductors, it is helpful to investigate where
research has already been completed in terms of irradiation
temperature and fluence dpa (Figure 14).

Since the equilibrium defect structure at 300°K is quite
different from that at 4.2°K, over 507 of the data points are
not applicable to the,fusion reactor case. Although we have
several points at 4.2°K, those investigations include only
one study of neutrons on NbTi and none of the neutrons on Nb.Sn.

3

In order to acquire the ability to predict the performance of

a superconducting magnet system in a fusion reactor, it would

4

seem that more data is needed  in the low temperature region.
Nevertheless, we will try to come to some understanding of the

effects already brought to light by all these.irradiation studies.

NbTi and NbZr Alloys

As we have noted before, the current carrying capacity of
a superconductor is due to.defect density and the degree of
difference between the defect and the matrix: Physical hetero-=
geneities can be introduced into materials by mechanical
deformation, second pﬁases precipitation,‘impu:ities, or lattice
imperfections. Sor the ductile alloys NbTi and NbZr, second
phases and mechanical aeformation are the important mechanisms.
For the most part, fabrication processes Ef thgse alloys

and heat treatment
depend on def01mat10n/to achleve hlgh critical current densities.

It has been found21 22 that maximum flux pinning is obtained
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when the dislocations form a cellular structure referred to as
tangles seen for Al in Fig. 15.These tangles or cell walls in
niobium are 100-5C0 °A wide, and the essentially dislocation-
free cells have diameters of 0.6 micréns. M;gqetization
studies, illustrated in Figure 16, show that these tangles are
much'more effective as pinning sites than are single dislocations.
Once the cell structure is formed at a-dislocétion density of
lO9 (15-20% cold work), then additional deformation makes |
little change on the magnetization or the critical current.
These results have been confirmed by many authors.

With this in mind, we can interpret radiaﬁion damage

studies to NbTi and NbZr. The.earliest and perhaps the most

‘complete report of radiation damage. at low temperature (30°K)

was completed by Coffey et. 31.7’11. In all cases deuteron

irradiation caused a.slight increase or no change in the Jc of
annealed samples while causing decreases oﬁ 25% .and more to
cold worked NbZr and NbTi.(figureV18). yote also the drop in
Jc by more than a factor of20 from the cold worked (Figure 183)
to annealed (Figure 18d) samples. Iﬁ Figures 182 and d we see

what is known as the peak effect: a hump in J_ at high fields.

It is particularly interesting since it only anneals out at

300°K indicating a defect other than simple point defects.

Even today this efféct'has not yet been satisfactorily explained.



Coffey!! also determined éhangcs in Tc and HC for these
deuteron irradiated samples. The Tc decrcases were small
and of the order of -3.3% (—.ZOK). However, since Hc depends

on Tc in a parabolic manner (Fig. 19), Hc should decrease
by 12% which agrees with the experimental evidence. .

The ¢nly other significant study of low temperature
irradiation effects on NbTi has been made recently by Wipf
and Soell.® Fig. 19 shows the results of their neutron
irradiation work but the value of the paper is best seen
in their explanations of them. In general, they found de-
creases in Jclwith neutron dosage. There could be thfee
sources for these decreases:

1) A decrease in T.- Since the critical point for a

- superconductor is a function of Tc, JC, and Hc (Fig. 18) .

simultaneously, a negative change in Tc could conceivably
account for the decrease ip Jc. However, Wipf points out

that ﬁhis change in Tc must be of the order of several °K

to agrée with the ex;erimentally determined changes in Jc.
Measurements in similar experiments show a AT T -0.2%?!

and therefore the conclusion is made that this effect is

minor for NbTi even though Tc was not measured for ;hese
specific samples. ' ' ) . : | :

v2) Phase ﬁransformations and preéipitation due ﬁo-the

high temperatures of ionization produced spikes. ThisAéffect‘

is ruled out since the effects can be annealed out at a low

témperature. It would not be possible if these égfects were
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due to precipitates. It is fufther debatable whether de-
struction of precipates would noticably affect the current
carrying capacity of the wire used in this e¥periment.

3) Reduction of the pinning strength of the dis-
location tangles. Figure 20 illustrates the model on which
this explanation is based. As we have previously seen,
essentially dislocation-free matrix is surrounded by dis-
location cell walls which form pseudo-potential wells to
flux pinning. During irradiation, point defects have been
introduced in the hatrix decreasing the degree of difference
between the walls and the matrix and, in an explanatory way,
decreased the éepth of the poténtial well. This model, of

course, assumes that the point défects do not increase the

wall pinning effectiveness.?® Reasons for this assumption

are the belief that the high defect density of the walls
would suppress the effect of the point defects and, further-
more, that it ;s'bossible for the dislocatioﬁs to act as
sinks for the irradiation induced point defects. This model
requires substantially more data to be proven but appears
to provide a reasohablé explaﬁation to Jc degfadation.

It-is important to note here that the current carrying
capaéity of a NbTi.alloy may be enhanced by two methods:
1) cold working and 2) precipitation heat treatment.< The
latter method is Qn;y possible for Ti rich alloys'and ié
the technique commonly‘adopted by U;S.'producers. ‘On the

other hand, the material'tesged by Wipf and Soell was primarily
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of the cold-worked type, and the proposcd model is valid.
For precipitation heat treated superconductors, another
model musé be used involving the breakup of precipitates.
It is the author's opinion that this second model will show,
baéed on the work of Nelson et. al.;?® slower dependence

on neutron dose and will be more radiation resistant than
the alloy dependant solely on dislocation networks for

flux pinning.

Intermetallic Beta-Tungsten Compounds (b.Sn, and others).

At its initiation, the interest in irradiation studies
of ' the intermetallic compounds stemmed from a different
motivation. As we have noted previously, these compounds are

extremely brittle and therefore, enhancement of the critical

‘current could not be obtained by deformation. Initially,

the concentration was on meéhods using second phases and
impurities in order to obtain Jc enhancement. However,
particle irradiation presents itself as a convenient method
of homogeneously introducing lattice defects into the super-
conductor. The immediate conclusion would be that the effect
on Jc should be positive as opposed to the negative effect
seen in highly deformed ailoys. This is not completely true
due to large effects oﬂ Tc in some of ,these materials.

From Table 4 we see that again the work of Coffey ef. al.
is not only the flrst but the only irradiation study of any

klnd on NbBSn systems at cryogenlc temperatures (T < 300 K)

The reason is obvious. " Defect mobility is requlreﬂ to form.
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the large defect structures such as clusters, platelets and
loops necessary for effective flux pinning. Therefore,
higher temperatures are necessary.

Analysis of the work of Coffey et. al.!! reaffirms
some of the conclusions that we have made concerning the
alloys. The J, versus H curves (Fig. 21) derived from their
experiments again indicates the difference between initially
high Jc (Sample 251) and initially low Jél(Sample 184) Nb3Sn.
In Figure 2la, we see an increase of Jc in 184 due to a .
small percentage of large thermally stable (Tc BOOOK) defect
clusters. TFigure 2lc and 21d show the opposite effect, a |
net decrease of Jc for 251. Hdwever, an investigation of Jé
versus Hc curves as a function'of temperaure reveals a
negative effect at higher fields for both materials due to
the decrease in TC. Remembér that in the alloys this effect
was negligible. This is not the case for Nb3Sn which depends
on ordering foF its high critical teméerature. A Tc decrease

of 1.2% (~8%) was measured for these samples and the strong T

—dependance on Hc accounts for the net decrease of Jc at high

fields. This decrease'was not recovered by annealing at
300°K and would not be recovered until T ~ lOOOOC'(Fig. 22)
whefe reordering can occur.

From the previous discussion éf intermetailics,_in
general, one can see that ény effort to compare different
studies could be extremely diffipulﬁ. Since Jo is a sensitive '

function of stoichiometry,
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slight deviations from 29.5 weight}% Sn can change the current

carrying capacities drastically, and therefore, the radiation

effec;s differ drastically. In addition, Nb3Sn is fabricated

through many different processes leading to different propertigs

caused by differences in impurities, heat trcatments, stoichiometry,etc.
From the works of Cullen, Vovaklz-lé, and the as yet un-

pubiished work of Bettls, we can piece together the effect of "high"

temperature irradiation on Pb3Sn and the results are not surprising

(Figure 23,24,25). Basically the effect can be separated into two

counter-effects: l) increase JC by introducing defgcts, and 2) decrease

Jc by introducing disorder, thereby lowering Tc. The fluence at which

the”decrease of Jc overtakes the increasg depends on the initial

current carrying capacity of the,superconduétor (Figure 262). In order

to put Figure 26 into perspective, note that the ordinate represents

Jclrr/Jc°. Jc° is not the same for each sample and ranges from

1.36 x 105 to 1.2 x 106 amps/cmz, lowest to hlghedt rcspectlvely I

would ant1c1pate the lowest 1n1t1al J csample to fall off preclpltously ‘

18

in the range of 5 x 10 'n/cmz. The data of Bett (Floure 26b)cnables

us to see clearly the magnitude of the decrease in TC'

Annealing Récovery of Superconduéting Properties

 When a fusion magnet engineer talks of annealing procedures,
he is considering a relatively low temperature anneal. The annealing
temperature will probably not exceed room temperature by many degrees

due to the constituents
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of the magnet. This temperature must in no way approach the
charring point of the lowest melting material in the magnet
(probably the insulation).
In previous studies, we have seen that point defects
anneal at temperatﬁres between 77°K and 300°K11. In that range
of temperatures, we can recover from 85 to 100% of the current
carrying capacity depending on'the material and the éxtent of radiation

damage.s’ Figure 28

Thie is particularly true for the metallic
alloys. However, when decreases of Tc are significant as in Nb3Sn,
then much higher temperatures must be reached to regain the ordgred
structure. For Nb3Sn, even temperaturés.of 450°C for periods of
days yield little recuper%}ion of‘TE as. seen in Figure 29.

This requirement of annealing temperatures has also been

. seen through experiments monitoring the lattice expansion. It

was found that annealing at 650°C for two hours was sufficient

to relax the lattice to the initial size. This temperature is

higher ﬁhan would be expected from a material with a melting point

of 2400°K but this is thought to be due to the highly ordered state

of Nb3Sn;

Mechanical Propeftiés of Structural 304 Stainless Steel
The mechanical properties of interest to us, i.e. yield

streﬁgth, ductility and creepvare.significantly affected by changes

* in the dislocation-defect interaction. Irradiation defects may

impede.the motion of dislocations thus increasing the strength



while decreasing the ductility. Creep is usually associated with

vacancy concentration and diffusion. The vacancy concentration is

increased during irradiation and may lead to irradiation induced :
creep even at temperatures where thermally activated diffusion is

Zero.

While changes in these properties are important to the designer,
very little work has been done in this area at cryogenic temperatures.
At this time, no work has been done at liquid helinm temperatures
and no more than four papers have been written on the temperature
range of liquid-nydrogen and nitro%gﬁgG’ég’ggta‘has shown
statistically reliable changes in the yield strength and ductility
of 304 SS, even though decreases in strength were indicated.25 For

5110 n/cm (E>1.0 1 eV) 34788 shows significant decrease (35/) in vield

. A .
_ strength with llttle or no change 1n,ductlllty.6 Explanations were not

presented in the literature. Type301 exhibited a smaller decrease in

yield strength (5%) but no statistical reliability was given. 6,27

In light of the spotty data and the absence of explanations for

phenomena already seen, further‘experiments would seem indicated.

At high temperatures and w1th energetlc neutrons, severe

" embrittlement has been observed. This is predomlnantly due to stress

et brain boundaries from helium. At tempe;atures where 41ffu51on -
of'helium and hydrogenvcannot take place, the gas remains in the
mettlx and only slight degradatlon in properties should occur.

An lnterestlng area of 1rrad1atlon damage has been the area .

of creep. Normally,\creep‘is considered to be a thermally activated’
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process. However, in the last few years, extensive work has been
conducted dealing with irradiation induced creep. This subject
will be dealt with completely in a later paper and its effect applied

to the magnet system design.

Stored Energy Due To ITrradiation Defects

In_the past, the amount of stored energy in an irradiated material
has largely been overlooked as a source of design limitation and in
general, this is true. However, operating proceduree may be affected
if the energy etored reaches vaiues compared to the heat capacity
of the material and the thermal heat flux due to thermal conductivity
or-coolant. in any cryogenic system, the latter term is by design
_very small and the heat capacity at low temperatures is very small
increasing as T3.i It_would; fherefore,'seem wise to analyze this
aspect to avoid undesirable‘runaway heeting on warm—up.

Estimates of the energy contained in a Frenkel defect can be

~made by summing the energy of formation of both the interstitial

and the Qacaney. This’eséimate indicates a value of 3.5 ey for
cdppef and 5;6 fo; aluminum. The produc; of this energy and the
total'number of frenkel pair will then indicate the magnitude of
the stored energy | |

This value is onl) approx1mate at best and seme experlmental
Awork.has been done correlating the change in reelstance with the
energy releases during 1sochronal annealing. One would expect that

the energy stored would be less than the theoretlcally derlved value _

51mply due to thermal splke annealing and recomblnatlon. One would
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expect the energy released to vary within each stage as is the case
for copper. fhe mean of several experimenters yield 6.7 cal/gm/lo—Gohm—cm
for stage I Cu and 12.8 for state IT and III. TFor aluminum, all three
stages have the value of 8.37 cal/gm/lo—eohm-cm.30

We can see from this brief survey of irradiation effects that
an incorporation of these time dependent changes into the materials
choice of the magnet system is both necessary and complicated. The
results can place limits-on the initial choice of materials as well

as the manner in which the reactor system is operated.
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IV. APPLICATION TC UWCTIR

The cryogenic magnet design that was adopted for the preliminary’
CTR presented by the University of Wisconsin at the 1972 Austin Qymposium
represents a major improvement of past magnet aesigns.3l This design,
shown in Figure 30, uses the constant tension concept with edge eooling
of the superconductor.l’z’31 The cast stainless steel structural compo-
nent consists of a large disc in which shallow grooves have been left.
These grooves are filled with the conductor which is then epoxied in

. : '
place. This procedure.allowsAthe copper to be prestressed by keepin%
the stainless steel disc in temsion during the application of the -
epaiy. Prestressing increases the efficienc& of the stainless steel.

In this design, use is made of - the total stability criterion
which states that the coollng capac1ty of the helium nust be greater
than the amount of heat generated by the current flowing in the
stabilizer.32 This criterion presupposes that the current is forced
to leave the superconductor for one reason or another. 'The resistance
then plays an 1mportant role in the crlterlon and determines the
Cross sectlon of copper needed.ln the magnet.

The sources of resistance are numerous and, following Matthiesen's
rule, are independent.of:eacn other. The'tote} resistance can be
represented by a summation of six terms: the residnal inperfection
re51st1v1ty p , the temperature dependent: re31st1v1ty p(T), the stress-
induced re31st1v1ry ps, the magnetores1st1v1ty pM} the rndlatlon 1n7
dnced resistivity QR, end tne impnrity induced.res;stivi;y pTi
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= ‘ -+ . -
p=p, te(T) Fpg oyt Pt O (1v-1)

Recent work by Lengeler, Schilling, and Wenzl indicates that there
may exist coupling between these terms in cold-worked and neutron

3, Nevertheless, in the following work, these

‘irradiated copper.3
deviations will Ee ignored and- the validity ofiMattheisen's rule-
accepted. At 4.2°K, the temperature dependent term is several orders
of magnitude less than po and can be'negleéted.‘ The magnetoresistivity
has been shown to be strongly dependent on pO and has been studied
over.large ranges of impurity concentrations. The impurity concen-
tration is usually measqred in a manner probably unfamilar to

that is, in terms of RRR, the residual resistance ratio, defined

as the rooﬁ temperature fesistanée 6ver the resistance at 4,.2°K.

This ratio islextremely sensitive not only to impurity ccncentrations
but also to the déformation history of the sample, A big disadvantage
to the interpreter.

The copper quality usﬁaliy proposeé for a CTR magnet sjétem is
designated és oxygen free high purity copper (OFHC) which has a p§minal.
RRR value of 150 and a residual resistivit§ of 1.44 x.lonsohﬁ—cm,
Figure-32a plots the change\in Py with increasing magnetic field
for copper. An analyﬁical expression of the resulting sfraight line

for RRR = 207 is given in IV-2.5° . .

Py = .064 Bpo for B in kilogauss (Iv-2)

3



23

In CTR magnet it is tempting to go to lower resistivity simply
by increasing the purity. ih Figure 32b, we see that the maximum
gain is attained fdr a RRR of 20090. It has yet to be determined
if the cost of this high purity is offset by the savings in both
copper and stainless steel. ’

The-case for aluminum is considerably different.36 A
resistance versus magnetic ﬁieid plot (Figure 33a) réveals a
saturation of pM at the Zlow field of 30 kilogauss. This ;haracter-
istic property of aluminum is perhaps’the most important item in
a comparison between copper and aluminum. Once again, the impurity
dependence of the saturation magnetoresistance is of interest
(Figure 33b) and the maximum is attained at RRR = 15,000.

. . .

While very little has been done on the stress induéed resis—-
tivity of coﬁpe;, there is data available for the stressed state
of aluminum.37 For lowvstrains beyond the yield stress, the in-
crease in resistiviéy can be taken as linear with € (Figure 33c).

For 99.9999% Al (RRR=2000) and strains less than 0.0l;;equation

IV-~3 can be used.37 .

3

p_ = 2.35x 10° p_ (¢ - .0033) . (1v-3)

For higher straims, some authors believe IV-4 to hold true:38

o, = po[AeS/4 sty " (IV-4)

In Figure 33d, the results of both strain and magnetic'field\
are shown.39 These resulfs,which show a small increase in p with

plastic strain are not in agreement with results of Figure 23c and

)
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the application of Mattheisen's rule. In other work on the correclation
of radiation induced resistance and magnetoresistance)similarWée-
viations in Mattheisen's rule are found. The author feels that further
investigations are necessary to clarify the situation. Strong coupling
could be expected from ho’ ps, Py and Pr? all of which depend to a
high degree on the defect structure of the material. Nevertheless,

it is the author's opinion that the application of Mattheisen's

rule will be the worst possible case and that deviations will de-

crease the total resistance increase.

Neutron Flux Characteristics

As we indicated in section IIL, the type agd energy of the
igcoming particle plays an important role in determining the
charagteristics of the resulting damage. Any evaluation of the
radiation damage in UWCTR must include a discussion of the shield
and flux spectrum. |
Figure 34 gives a schematic of the proposed radiation shield.3l
The role of both the lead and the stain%ess steel is the slowing
down of the neutrons by means of inelastic'scattering. After the
slowing down has taken place, thermalization énd finally absorption
takesfplace in the carbon and boron respectively. This propqsed'

7

shield yields a neutron flux of 2.2x10 n/cmzsec-and a dfisplacement rate of

14

2.3x10 ~ ' dpa/sec for 2.3MW/m2. The energy attenuation is still
ﬁndetermined due to the lack of data on secondary gamma cmission.

. 1t may be seen from Figure 35 that the neutron energy spectrum
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is strongly peaked toward high energies with 16% of the neutrons

having an enmergy greater than 4.3 MeV and 86% of energy greater

than 0.1 MeV.40 This spectrum is drastically different from

a reactor spectrum and shows a total absence of a thermal neutron

peak due to the large boron absorption cross section in the shield.
In-order to calculate the damage rate in the magnet, the displacement
cross section is necessary and is shown in- Figure 36 for niobium.
Notice that the displacement cross section resulting from (m,Y)

recoil atoms is seve;al.orders of magnitude less than the cross s
section due to elastic and inelastic interactions énd, excluding

the existence of a large thermal flux, can be co;sidered to be
negligible. The energy spectrﬁm-of UWCTR justifies this assumption.
With this information, estimates of the radiation damage to the magnet

system can be made.

Displacement Damage

Using the UQCTR enérgy spectrum at;the magnet and the displace-
ment Cross sect;ons for stainless steel and niobi&m,‘a displacement
rate energ& spectrum can be calc{;lated.40 As can Qe seen from Figure 37,
427 of the displacements are due to neutrons with energies greater
than 3.2 MeV and a relatively insignificant percentage of the dis~
placements (2.4%) arising from néutrons of energy lo&er than 0.1 MeV.
For the UﬁCTR with a first wall loading of 0.5 MW/mz, the total di;—,

15

placement-rate in the niobium is 5 x lO—lSdpa/sec and 6.9 x ].'O“= dpa/sec

for stainless steel.'
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In the following numerical applications, the approximation
has been made that the displacerment rate in both copper and aluminum
is equal to the displacement rate in stainless steel. This assump-
timn is probably valid for copper but considerably less valid
for aluminum due to the large mass difference between Al and Fe.
The radiation induced resistancé has been calculated from the

general form given by Horak and Blewitt,5

dpr
dt

= A(L - Bpr)z ‘ (IV-5)

The constant A can be written as a product of the displacement'

rate (dpa/sec)and Prp in 10-4ohm-cm per defect. The resistance is

- obtained by_integrating IV-5 and applying the initial condition pr=0

at t = 0. k )

2

©
0
|-

ABt + 1 _ (IV-6)

N

In this form the constant 1/B is clearly seen to be the saturation
resistivity, i.e. P =pm as t > ®, Equation IV-6 can be written
in a dlfferent form by multiplying top and bottom of the term in

brackets by 1/BQFP which is equal to the saturatlon defect concen-

. tration C&w

: g0t . .
r re Od‘bt + Cdco ) v (IV-..?)

e
N
O
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The values of P oo and'Cdc,o determined by Horak and Blewitt for AL
and Cu are found in Table 2 and the displacement rate in the
UWCTR magnét has previously been determined. Using these values,
the following expressions for irradi#tion induced resistance are

valid for the UWCTIR magnet and are plotted in Figure 38 versus t.

» t
-7
pr(Cu) = 3.3 x 10 £+ 1.9 x 1011 /ohm cm (IV-8)
- t 7 .
_ -7 (IV-9)
p (Al) = 8 x 10 <t +1.76 x 1011>

Table 5 gives the resistance increases for three time periods of

interest.

Table 5
Irradiation-induced Resistance for Copper and Aluminum

in the UWCTR Magnet System

Pr o, or
RRR. - ' 1l yr . 5 yrs 20 yrs

Cu 120 \L 5.5 x 107+ 2.7.x 1070 1.1 x 1077 ohm'cm
2000 ) . . . |

AL 2000 o 14ax 1000 7.2.x 10710 2.88 x 107> ohm'em

For the UWCTR a change .in resistivity of 1OZ.Will arbitrarily be
deemed unacceptable and thus defines a critical time. Table 6
shows the results for several t&pes of éu and Al.

Table 6

Critical Irradiation Times.and Maximum Wall Loadings

for the UWCTR Magnet System

Maximum Wa.
Loading fo:

‘RRR 107 p, ohm°cm Cq critical dpa Critical time (yrs,) yr. 1ife (0%,
Cu 120  1.44 x 1077 5.7 x 1076 26.5 . .67
ca 2000 8.2x 107t - 3.3 x 107 1.5 .04
. -10

ar 2000 107 . 1sx107’ o

* For UWCTR Austin Design

.02
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It is important to remember here that rocm temperature ;nnealing
will reduce this P by 100% for Al and by 807% for Cu. One could
foresée the possibiiity of annealing the wagnet every two yearé for
example and therefore increase the maximum wall lcading by a

factor of 10. Without this possibility the use of high purity
aluminum or copper is out of the question . This conclusion is

evident from column 4 of Table 6 when cool-down times of two months

-~ -
- ] -

are taken into account.’
In a similar fashion, the @isplacement rate and the accumulative
dpa can bevdgtermiﬁed using only the.displacement cross section
of niobium in the calculation. The results for several wall loadings
and time intervals are presented in Table 7.
fable 7

Displacement Rate in the Superconductor

First Superconductor
Wall Loading Displacement . DPA after - DPA after
MW/m2- - - Rate dpa/sec 1 year 20 .years
1k Z -
0.5 0.5 x 10 1.6 x 10~ 0,32 x 107
-14 -7 =5
3 3 x 10 9.5 x 10 1.9 x 10
-1 - -
10 10 x 10 4. 31 x 10 / 6.3 x 10 3

A 107 damage level in terms of dpa can be extracted from the data

15

of Soell and Wipf8 and Bett™~ (Table 8), The conversion from neutron

flux to dpa was made using a typical fission reactor spectrum.
Table 8 “

‘Effect of dpa on Superconducting Properties

Reference ~10%Z Jc'- -10%Z Tc . Change éftef 3.2 x ].O'-6 dpa

Nb.Sn - 15 - 4 x 107

. dpa dpa (20 years UWCTR)
_ S » Ade : ATe
NbTi . - 8 5% 1077 x . <0.1% o .
Y ex1070 -~z x0llz
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As a final displadement damage effect, the stored energy of
the defects can be caléglated. A dpa value of 5.7 x 10—6 corre-
sponding to the maximum defect concentration allowable for OFHC
copper(Table 6) and an -average value of 5 ev per defect pair were
used in the calculation. A stored energy density of 49 millijoules/gram
was determined and compared to the heat capacity of stainless
steel‘which has a value of 200 millijoulés/gram/oK at 77°K and
7 millijoules/gram.°K at 20°K. It is evident that no significant
teﬁperature rise or thermal runaway-cﬁn éccur since significant
annealing recovery énly begins at 30°K with more than 60% of the
energy remaining in the structure at 77°k (Figure 8).

Transmutation Effects \ -

Due to.the predominance of high ‘energy neutroms, it was
speculated that trapémutations might ﬁiay an important role iﬁ
the magnet properties (i.e. Tc agd p).. Only transﬁutations for
Nbwere considered for this work because reliéble high energy charged
particie cross sections are not availabie for the alloying elements. -
Table 9 gives the Zr production rates from the (n,a) and (n,p)
reaﬁtions. |

. Table 9
Zirconium Production in the,UWCTR Superconductor

Wall Loading

'MW/mZ ) appm sec appm after 1 vr. appm after 20 yrs.
0.5 0.17 x lO-13 0.54 x 10-6 0.00001Y
3 1.0x 107 3.2x107 - 0.000065

100 0 3.4 x 1073 6

11 x 10° ~ 0.00022
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It can be seen from this table that for all concecivable cases, Zr
production in Nb will not be a problem in the current design. The
same conclusion will probably hold true for the alloying clements,
Ti and Sn, as well as for Al, Cu, and 304 SS. 1In order to become
significant, the transmutation products would certainly have to
equél the initial impurity copcentration of no petter than 1 ppm.
That represents an increase of roughly four orde;s of magnitude
which seems unlikely at’ the present time. These conclusions have

been substantiated by McCracken and Blow.42

V. CONCLUSIONS

In the previous sections aﬁ attempt ﬁas beéh'made to evaluate
the presently available data onﬁifradiation damage to the metallic
components of a superconducting magnet. Using this work the
following cbnclusions can be drawn as to the effect of neutron

irradiation on the.performance of the UWCTR magnet system.

1) Normal StabilizerE In the présent design a 26 year life-

-

time can be obtained using OFHC copper with a first wall load-

ing of .5 Mw/mz. . \ It is more resonable to assume
that ‘a room temperature anneal can be accomplished at two year
interv;ls and thus the Qall loading could be increased to 6.5 Mw/mz.

In the case of high purity stabilizer, this 107 change criterion

is extremely difficult, if not impossible, to attain. This latter

case would require either an annealingrperiod at less than one

year intervals or better shields.
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2) Superconductor: For both NbTi and NbBSn the damage is
insignificant (<<1% change in Jc and Tc)m A comparison between
NbTi énd Nb3Sn would seem to indicate that the latter is the most
sensitive to irradiation damage. This.sensit;vity is a result of
the disorder which neutron irradiation causes which is detected
by the severe reduction of Tc. It is worthwhile to point out
that Nb3Sn has not béen studied after neutron irradiation at
4.2°K. !

3) Structure: From the meager and inconclusi&e data, one

would expect little change in yield strength or ductility in

304 sS.

~

A
In a study such as this, it is hoped that, in addition to

pfedicting the changes to be expecﬁed, one would point out where
furtﬁer experimental investigations are needed. With this
purpose inbmind, the autgor would: like to indicate three areas
in which experiments would be beneficial:

1) the deviations froﬁ Mattheisen's Fule for po, ps, pM and
pR of copper and aluminum, 7
2) the-superc0nducting properties'of.Nb3Sn after neutron
irradiation at low temperatures,

'3) . the mechanical properties>of 304 SS atlliquia helium

temperatures, after neutron irradiation. : .

~~
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33a,b Magnetoresistivity of aluminum versus magnetic field
(a) and purity (b) [36]

33c,d TResistance of 99.9999% purc aluminum versus strain [37]

33d Deviations from Mattheisen's rule for stress—induced
magnetoresistivity [39]

34 Schematic of the blanket and shield of UWCTR [2]

35 Energy spectrum of the maximum neutron flux to the
magnet 300.7 cm from the center of the plasma in WIFR.

The total flux at 300.7 cm is 2.16 x %27 n/cm?/sec (E < 0.M25 eV)

‘normalized to a first wall flux of 10 (2.26 MW/ m?)

36 Displacement ross sections for niobium from elastic,
inelsatic and absorption reactions [41]

37 Displacement rate in inner magnet superconductor of WIFR
given as ‘a function of lethargy (Eo = 14.°9 MeV) the
total displacement rate is 2.3 x 1014 displacements/sec
normalized to a first wall flux of 1014 n/cm?/sec (2.26 Mi/m
The arrows associated with the percent displacement
indicates the damage occurring above or below that energy.

38 Irradiation induced resistance increase in UWCTR (Austin
design) as function of fluence for Cu and Al

2
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Recombination volumes for neutron irradiated metals [5]

Saturation resistivities and defcct concentrations for
neutron-irradiated metals [5]

The recoil energy of lattice atoms follewing (n,YX
reactions [9]

Listing all of irradiation studies presently completed
on superconductors of. practical importance

Radiation-induced resistivity in the Austin design of

UWCTR for several time intervals and first wvall laodings.

Critical fluences and fluxes corresponding to a 10% change
in electrical properties of the stabilizer

Displacements and displacement rates in the superconductor
Superconducting properties as a function of dpa

Zirconium production in ﬁWCTR
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Fig. 32. Fractional defect retention f‘“'p'
above stuge [ (at 60°K) versus difect dun-
sity Apg introduced by irradiation with
different purticles in undeped. pure Cu
at temperatures below 10°K. Data for
neutron, G-purtivle and electron iiradia-
tion were taken from refs. {74,73,36],
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Fig. 33. Fractional defect retention fiP

Dee

above staze | (ut 60°K) in undeped, pure
Al versus defect density 'Ap ° introduced
by jrradiation ut 4.5°K (electrons, neu-
trons) and 207K (Q-particles). Data for
ncutron, (¢-particle and electron irradia-
tion are taken from refs. [74,69,36}],

respectively. ,
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