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IepcnexTusbl ucnonb3osaHnd BTCII ¢ BHICOKMMH KPHTHYECKHMH
TOKaMH 33 CYET TPEKOB OCKOJIKOB JENIEHHs Anep

OmuH u3 HauGonee 3hheXTHBHBIX METONOB YBEMHYECHHA KPUTHUECKOrO TOKa
CBA3aH C OOpa30BaHHEM CPABHHTENBHO OJHOPONHO PACIHpElENIEHHBIX B 0ObeMe
BTCII tpekoB OCKONKOB fAelieHus suep. Henenus MoryT ObITh BhI3BaHbI NGO 33
cyet o6NyyeHNs YaCTULAMH BRICOKHX 3Hepruil B ciaydae anep Hg, Tl, Pb, Bi, Bxo-
msiux B coctaB BTCII, nu6o 3a cuer o6nydyeHns HeHTPOHAMH WIH raMMa-KBaHTa-
MH B ciyydae saaep U, BBEACHHOIO B CBEPXIPOBOIHHK. AHAM3HPYIOTCS Npo6aeMbl
ONTHMATBLHOIO (PIIOEHCA, PalHOAKTHBHOCTH H CTOMMOCTH OONIyyeHHd, a TaKXe
pacCMaTpUBAIOTCA MEPCIEKTHBBl HCMONb30BAHHS MOAH(HUHMPOBAHHBIX TaKHM
o6pasom BTCII MaTepuaioB /is cO30aHUS CBEPXNPOBOMSIIINX MATHUTHBIX CHCTEM.

PaGota BbimonueHa B JlabopaTopuu Bbicokux anepruit OMSAH.

[Ipenpunt OGbeaHHEeHHOTO HHCTHTYTA AAepHBIX HccnenoBanui. Jy6una, 1999

Goncharov L.N. E8-99-270
Prospects of Utilization of HTSC Having High Crmcal Currents due
to Nuclear Fission Fragment Tracks

One of the most effective methods of increasing a critical current is due to the
production of nuclear fission fragment tracks almost uniformly distributed inside
HTSC. These fissions can be caused either by high energy particle irradiation for
Hg, Tl, Pb, Bi, which belong intrinsically to HTSC, or by neutron/gamma irradia-
tion for doped U nuclei. The problems of optimum radiation fluences, radioactivi-
ty and cost are analysed in this paper. The prospects of utilization of such modi-
fied HTSC materials for superconducting magnetic systems are also considered.

The investigation has been performed at the Laboratory of High Energies,
JINR.
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1.  INTRODUCTION

The value of critical current densrty in HT SC depends on the avallablllty of defects »
having sunable sizes, propertles and orientation, which act as fluxoid pinning centers. One
of the most effective types,of defects are swift heavy ion tracks, produced by pamcles, ‘
having a linear energy loss of dE/dx>(5—:— 10) keV/nm (see for example, reviews [1,2]). :
The tracks can be created -not only by accelerator beam irradiation but also due to arising
of nuclear fission fragments inside HTSC as a result of external bombardment by suitable
particles. In the latter case, the lengths of effective track parts -are ~(4+7)um and the
transverse dimensions of their amorphous nonsuperconducting cores ~(2-+8) nm.

In prmc1ple HTSC havmg T,~(85 +130)K,.can be utilized over a wide range of
temperatures 4 2 K<T<T But the cost of work at 4. 2K 27K 50K 62+77) K i
corresponds to 100% : 19% : 7% : 5%. So, from the economical point of view and :
convenience,: it is wor‘th-while to use liquid nitrogen temperatlires. Unfortunately, the .
intervals of the magnetic field, in which the values of J (B,T) are acceptable, as a rule
become narrow or even disappear over this range of temperatdres , .

" The meéthods of apprecrable 1ncreas1ng the values of HTSC J.(B,T) due to

1rrad1at10ns are consrdered in this paper '
2. OPTIMUM FLUENCES

- First . of all, it seems useful to collect many methods in Table 1, where one can see

the probabilities of nuclear fissions (o , -cross sections, 1 barn=10""cm™) and the values

of optimum fluences (F is the full flux per cm?).

The fluence is, by definition, optimum when the ratios R,(F)= J.(B,T,F)/

J(.' (BrTaO) or RB (F)=B trap (T’F)/B trap trap

(T,0) reach maximum significances (here B is a

maximum magnetic field which can be trapped in an HTSC object, e.g. a disk).
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Table 1. The methods of increasing J, in HTSC by irradiations.

Method s Bombarding particles, optimum fluences, cross sections
legend
A Without fission of nuclei
. Al electrons; neutrons (E, 0.1 MeV); light jons (dE/dx <2+ 5 keV/nm)
A2 heavy ions (dE/dx>5+10 keV/nm); F/™ = 10" +10" cm™
B — With fission of U nuclei doped into HTSC‘
Bl . thermal n>U-235, o, ~582bamns, Fio" (1 +12) 10"cm™
"B2 fast n(E, 21.4 MeV) »U-238, 6 , ~0.6 bams, F”"" >10"cm ™
B3 gamma - quanta (E, 2 15 MeV) — U-238 N zb.lS barns
C 4 With fission of heavy nuclei which belong intrinsically to HTSC:
Hg, Tl, Pb, Bi
c1 p, d (E=200-1000 MeV) >A,; o, = 0.1+0.15 barns, F7%" ~10" cm

Obviously, Fleischer et al [3] first measured R, (F,,) for YBCO polycrystalline, doped
with a natural U mixture containing 1/139 of U-235. Knowing the later results, one can
approximately restore their full curves R, (F,,) and find maximum values and F”"™" (see
Table 2). The authors found that U, distributed nonhomogeneously in the YBCO matrix,
‘was contained in very small particles.] It is important to note that an optimum fluence and
rather high R?"" values corresponding to the smallest average fission density
<n7"" >~10"cm™ were observed in case of the lowest U content. These facts can be

explained by a more homogeneous and hence more effective space distribution of fission
fragment tracks than in case of a higher U content (compare their results for 0.07 and
0.18w. %U).

1 Later, Sawh et al [4] showed that uranium was actually containedinU, Y, Ba;O,; compound particles in
YBCO without Pt.

Table 2. Optimum pérameters for (YBCO + U) irradiated with thermal neutrons ( method
B, . o

Total U-235 Optimum  Optimum _JM(FT™Y R,=
Ucontént  content thermal - average IR0 B, (Fr™n)
peutron fission at B=1T B,,,(0)
C,s+Clh Cous Fom <n7" > and - - 7 at
(W.%) (W%) (10%cm™?) (10" em™) T=63K T’=77K ‘T”=77K
Polycrystalline YBCO + U (work [3])
0.07 0.0005 =200 ‘ ~] ~25 ,h) ~139 -
0.18 0.0013 ~230 =2'.‘5 ~18 =8 » -
Melt-textured YBCO+0.5w.%Pt + U  (works[5-7])

0.15 0.5 K, =12 =15 K 54 - - 56

03 03K,, ~10 225 K 55 - ~10 . 459

0.7 07K, ~7 ~40 K, - ~4 32

b) (T, 63K, F"™) = 7-10* A/cm’

) K55 =C 35 /(C 535 +C 1)
¢) I¥ (T, 77K, F™"") = 1.4-10* A/cm?

n

d) B"‘“"(62K)=8.1T§ B™* (77K)=3.2T for 4 disks of YBCO+0.3w.%U (&2 cm;

trap trap

h=4-0.8 cm).

One can find the same tendency using the results of the othér group of authors [4-6]. They
found that it was necessary to add 0.5w.%Pt to make single grain structure YBCO disks
(22 cm, 0.8 cm in thickness) containing up to 0.8w.%U. Then, U was included in ~0.3pum
(U, Ptos)YBa, O, particles. The average distances between these particles depend on
w.%U (e.g., they were equal to 3.9 pm for 0.3w.%U and 2.9 pum for 0.6w.%U etc.).
Though the authors did not say anything about a relative content of U-235 (K,,, in our

Table 2), one could assume 0.1=K,,;<0.98 and evaluate their <n, > (see Table 2).

The found tendency can be seen even more clearly from the experimental results on J,



increasing after the p(800 MeV) bombardment of Bi-based [8] and Hg-based HTSC [9].
Here, the tracks of Bi and Hg nuclear fission fragments were distributed practically
homogeneously resulting in high R, ratios at modest n7™ <10"cm™. Note that the
content of elements with fissionable nuclei was ~44 w.%(Bi, Pb) and »27w.%Hg in these
.cases. The last numbers can explain why. the optimum fluences are not very high

(<2:10"cm?) at small o(p,f)<0.15 barns.
‘3. RADIOACTIVITY PROBLEM

Only the bombardment of HTSC with heavy ions, which energy i§ lower than the
Coulomb barrier, does not result in radioactivity (RA). Ail other rpethods of increasing J_
with irradiation lead to the production of isotopes? which mainly emit gamma-quanta from
HTSC, fission fragments and matrix over an energy range of ~0.1+2.5 MeV. An initial
radioactivity after irradiation depends on the energy spectrum and type of particles, as well
as on element target composition, and it is proportional to ﬂugnce. Mqreover, all isotopes
have different hélf—lives (T,,;;)- So, m any specific case the full curve of RA decreasing
must be calculated (if possible) or measured for some months until a-few long-lived
isotopes, wt;ich make main contributions, remain. One can more or less easily calculate the
process for the rest of the time. Taking it into account, let us consider several ‘typical
examplesz.

Example 1: thermal n — YBCO + U-235 (method B1)

In this case the radioactivity is 15+25 % of " Ba (T,,, =10.5 years, 6, =7 barns, the

contribution at 10" t.n/cm? is ~0.5 kBq/g, 1 kBq=10’decays/s) and the rest of fission

fragments. in several months of waiting when short-lived isotopes vanish. If the contents of
U-235 is 0.1+0.8 w.% and hence F"=(1+12)-10"°cm™, the full RA level is <40
kBq/g. This figure does not contradict the level measured after waiting for 6 months: 7.4

kBq/g for YBCO+0.5w.%Pt + 0.3w.%U and F,, =3-10" cm™ [6]. Note that it is a

2 The radioactivity levels were evaluated by V.V.Golikov. The autor is pleased to thank for his help as well as
for fruitful discussions.
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small enough RA level: the dose power is not practically different from the natural one at
R~30 cm from a:1gram sample.

Example 2: thermal n— (Bi2223 + U-235)/Ag (method B1).
As a rule, the multifilamentary composite tape, made by power-in-tube technique, contains
more than 80w. %Ag. There are 49% of ' Ag in natural Ag. Much quantity of RA''" Ag
isotope (T,,, =250 days) is produced as a result of the reaction '” Ag(n,y) "*"Ag (with
o,~ 4.7 barns for thermal n). It is easy to evaluate an initial RA level for 1 gram of Bi
2223/Ag tape (the av. density is 9 g/cm’) using a simple relation: As6.6 - 10° R,
(kBg/g), where R, =F,, /10%cm™. In 1 month after irradiation with fluences
F,,(E, <0.55 eV)=4-10“cm~?, F,, (E,>0.1 MeV)=510"cm™, the measured
radioactivity ievels [10] ‘affer recalculating for é 1 gram tape sample, containing ~20w.%
of (Bi2223+0.3w.%U), were: 9000 kBq from Ag, 80kBq from Bi2223 and 18 kBq from
fission fragméﬁts. ;f};ey tﬁrned out to be in‘the frame of oﬁr prediction; a more precise
calculation can be mei&e, if a real ehérgy spectrum of thermal neutrons is known.

Example 3: fast n— (Bi2223. + U-238)/Ag (méthod B2).
We attempted to decrease the radioactivity of the Ag matrix using fast neutrons. They
practically do not produce '°" Ag though it is nesessary to have ~10* fluences of thermal
neutrons for the same fissions per cm’. The irradiation was made in the vicinity of the
active zone of the JINR small reactor IBR-30, where F,, :/F,A,, ~5000. As a result, we
obtained the effect of increasingv J. at BZO.IST [11) and approximately a 5 times lower
radioactivity level from Ag for F,, (B, 21.4 MeV)~2-10" cm™ and 0.82w.%U-238.

Example 4: gamma-quanta (Ey<24 MeV)— (Bi2223 + U-238)/Ag (method B3).
We have also been investigating this photofission method (o(y,£)=0.15 barns) because the
106m Ag‘ tiso’tc;pe is produced (T,,, =8.2 days) instead of "°" Ag during this irradiation.
First experiments show promising results concerning the RA level.

It is important to make two notes at the end of this section. First, it is most

probable that the HTSC, modified by irradiation, will be utilized to produce magnetic

fields. In this case, only the inside/central section of windings must be radioactive and the



other parts of the magnetic system (outer windings, yoke, cryostat) will serve as an
effective shield absorbing gamma-quanta. It is not a problem to use also an additional
shield, if necessary. Secénd, such systems must be extremely reliable in order to have any
repair only as’an exception. As a rule, they must be made by the- organization with

experienced personnel and special-purpose equipment.

/s

4.  COST OF IRRADIATIONS

The general statement is that HTSC modifications using reactors (except method
B2) are at least one order of magnitude cheaper than those using accelerators though there
are.some other factors which éhould bé taken into account in any practical case.

In principle, there are all sources of irradiations for increasing HTSC J, at JINR:
reactors, heavy-ion cyclotrons, proton (660 MeV, 1pA) and electron accelerators. In this
report we briefly describe only the JINR IBR-2 pulse reactor. For example, using beam
line no.3 with a 20x40 cm? window and the large-scale sample irradiation facility [12] ,
one can have a time-averaged thermal neutron flux density of ~10”cm™s™ near the

moderator surface (and approximately the same -figure for fast neutrons). The IBR-2

reactor usually operates <10 cycles -per year, a 2-week duration of each of them. It is

possible to say that even the commercial type of irradiations using this reactor (or also the -

JINR proton accelerator) has been much cheaper than in the West up to now.

5. CONCLUSIONS

5.1 Careful choosing HTSC irradiation makes it possible to enlarge significantly

the magnetic field interval, in which the value of J, becomes acceptable (in particular, at

liquid nitrogen temperatures).

5.2 The analysis, made in this report’,'shows that the more homogeneous‘l‘y the
fissionable nuclei are dispersed in HTSC, the smaller number of ﬁséions per volume unit

are required for optimum results in increasing J .
5.3 The radioactivity problem tumns out to be serious enough onlyAin method B1

(Table 1) for HTSC/Ag composites irradiated with thermal neutrons (because of the’ o Ag

-isotope of T,,=250 days) and maybe in »method C for first months after proton irradiation

with E ;> 200 MeV. There are some possibilities to make the radioactivity problem €asy
including, for example, y—(Bi2223 + U-238)/Ag irradiation (method B3). In any case, the
RA level decreases by a factor of 2, 4, 8, 16 ... and s0 on after waiting for T,,;, 2 Ty0, 3

T,,, etc.

5.4 So, there are some reasons to think that }ncreasing of J . due to the production
fission fragment tracks inside HTSC will be successfully utilized despite the radioacti\}ity

problem and cost rise in any significant cases.
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