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O.UIIH II3 HaII6oJiee scpcpeKTIIBHbIX MeTO,UOB }'BeJIJitJeHJI.sI KpIITIItJeCKOfO TOKa 
CB.sI3aH C o6pa30BaHJieM cpaBHJITeJibHO 0.!lHOpO.UHO pacrrpe.ueneHHblX B o6'beMe 
BTCII TpeKoB ocKOJIKOB .ueJieHII.sI Mep. JJ:eJiettII.si Moryr 6bITh Bhl3BaHhI JIII6o 3a, 
cqeT o6JiyqettII.si qacrnuaMII BhICOKIIX stteprnii: B cJiyqae Mep Hg, Tl, Pb, Bi, BXO
A.sIIUIIX B cocTaB BTCII, JIII6o 3a cqeT o6JiyqettII.si tteii:TpottaMII IIJIII raMMa-KBaHTa
MII B cnyqae .si.uep u' BBe,UeHHOfO B CBepxrrpOBO.UHIIK. AttaJIII3IIPYJOTC.sI rrpo6JieMbl 
OilTIIMaJibHOfO cpmoettca, pa,UIIOaKTIIBHOCTII II CTOIIMOCTII o6JiyqeHIDI, a TaK)l(e 
paccMaTpIIBaIOTC.sI rrepcrreKTIIBbl IICilOJih30BaHII.sI MO.UII<pIIUIIpoBaHHbIX TaKJIM 
o6pa30M BTCII MaTepIIanoB .!lJI.sI C03.UaHII.sI cBepxrrpoBO.!l.sIIUIIX MarttIITHhIX CIICTeM. 

Pa6orn Bb!IlOJIHeHa B Jia6oparnpIIII Bb!COKIIX 3Heprnii: 01151H. 
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Goncharov I.N. ES-99-270 
Prospects of Utilization of HTSC Having High Critical 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 density in HTSC depends on the availability of defects 

~aving suitable sizes, properties and orientation, which act as fluxoid pinning centers. One 

of the most effective types. of defects are. swift heavy ion tracks, produce<,! by particles, · 

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)µm and the 

transverse dimensions of their amorphous nonsuperconducting cores ,::,(2 + 8) nm . 

. ln principle, l-ITSC, having T,,,,(85 + 130)K, can be utilized over a wide range of 

temperatures 4.2 KsT <Tc. But the cost of work at 4.2K : 27K : 50K : (62 + 77) K 

corresponds to 100% : 19%_: 7% : 5%. So, from the.economical point of view and 

convenience, it is worth-while_ to use liquid nitrogen temperatures. Unfortunately, the 

intervals of the magnetic field, in which the values of Jc (B, T) are acceptable, as a rule 

become narrow or even disappear over this range of temperatures. 

The methods of appreciable increasing the values of HTSC J,(B,T) due to 

irradiations are considered 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 ( cr 1 -cross sections, 1 barn= 10-24 cm -i) and the values 

of optimum fluences (Fis the full flux per cm2 
). 

The fluence is, by definition, optimum when the ratios RJ(F)= Ic(B,T,F)/ 

Ic(B,T,0) or R 8 (F)=B1rap(T,F)IB,rap(T,0) reach maximum significances (here Btrap is a 

maximum magnetic field which can be trapped in an HTSC object, e.g. a disk). 



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 (En ;?;0.1 MeV); light ions (dE/dx<2+5 keV/nm) 

A2 heavy ions (dE/dx>5+ 10 keV/nm); F,'P'im = 10 II +1012 Cm-2 
h.1. 

B With fission of U nuclei doped into HTSC 

Bl · thermal n➔U-235, cr 1 :::.582 barns, 
optim 

F,,n :::.(1 + l2)· l0 16 cm-2 

· B2 fast n (En ;?;l.4 MeV) ➔U-238; cr 
1 

""0.6 barns, F'j~m > 10 18 cm-2 

B3 gamma - quanta (E, ;;;: 15 MeV) ➔ U-238, cr;'",.,0.15 barns 

C With fission of heavy nuclei which belong intrinsically to HTSC: 

Hg, Tl, Pb, Bi 

Cl p, d (E=200-1000 MeV) ➔A;; cr 1 = 0.1 +0.1.5 barns, F°/:,~m ""10 17 cm-2 

Obviously, Fleischer et al [3] first measured R., (F ,n ), for YBCO polycrystalline, doped 

with a natural U mixture containing 1/13~ of U-235. Knowing the later results, one can 

approximately restore their full curves R., (F, n) and find maximum values and F;'~'m (see 

Table 2). The authors found that U, distributed nonhomogeneously in the YBCO matrix, 

was contained in very small particles.I It is important to note that an optimum fluence and 

rather high R'.J"im values corresponding to the smallest average fission density 

< n 'j"m > ""10 14 cm -3 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 J showed that uranium was actually contained in U 2 Y 
3 

Ba 
5 

0 
15 

compound particles in 
YBCO without Pt 

2 
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11' 

~ 
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Table 2. Optimum parameters for (YBCO + U) irradiated with thermal neutrons ( method 

Bl). 

Total U-235 Optimum Optimum JM (F""''m) Rll= R- , In 

u content content thermal average . ,- Jt(0) 
- B,rap(F,'.;;''m) 

neutron fission at B=lT B,rap(0) 

Cm+Cm Cm poptim 
t.n <n'J'"m >" and at . 

(w.%) (w.%) (10 16 cm-2) (10 14 cm-3
) T'=63K T"=77K T"=77K 

Polycrystalline YBCO + U (work [3]) 

0.07 0.0005 ""200 :,,} :,,25h) s:,l3 c) -

0.18 0.0013 s:,230 ""2.5 :,,}8 s:,8 -

Melt-textured YBCq+0.5w.%Pt + U (works[5-7]) 

0.15 0.15 K 235 a) :,,}2 ""15K 235 
- - 5.1 

0.3 0.3 Km s:,JO ""25K 235 
- s:,JO 4.5 d) 

0.7 0.7K 235 
,,,,7 ""40Km - :::.4 3.2 

a) K 235 =C 235 /(Cm +C 238 ) b) J;l.f(lT, 63K; F;'~:'"') = 7·to• A/cm 

c)J:.1(1T, 77K, F;'~'m) = 1.4·104A/cm 2 

d) B;:;(62K)=8.1T; B;;;;(77K)=3.2T for 4 disks of YBC0+0.3w. %U (02 cm; 

h=4·0.8 cm). 

One can find the same tendency using the results of the other group of authors [4-6]. They 

found that it was necessary to add 0.5w. %Pt to make single grain structure YBCO disks 

(02 cm, 0.8 cm in thickness) containing up to 0.8w. %U. Then, U was included in ""0.3µm 

(U 0.6 Pt 0.4 ) YB a 2 0 6 particles. The average distances between these particles depend on 

w. %U (e.g., they were equal to 3.9 µm for 0.3w. %U and 2.9 µm for 0.6w. %U etc.). 

Though the authors did not say anything about a relative content of U-235 (Krn in our 

Table 2), one could assume 0.1 sKm s0.98 and evaluate their < n 1 > (see Table 2). 

The found tendency can be seen even more clearly from the experimental results on J, 
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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 1 ratios at modest n ''t"' :s 10 14 cm -3 
• 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 17 cm -2
) at small cr(p,O~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). All other methods of increasing Jc 

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 fluence. Moreover, all isotopes 
- ' 

have different half-lives (T 112 ). So, in 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, which 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 

examples2. 

Example 1: thermal n ➔ YBCO + U-235 (method Bl) 

In this case the radioactivity is 15 + 25 % of 133 Ba (T 112 = 10.5 years, cr a =7 barns, the 

contribution at 10 16 t.n/cm 2 is "'0.5 kBq/g, 1 kBq = 103 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~~,m=(l + 12)·10 16 cm-2
, the full RA level is :540 

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 16 cm-2 [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. 

4 

)' 

/\ 
\/ 

small enough RA level: the dose power is not practically different from the natural one at 

R:::s30 cm from a- lgram sample. 

Example 2: thermal n➔ (Bi2223 + U-235)/Ag (method Bl). 

As a rule, the multifilamentary composite tape, made by power-in-tube technique, contains 

more than 80w. %Ag. There are 49% of 109 Ag in natural Ag. Much quantity of RA ·110
"' Ag 

isotope (T 112 =250 days) is produced as a result of the reaction 109 Ag(n,y) 110
., Ag (with 

cr."' 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/cm3
) using a simple relation: A:56.6 · 103 RF 

(kBq/g), where R" =F,,,/10 16 cm-2
• In 1 month after irradiation with fluences 

F,. (E. <0.55 eV)=4·10i6 cm-2
, F f.n (E. >0.1 MeV)=5·10 16 c"ui-2

, the measured 

radioactivity levels [10] after recalculating for a 1 gram tape sample, containing "'20w. % 

of (Bi2223+0.3w. %U), were: 9000 kBq from Ag, 80kBq from Bi2223 and 18 kBq from 

fission fragments. They turned out to be in the frame of our prediction; a more precise 

calculation can be made, if a real energy spectrum of thermal neutrons is known. 

Example 3: fast n➔ (Bi2223 + U-238)/Ag (method B2). 

We attempted to decrease the radioactivity of the Ag matrix using fast neutrons. They 

practically do not produce iiom Ag though it is nesessary to have "'103 fluences of thermal 

neutrons· for the same fissions per cm3 
• The irradiation was made in the vicinity of the 

active zone of the JINR small reactor IBR-30, where F1 ,.!F,,,:::s5000. As a result, we 

obtained the effect of increasing Jc at B;z:;0.5T [11] and approximately a 5 times lower 

radioactivity level from Ag for F f.n (E. ;z::1.4 MeV),:,:2•10 17 cm-2 and 0.82w. %U-238. 

Example 4: gamma-quanta (E-y:524 MeV)➔ (Bi2223 + U-238)/Ag (method B3). 

We have also been investigating this photofission method (cr(y,O:50.15 barns) because the 

106 
.. Ag · isot~pe is produced (T112 =8.2 days) instead of Hom 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 
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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. Sec6nd, 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. 

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 should be 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, lµA) 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 2 window and the large-scale sample irradiation facility [12] , 

one can have a time-averaged thermal neutron flux density of "'1012 cm -
2 
s -i 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). 

6 

5.2 ·The analysis, made in this report, shows that the more homogeneously the 

fissionable nuclei are dispersed in HTSC, the smaller number of fissions per volume unit 

are required for optimum results in increasing J, .. 

5.3 The radioactivity problem turns out to be serious enough only in method Bl 

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

isotope of T 112 =250 days) and maybe in method C for first months after proton irradiation 

with Er> 200 MeV. There are some possibilities to make the radioactivity problem easy 

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, I 6 ... and so on after waiting for T 
112

, 2 T 
112

, 3 

T 112 etc. 

5.4 So, there are some reasons to think that increasing of J ,· due to the production 

fission fragment tracks inside HTSC will be successfully utilized despite the radioactivity 

problem and cost rise in any significant cases. 

REFERENCES 

I. Toulemonde M., Bouffard S. and Studer F., Nuclear Instruments and Methods B91 

(1994) 108. 

2. Civale L., Supercond. Sci. Technol. 10 (1997) All. 

3. Fleischer R.L., Hart H.R., Jr., Lay K.W. and Luborsky F.E., Phys. Rev. B40 (1989) 

2163. 

4. Sawh R., Reh Y., Weinstein R., Henning W. and Nemoto T., Physica C305 (1998) 159. 

5. Ren Y., Weinstein R., Sawh R. and Liu J., Physica C282-287 (1997) 2301. 

6. Weinstein R., Sawh R., Ren Y., Eisterer M. and Weber H.W., Supercond. Sci. Technol. 

11 (1998) 959. 

7. Eisterer M., Tonies S., Novak W., Weber H.W., Weinstein R. and Sawh R .. 

Supercond. Sci. Technol. 11 (1998) 1001. 

8. Safar H., Cho J.H., Fleshier S., Maley M.P., Willis J.O., Coulter J.Y .. Ulmann J. L.. 

7 



Lisowski P. W., Rile,y G. N., Jr., Rupich M. W., Thompso.n J. R. and Krusin-Elbaum L., 

. Appl. Phys. Lett. 67 (1995) 130. 

9. Krusin-Elbaum L., Lopez D., Thompson J.R., Wheeler R., Ul~ann J., C,hu C.W. and 

Lin Q.M., Nature 389 (1997) 243. 

10. Schultz G. W., Klein C., Weber H.W., Moss S., Zeng R., Dou S.X., Sawh R., Ren Y. 

and Weinstein R., Appl. Phys. Lett. 73 (1998) 3935 . 
: . ' : ; •I , 

1 L Nikulin' A.D., Shikov A.K., Akimov I.I., Goncharov I.N., Aksenov V.L., Golikov V.V., 

Luschikov V.I., Voloshin I.F. and Fisher L. M., Proc. ICEC-17, eds. D. o'ew-Hughes, 

R.G . .Scurlock and J.H.P. Watson (Bristol-Philadelphia: IOP Publishing Ltd) (1998) · 

pp 539-41. 

12. Cheplakov A.P., Golikov V.V., Golybyh S.M., Kaskanov G.Ya., Kulagin E.N., 

Kukhtin V.V., Luschikov V.I., Shabalin E.P., Leon-Florian E. and Leroy C Nuclear 

. Instruments and Methods. A411 (1998) 330 . 

Received by Publishing Department 
on October 14, 1999. 

8 


