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W e discuss changes in properties o f  Gd-based high-temperature superconducting (H TS ) tapes induced by 250 keV 

Ne+ ions irradiation. HTS tapes are used in devices operating in extrem e radiation conditions w ith  the prospect o f  

using them in space industry. Ion izing radiation, including heavy ion  bombardment, can introduce defects (e.g. 

Schottky, Frenkel ones) to the microstructure o f  tapes, leading to deterioration  o f  the superconducting param

eters. Therefore, the superconducting layer o f  the tape was im planted w ith  fluences from  1012 to 1014 Ne+/cm 2 

to determ ine the cosm ic ray irradiation effect. Comprehensive studies o f  the microstructural, structural, m ag

netic, and electrical properties o f  the irradiated tapes p rove the m icroscopic orig in  o f  their deterioration. It is 

m ain ly due to oxygen  defic iency and microstructural as w e ll as structural defects. The critical current densities 

are reduced by 33%  -  60%  (depending on  the external magnetic fie ld ) com pared to the reference sample.

1. Introduction

T h e  w id e s p re a d  a p p lic a t io n  o f  h igh -te m p era tu re  su p ercon d u ctin g  

(H T S ) m a te r ia ls  is c u rren tly  a t a  w a te rs h e d  m om en t. R ec en tly , th e re  has 

b e e n  a g r o w in g  in te re s t in  n e w  su p ercon d u cto rs  w ith  h ig h e r  p a ram eters , 

such as c r it ic a l cu rren t and  c r it ic a l tem p era tu re , w ith  lo w e r  p rod u c t io n  

costs, w h ic h  is c ru c ia l fr o m  th e  a p p lic a b il ity  p o in t  o f  v i e w  [ 1 ] . P r io r  to  

th e  d is c o v e ry  o f  H TS  b y  B ed n o rz  and  M ü lle r  in  th e  L a -B a -C u -O , w h ic h  

h is to r ic a lly  w a s  th e  firs t H T S  su p ercon d u cto r w ith  a c r it ic a l tem p era tu re  

(T c)  c lo s e  to  3 6  K, in  th e  p io n e e r in g  phase o f  s u p e rc o n d u c t iv ity  research , 

th e  p ra c tic a l a p p lic a t io n  o f  th e  ty p e - II  su p ercon d u cto rs  w a s  a lre a d y  

e n v is io n e d  b y  G e b a lle  an d  H u lm  [2 ,3 ] . La ter, b y  a p p ly in g  h yd ros ta tic  

p ressu re, Chu e t  a l. [4 ]  in c rea se d  th e  su p erco n d u ctin g  c r it ic a l te m p e r 

a tu re  o f  th e  L a 5_ xBaxCu5O 5(3_ y) up to  5 0  K, s h o w in g  e x p e r im e n ta lly  

h o w  va r io u s  p a ra m ete rs  can  a ffe c t  T c. S u b stitu tin g  La  w ith  Y  a tom s  o r 

o th e r  lan th a n id es  (e .g ., Eu, G d , D y ), th e  c r it ic a l tem p era tu re  w a s  suc

c es s fu lly  in c rea se d  to  a ro u n d  9 0  K  [ 5 - 8 ] .

T h e  d e v e lo p m e n t  o f  su p ercon d u ctin g  m a ter ia ls , a m o n g  o th ers  H TS

tapes, en a b les  a w id e  ra n ge  o f  a p p lica t io n s  such as m o to rs  [9 ,1 0 ] , 

g e n e ra to rs  [1 1 - 1 3 ] , tran s fo rm ers  [1 4 ,1 5 ] , cab les  [1 6 ,1 7 ] , h igh  f ie ld  

m agn e ts  [1 8 ] , a c c e le ra to r  m agn e ts  [1 9 ] , a n d  n e w  g e n e ra tio n  su p er

co n d u c tin g  tapes [ 2 0 ] . Such H T S  tap es  en a b le  th e  f l o w  o f  h igh - in ten s ity  

e le c tr ic  cu rren t w ith o u t  th e  d isa d v an ta geo u s  p h en om en o n  o f  p o w e r  

d iss ip a tion . T h e  s econ d  g e n e ra tio n  (2 G ) h igh -te m p era tu re  su p ercon 

d u c to r  (H T S ) tapes in  a su p erco n d u ctin g  s ta te  a t th e  tem p era tu re  o f  

l iq u id  n itr o g e n  (7 7  K ) can  co n d u c t an  e le c tr ic  cu rren t o f  ab o u t 3 0 0  A  in  

th e  s e l f  f ie ld . S u p e rp o w er 2G  H T S  ta p e  w ith  an  H TS  la y e r  th ickness o f

0 .7  pm  (ta p e  th ickness o f  55 -  65  p m ) a n d  a w id th  o f  12 m m  a n d  an 

a v e r a g e  c r it ic a l cu rren t a t 77  K  in  th e  s e lf - f ie ld  is ap p rox . 3 0 0  A  /  12 m m  

[2 1 ] . D u rin g  th e  o p e ra t io n  o f  su p ercon d u ctin g  d ev ic e s , 2 G  H TS  tap es  a re  

e x p o s e d  to  io n iz in g  ra d ia t io n  and  th e  fo rm a t io n  o f  ra d ia t io n  d e fec ts . T h e  

a b o v e  p rocess  leads  to  th e  g ra d u a l d e g ra d a t io n  o f  s tru ctu ra l and  c r it ic a l 

p a ra m ete rs  o f  th e  2 G  H T S  tapes. I t  has b e e n  sh ow n  th a t th e  c r it ic a l 

cu rren t is m o re  s en s it ive  to  ra d ia t io n  d e fe c ts  than  th e  c r it ic a l te m p e ra 

tu re  [1 9 ] .

2 G  H TS  tapes can  b e  u sed  to  co n s tru c tion  io n  m o to rs  o r  m a g n e t ic
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Fig . 1. The cross-section o f  the 2G HTS SF 12050 superconducting tape by SuperPower Inc. [5 2 ,5 3 ]. The superconducting GdBCO layer was irradiated w ith  the Ne+ 

ions after the A g  layer removal.

screens, e .g . p ro te c t in g  a sp a cecra ft  c r e w  a ga in s t c o sm ic  ra d ia t io n  [ 2 2 ] 

du e to  th e  sm a ll d im en s ion s  a n d  w e ig h t . H o w e v e r , th e  m ech a n ism  o f  

h ig h -e n e rg y  ra d ia t io n  p ro p a g a t io n  a n d  in d u ced  d e fe c ts  in  th e  2 G  H TS  

su p ercon d u ctin g  m a te r ia ls  has n o t  b e e n  s u ff ic ie n t ly  re sea rch ed  a t the 

fu n d a m en ta l le v e l  and  re qu ires  fu rth er  th e o re t ic a l a n d  e x p e r im e n ta l 

studies.

A s  w e l l  k n ow n , h ig h -e n e rg y  ion s  in  th e  so la r w in d  co u ld  g e n e ra te  

stru ctu ra l and  m ic ro s tru c tu ra l d e fec ts  in  su p ercon d u cto rs , le a d in g , e .g ., 

to  e d d y  cu rren ts  a n d  s u p e rc o n d u c t iv ity  d e te r io ra tio n . T h e re fo r e , it  

sh ou ld  b e  em p h a s iz ed  th a t th e  p ro p o s e d  to p ic  is a  s ta rt in g  p o in t  fo r  

re sea rch  o f  th e  space in d u s try  d e v e lo p m e n t  a n d  fo r  th e  o th e r  in n o v a t iv e  

so lu tion s  th a t co u ld  p o te n t ia lly  b e  e x p lo ite d  in  fu tu re  space m iss ion s 

o p e ra t in g  in  a h ig h -e n e rg y  ra d ia t io n  en v iro n m en t. F u rth erm ore , the 

p ro p o sed  to p ic  co u ld  a lso  s t im u la te  th e  in v e n t io n  o f  n e w  m o d u les  o f  

s o ftw a re  d es c r ib in g  ra d ia t io n  p ro p a g a t io n  th rou gh  a su p ercon d u ctin g  

system  (G ea n t4  [2 3 ] , F lu ka  [2 4 ] ).

E xposu re to  ra d ia t io n  rem a in s  o n e  o f  th e  m o s t c h a lle n g in g  p rob le m s  

fo r  lo n g -te rm  h u m an  space e x p lo ra t io n  m iss ion s, in c lu d in g  v o y a g e s  to  

M ars  [ 2 5 ] . T h e  risks a ssoc ia ted  w ith  lo n g -te rm  ex p o su re  to  G a la c tic  

C osm ic  R ays (G C R ) [2 6 ] and acu te  ex p o su re  to  S o la r W in d  P a r t ic le  (S P E ) 

e ve n ts  a re  o n e  o f  th e  m os t c r it ic a l b a rr ie rs  to  p la n n in g  in te rp la n e ta ry  

v o y a g e s  in  a c r e w e d  sp a ce c ra ft  [ 2 7 ] . T h e  co rp u scu la r p a rt o f  th e  ra d i

a t io n  consists m a in ly  o f  p ro to n s  (9 0 %  o f  p a r t ic le s ), a p a rtic le s  (9 % ),  

e le c tron s  (a b o u t  1 % ), a n d  a f e w  h e a v ie r  n u c le i. T h e  ch an ges  in  tran sp ort 

p ro p e r t ie s  o f  2 G  H TS  tapes u n d er ir r a d ia tio n  o f  n eu tron s [2 8 - 3 0 ] , p ro 

tons [3 1 - 3 3 ] , H e  ion s  [3 4 - 3 6 ] , h e a v y  ion s  as o x y g e n  [3 7 ,3 8 ] , o r  n o b le  

gas ion s  (A r , Kr, a n d  X e )  [3 9 ,4 0 ] h a v e  b e e n  s tu d ied  [ 3 9 - 4 2 ] . In  con trast, 

ch an ges  in  s u p e rc o n d u c t iv ity  u nd er N e  ion s  ir r a d ia tio n  h a v e  n o t  y e t  

b e e n  in ves tig a ted .

R ec en t ly , a  n e w  m e th o d  to  in c rea se  th e  c r it ic a l cu rren t o f  th ese  

c o a te d  tapes a t h igh  m a g n e t ic  fie ld s  w ith  io n ic  ir r a d ia tio n  w a s  sh ow n  

[ 4 3 ] . T h e  p ro to n  im p la n ta tio n  w ith  an  e n e rg y  o f  4 M e V  and  flu en ce  o f  

8 -1 0 16  p ro to n s/ c m 2 tw ic e  in c rea se d  th e  c r it ic a l cu rren ts  fo r  H  =  6  k O e  at 

T  =  2 7  K  [4 3 ] . F u rth er rep o r ts  c o n f irm e d  th a t th e  c r it ic a l cu rren t en 

hances du e to  p ro to n  im p la n ta tio n  [4 4 - 4 6 ] . S ince p ro to n s  a re  l ig h t  

p a rtic le s , th e ir  in flu en c e  on  su p ercon d u cto rs  d iffe rs  fr o m  th a t o f  h e a v ie r  

ions. In  a s o lid  state, th e  fr e e  p a th  o f  p ro ton s  is o n e  o rd e r  o f  m a g n itu d e  

g r e a te r  than  th a t o f  h e a v y  ions. A s  a resu lt, co lu m n ar d e fec ts , s o -ca lled  

p in n in g  cen tres , a re  n o t  g e n e ra te d  b y  p rotons.

F u rth er stu d ies  s h o w e d  th a t o x y g e n  ion s  w ith  an e n e rg y  ir ra d ia tio n  

o f  3 .5  M e V  th rou gh  a p r o te c t iv e  A g  la y e r  o f  a 2 G  H T S  su p ercon d u ctin g  

tap e  co u ld  a lso  re p ro d u ce  th e  d o u b lin g  o f  th e  c r it ic a l cu rren t d en s ity  in  

h igh  m a g n e t ic  f ie ld s  [4 7 ] . A g  io n  im p la n ta tio n  can  e a s ily  c rea te  stru c

tu ra l d e fec ts  in  a 2 G  H T S  tap e , w h ic h  a re  h ig h ly  u n ifo rm  a lo n g  th e  tap e  

len g th  [4 8 ] . T h e  c o n tr o lle d  im p la n ta tio n  can  e lu c id a te  v o r t e x  d yn a m ics  

and  d is tr ib u te  th e  ion s  u n ifo rm ly  in  th e  R E B a 2 Cu3 O 7_g  (R E B C O ) la ye r . It 

is p o ss ib le  to  e s t im a te  th e  s ize  o f  im p la n ta tio n - in d u c ted  d e fec ts  (e .g ., 

F ren k e l d e fe c t  [ 4 9 ] )  w h ic h  s e rve  as th e  p in n in g  cen tres  o f  th e  A b ik o s o v

v o r t ic e s  [5 0 ]  b y  u sin g S R IM  (S to p p in g  a n d  R a n ge  o f  Ion s  in  M a tte r ) 

[5 1 ,5 2 ] .

A ls o , h igh -sp eed  a n d  h e a v y  ion s  o f  1 3 2 X e 23+ w ith  e n e rg y  fr o m  4 6  

M e V  to  167  M e V  fo r  im p la n ta tio n  o f  th e  YB a 2 Cu 3O 7_ g (Y B C O ) 2 G  H TS  

w e r e  re sea rch ed  [ 4 2 ] . D iffe re n t  m o rp h o lo g y  io n  d es tru c tion  p a th w a ys  

d em on s tra te  d if fe r e n t  e f f ic a c y  as th e  p in n in g  cen tres . T h e  h igh es t c r it 

ic a l cu rren t d en s ity  (J c)  in te n s if ic a tio n  occu rs  fo r  th e  lo w e s t  io n  e n e rg y  

(4 6  M e V ) in  th e  e n e rg y  loss ra n ge  o f  8 .9  k eV / n m  -  4 .7  k eV / n m  fo r  th e  X e  

ions. T h e  sam p les  s h o w e d  th e  h igh es t J c o f  5 6 .0  M A -c m ~ 2 (4 .2  K ) and  3 .0  

M A -c m ~ 2 (7 7  K ) in  th e  s e lf- f ie ld , w h i le  in  a m a g n e t ic  f ie ld  o f  8 0  k O e 

va lu es  o f  17 .0  M A -c m ~ 2 (4 .2  K ) and  1 .6  M A -c m ~ 2 (7 7  K ) [ 3 9 ] . S im ila r ly , 

in c rea se d  J c, im p ro v e d  a d h es ion  b e tw e e n  th e  su p erco n d u ctin g  la y e r  and  

th e  substrate, and  re d u ced  in te rn a l stresses a re  o b s e rv e d  u n d er exp osu re  

to  lo w  doses o f  A r  an d  Kr ion s  ir ra d ia tio n  [ 3 9 ] . T h e  c r it ic a l tem p era tu re  

( T c)  a n d  th e  c r it ic a l cu rren t d e n s ity  (J c)  d ec rea se  as an  ir r a d ia tio n  flu - 

en ce  in creases. I t  w a s  e v id e n c e d  th a t th e  su p ercon d u ctin g  phase d isap 

p ears  fo r  th e  flu en ce  o f  5 -1 0 1 2  fo r  1 3 2 X e 27+ ion s/ cm 2 a n d  1 0 13  fo r  

86K r17+  ion s/ cm 2 [ 3 9 ] . F o r p ro to n s  ir r a d ia tio n  o f  2 .5  M e V , th e  ra d ia t io n  

re s is tan ce  o f  th e  G dB a 2 Cu 3O 7-g (G d B C O ) 2G  H T S  ta p e  is h ig h e r  than  that 

o f  th e  YB C O  tapes [3 9 ] . C o m p a red  to  th e  Y B C O  tapes, th e  2 G  H T S  tape 

(G d B C O -b a sed ) exh ib its  b e t te r  ir r a d ia tio n  re s is tan ce  d u e  to  th e  h igh e r  

d e n s ity  o f  th e  G dB C O  th an  th e  YB C O . T h e  th resh o ld  fo r  a d ec rea se  o f  the  

c r it ic a l cu rren t d en s it ies  is 6 .2 -1 0 1 5  p ro to n s/ c m 2 fo r  th e  G dB C O  tapes 

an d  2 .7 -1 0 1 5  p ro to n s/ c m 2 fo r  Y B C O  tapes [3 9 ] .

T h is  w o r k  rep or ts  th e  ana lys is  o f  th e  m ic ro s tru c tu re , structu re , 

su p erco n d u ctin g , a n d  m a g n e t ic  p rop e r t ie s  o f  th e  G dB C O  2G  H T S  tapes 

a fte r  th e  N e +  ion s  irra d ia tio n . T h e  2 G  H T S  o f  th e  ty p e  SF (S ta b iliz e r  

F r e e ) 1 2 0 5 0  su p ercon d u ctin g  tapes ( F ig . 1 ),  m a n u fa c tu red  b y  Sup er

P o w e r  Inc. m a d e  u sin g th e  th in - film  te c h n o lo g y  b a sed  on  th e  n on 

m a g n e t ic  H a s te llo y  C 2 7 6  a l lo y  5 0  pm  th ick  substrate, w e r e  u sed  fo r  

th e  in v e s t ig a t io n  [5 2 ,5 3 ] T h e  th ickness o f  th e  in v e s t ig a te d  su p er

co n d u c tin g  la y e r  e q u a le d  to  0 .7 0  pm  (b a sed  on  th e  p rod u ce r  d a ta  and  

th e  SEM  in v e s t ig a t io n ). In  th e  o r ig in a l, an  A g  f i lm  o f  a b o u t 5 pm  c o v e r e d  

th e  H T S  tap e , w h ic h  w a s  re m o v e d  fo r  th e  ex p er im en t.

2. Experimental details

2 .1 . P rep a ra tion  o f  the irra d ia ted  tapes

T h e  2 G  H TS  SF 1 2 0 5 0  su p ercon d u ctin g  tap es  w ith  th e  c r it ic a l cu rren t 

d en s it ie s  (J c)  o f  3 .7  M A -c m ~ 2 a t T  =  7 7  K, a w id th  o f  12 m m , a n d  a 

th ickness o f  a b o u t 55  pm  w e r e  used. A t  firs t, th e  p r o te c t iv e  A g  la y e r  w a s  

r e m o v e d  in  a c a ta ly t ic  p rocess  b e fo r e  ir r a d ia tio n  o f  th e  su p ercon d u ctin g  

m a te r ia l b y  n o b le  gas  ions. T h en , ir r a d ia tio n  w ith  an  e n e rg y  o f  2 5 0  k eV  

an d  w ith  fo u r  s e le c ted  flu en ces  (1 0 12, 5 -1 0 12, 1 0 13, 1 0 14  N e + / c m 2)  w a s  

p e r fo rm e d  u sin g  th e  U N IM A S -7 9  im p la n te r  a t th e  In stitu te  o f  P h ys ic s  o f  

th e  M a r ia  C u rie -S k łod ow sk a  U n iv e rs ity  in  Lu b lin  (P o la n d ).  A n  arc 

d is c h a rg e  io n  sou rce p ro d u ce d  th e  N e +  io n  b e a m  [5 4 ,5 5 ] , e x tra c ted



Fig . 2. (a )  Depth distribution o f  Ne+ introduced into the 2G HTS layer (so lid  lin e ) and depth distribution o f  vacancies (dashed lin e) produced during the 

bombardment; (b )  Dpa - displacements per atom  (logarithm ic scale) fo r Ne+ and comparison at the same fluences fo r H+ [3 9 ], and 40A r8+ [4 0 ], 84Kr17+ [4 0 ], 

132Xe27+ [4 0 ], at the same fluences.

F ig . 3. SEM images o f  the superconducting layer surfaces fo r the non-irradiated 

maps fo r the irradiated tape w ith  the fluence o f  5-1012 Ne+/cm 2 (g -j).

u s in g  2 5  k V  v o lta g e , th en  m ass -separa ted  u sin g  a 90 ° sec to r e le c tr o 

m a g n e t  a n d  a cc e le ra te d  to  2 5 0  k eV . In  th e  ta rg e t  ch a m b er w a s  the 

pressu re  o f  1 0 “ 7 m b ar, a n d  ir r a d ia tio n  w a s  p e r fo rm e d  a t 2 9 8  K. T h e  

ir r a d ia tio n  cu rren t fo r  th e  tw o  lo w e s t  flu en ces  (1 0 12  N e + / c m 2 and  

5 -1 0 12  N e + / c m 2)  w a s  ~ 2 0  n A / c m 2 an d  b y  o rd e r  o f  m a g n itu d e  la rg e r  fo r  

th e  o th e r  tw o  flu en ces  (1 0 13  N e + / c m 2 an d  1 0 14  N e + / c m 2).

F ig . 2 a presen ts  th e  d ep th  d is tr ib u tio n  o f  N e +  in trod u c ed  in to  th e  2G  

H TS  la y e r  (s o l id  l in e )  and  th e  d ep th  d is tr ib u tio n  o f  va ca n c ie s  (d a sh ed  

l in e )  p ro d u ce d  d u r in g  th e  b o m b a rd m en t. D is tr ib u tion s  w e r e  ca lcu la ted  

u s in g  S R IM  s o ftw a re  [5 6 ] . T h e  s im u la tio n  w a s  p e r fo rm e d  in  th e  fu ll 

d a m a g e  ca scad e  re g im e , w ith  d e fa u lt  S R IM  d isp la c em en t e n e rg y  va lu es ,

i.e ., 25  e V  fo r  G d , Ba, Cu, a n d  28  e V  fo r  O . A s  o n e  can  see , th e  d ep th  

p r o f i le  is  r e la t iv e ly  w id e ,  w ith  m ean  io n  ra n ge  2 7 0  ±  1 0 0  nm . S om e

sample (a )  and d ifferent levels o f  the Ne+ irradiation (b -f). Elem ental distribution

parts  o f  N e +  ion s  en te r  th e  sam p le  re g io n s  ly in g  a t a d ep th  o f  5 0 0  nm . 

T h e  e v e n  w id e r  v a c a n c y  d is tr ib u tio n  p r o f i le  is  sh ifted  to w a rd s  th e  2G  

H T S  la y e r  su rface . N e ve r th e le ss , th e  h igh es t p o ss ib le  d ep th  o f  

im p la n ta tio n - in d u ce d  d a m a g e  is ~ 4 5 0 -  5 0 0  nm . T h e  p ro d u ce d  d a m a g e  

co u ld  b e  e s t im a ted  as 0 .0 0 0 3 4 , 0 .0 0 1 7 0 , 0 .0 0 3 4 0 , 0 .0 3 4 0 0  d p a  (d is 

p la cem en ts  p e r  a to m ) fo r  f lu en ces  1 0 12, 5 -1 0 12, 1 0 13, 1 0 14  N e + / c m 2, 

r e s p e c t iv e ly  [5 7 ]  ( F ig . 2 b ).  In  F ig . 2b , ap a rt fr o m  N e + , d isp la cem en ts  p er 

a to m  w ith  th e  sam e flu en ces  fo r  H +  [3 9 ] , 40A r 8+  [4 0 ] , 84K r17+  [4 0 ] , and
1 0*7 I

X e  +  [4 0 ]  a re  sh ow n  fo r  com p arison .

2 .2 . C h a ra cteriza tion  m ethods

T h e  m ic ro s tru c tu re  a n d  e n e rg y  d isp e rs iv e  X -ra y  s p e c tro sco p y  (E D S )



Fig . 4. The X-ray diffraction  (XRD ) studies o f  the non-irradiated and irradiated HTS tapes: (a )  w id e  20 range patterns; (b )  the m agnification  o f  the 001 reflections; (c ) 

temperature dependence o f  the 003 reflection  fo r the tape irradiated w ith  the fluence o f  10 13 Ne+/cm 2; (d )  the c lattice param eter derived from  the low  temperature 

XRD studies.

stu d ies w e r e  p e r fo rm e d  u sin g  th e  JEO L 5 9 0 0  L V  S cann ing  E lec tron  

M ic ro s c o p e  (S E M ). T h e  stru ctu ra l p ro p e r t ie s  o f  th e  sam p les  m o d if ie d  b y  

th e  N e +  ion s  w e r e  e x a m in e d  b y  F o u rie r -T ra n s fo rm  in fra re d  sp e c tro sco p y  

(F T - IR ) a n d  X -ra y  d if fra c t io n  (X R D ) m e th od s . P h ase  h o m o g e n e ity , d e fe c t  

fo rm a tio n , and  th e  in flu en c e  o f  th e  N e +  ion s  on  th e  p a ra m ete rs  o f  the 

o r th o rh o m b ic  su p erco n d u ctin g  ph ase w e r e  d e te rm in ed . M easu rem en ts  

o f  th e  sam p les  b y  X -ray  d if fra c t io n  w e r e  p e r fo rm e d  u sin g th e  P a n a ly t ic a l 

E m p yrea n  p o w d e r  d if fra c to m e te r  w ith  a Cu-Ka ra d ia t io n  sou rce. F o r 

lo w -te m p e ra tu re  tests (1 5  -  3 0 0  K ), th e  h e liu m  c lo sed -c ircu it  P h en iX  

r e fr ig e ra to r  b y  O x fo rd  In stru m en ts  w a s  used. T h e  sa m p le  p o s it io n  w a s  

a u to m a tic a lly  c o rr e c te d  fo r  th e rm a l exp an s ion . T h e  o b ta in e d  d iffra c t io n  

im a g es  w e r e  re f in e d  u sin g  th e  F u llP r o f  R ie tv e ld  s o ftw a re  [ 5 8 ] . T h e  

F o u rie r  T ra n s fo rm  In fra re d  (F T - IR ) sp ectra  w e r e  c o l le c te d  u s in g  the 

N ic o le t  iS5  T h e rm o  S c ien tif ic  sp e c tro m e te r  e q u ip p e d  w ith  th e  1 -re fle c 

t io n  A T R  d ia m o n d  crys ta l a n d  th e  D TG S  d e te c to r . T h e  sp ectra  w e r e  

c o lle c te d  in  th e  ra n ge  o f  4 0 0 0  -  5 0 0  c m ~ 1 , w ith  a 4  c m ~ 1 sp ectra l 

re so lu tion .

T h e  ch an ges  in  T c a n d  J c w e r e  d e te c te d  b y  m easu rem en ts  o f  th e  A C  

m a g n e t ic  su sce p tib ility  as a fu n c tion  o f  tem p era tu re  a n d  m a g n e t ic  f ie ld  

o f  0 .4 4  O e , m a g n e t iz a t io n  as a fu n c t ion  o f  th e  m a g n e t ic  f ie ld  s treng th , 

and  th e  im p la n ta tio n  dose. T h e  m a g n e t ic  m easu rem en ts  w e r e  co n d u c te d  

in  z e ro  f ie ld  c o o lin g  (Z F C ) m o d e  u sin g  a stan d ard  in d u c tan ce  b r id g e  

o p e ra t in g  a t 189  H z. T h e  S tan fo rd  S R 830  D SP lo ck - in  a m p lif ie r  a c ted  as 

a s ign a l v o ltm e te r  a n d  a sou rce  o f  an  A C  cu rren t o r  A C  m a g n e t ic  f ie ld  

H a c . T h e  Lak e  S h ore  3 3 0  tem p era tu re  c o n tro lle r  re gu la te d  th e  te m p e r 

a tu re  w ith  a c h ro m e lg o ld - iro n  th e rm o c o u p le  (a c c u ra c y  o f  0 .3  K ).

R es is tan ce  w a s  m easu red  b y  th e  fo u r-p o in t  m e th o d  as a fu n c tion  o f  

tem p era tu re  a n d  th e  in te n s ity  o f  th e  ex te rn a l DC m a g n e t ic  f ie ld  H DC. DC 

m a g n e t ic  f ie ld  w a s  p ro d u ce d  in  a c lassic c o p p e r  c o i l  p o w e re d  b y  the 

G lassm an  E u rop e  L im ite d  L V  2 0  -  5 0  DC p o w e r  su pp ly . T h e  d ir e c t io n  o f  

th e  m a g n e t ic  f ie ld  w a s  p a ra lle l to  th e  lo n g e s t  s id e  o f  th e  p a ra lle le p ip e d a l 

sa m p le  and  p a ra lle l to  th e  cu rren t d irec t ion .

T h e  DC m a g n e t ic  m easu rem en ts  o f  th e  s e le c ted  G dB C O  tapes w e re  

p e r fo rm e d  u sin g th e  Q u an tu m  D es ign  su p erco n d u ctin g  qu an tu m  in te r 

fe r e n c e  d e v ic e  m a g n e to m e te r  (S Q U ID , M P M S -5 ) in  th e  5 -  1 2 0  K  te m 

p era tu re  ran ge , w ith  a m a g n e t ic  f ie ld  o f  up to  5 0  kO e. T h e  m a g n e t ic  f ie ld  

w a s  a p p lie d  p a ra lle l to  th e  c-ax is o f  th e  c rys ta l an d  to  th e  ab  ( 0 0 1 )  p lan e, 

w h ic h  is p e rp en d icu la r  to  th e  c -axis.

T h e  X -ra y  a b so rp t io n  sp e c tro sco p y  (X A S ) a n a ly ze s  e le c tr o n ic  s tru c

tu re , lo c a l b o n d in g  en v iro n m en ts , a n d  o x id a t io n  states. T h e  X A S  spectra  

w e r e  c o l le c te d  a t th e  P IR X  ( fo rm e r  P E E M / X A S ) b e a m lin e  [5 9 ] a t the 

S O L A R IS  N a t io n a l S yn ch ro tron  R a d ia t io n  C en te r in  K rak ow , P o la n d  

[ 6 0 ] . A l l  th e  m easu rem en ts  w e r e  ex ecu ted  in  u ltra -h igh  va cu u m  (U H V ) 

in  th e  su rfa ce -sen s it ive  to ta l e le c tr o n  y ie ld  (T E Y )  m o d e  w ith  an  e n e rg y  

re so lu t io n  100  -  2 5 0  m eV .

3. Result and discussion

3 .1 . M ic ro s tru c tu ra l ch a ra c te riza tio n

In  F ig . 3, th e  su rfaces o f  th e  su p erco n d u ctin g  G d -12 3  la ye rs  o f  the  

in v e s t ig a te d  tapes a re  p resen ted . T h e  su p erco n d u ctin g  la y e r  sh ow s a



Fig . 5. The FT-IR spectra o f  the GdBCO layer o f  the 2G HTS tapes: non-irradiated, irradiated w ith  the fluences: 1012, 5-1012, 1013, and 10 14  Ne+/cm 2 recorded at 

298 K.

F ig . 6 . Dispersion (a )  and absorption (b )  components o f  the norm alized AC susceptibility as a function o f  temperature fo r the 2G HTS GdBCO tapes: before; after 

catalytical rem oval o f  the A g  protective layer; and after irradiation w ith  the fluences o f  1012; 5-1012; 1013; 10 14 Ne+/cm 2.

po rou s  m ic ro s tru c tu re  w ith  p o res  o f  a b o u t 1 -  4 pm  in  d ia m e te r . A c 

c o rd in g  to  th e  EDS stu d ies, th e  ir r e gu la r  structu res v is ib le  in  F ig . 3 a and  

F ig . 3 c a re  th e  re s id u a l A g  fr o m  th e  co a tin g . In te re s t in g ly , th e  m ic ro 

structu res o f  th e  n on -irra d ia ted  and  m o d e ra te ly  ir ra d ia te d  sam p les  (u p  

to  5 -1 0 1 2  N e + / c m 2)  a re  s im ila r . T h e  EDS m aps p resen ted  in  F ig . 3 b-j fo r  

th e  la tte r  tap e  sh ow : th e  traces  o f  rem a in s  o f  th e  A g  p r o te c t iv e  la y e r , N i 

fr o m  th e  H a s te llo y  substrate (v is ib le  in  p o res  o f  th e  H T S  la y e r ) ,  a n d  Ba 

o r ig in a t in g  fro m  th e  G dB CO .

F o r th e  flu en ce  o f  1 0 13  N e + / c m 2, th e  su p erco n d u ctin g  la y e r  e xh ib its  

e x fo lia t io n , c o v e r in g  th e  p o res  w ith  th e  p a r t ia lly  lo o s e  H T S  m a te r ia l 

( F ig . 3 d ). F o r th e  h e a v i ly  ir ra d ia te d  ta p e  (1 0 14  N e + / c m 2), th e  e x fo lia te d  

H TS  m a te r ia l fo rm s  b u b b le s  on  th e  su rface  w ith  a u n ifo rm  d ia m e te r  o f

a b o u t 1 pm  ( F ig . 3 e - f ) .  A c c o rd in g  to  th e  EDS stu d ies, sm a ll b r ig h t  spots 

v is ib le  in  th e  F ig . 3 f  a re  th e  A g  p rec ip ita t ion s . T h e  resu lts r e v e a le d  that 

h e a v y  ir r a d ia tio n  can  in trod u c e  s ig n ific a n t m o d ific a t io n s  to  th e  m ic ro 

stru ctu re  o f  th e  su p erco n d u ctin g  la ye r .

3 .2 . S tru c tu ra l ch a ra c te r iza tio n  (X R D )

T h e  X -ray  d if fra c t io n  (X R D ) stu d ies re v e a le d  th a t th e  su p er

co n d u c tin g  la ye rs  a re  g r o w n  w ith  a h igh  d e g re e  o f  tex tu re . T h e  G d-12 3  

stru ctu re  o f  th e  b u lk  o r  f i lm  is o r th o rh o m b ic  (P m m m  s y m m e try ). O n ly  

B ra gg  re fle c t io n s  o f  th e  0 0 l ty p e  w e r e  o b s e r v e d  fo r  th e  in v e s t ig a te d  

tapes, as d e p ic te d  in  F ig . 4 a-b. T h is  is  a  s ign  th a t th e  [0 0 l ]  d ir e c t io n  is



Fig . 7. The DC magnetic susceptibility vs. temperature fo r the fie ld  (H  || c ) o f  

10 Oe (a ); Hysteresis loops recorded at 77 K fo r H  || c (b )  and H  ±  c (c ); Critical 

current density (Jc)  as a function o f  magnetic fie ld  (H in t) in  sem ilogarithm ic 

scale fo r H  || c (d )  and H  ±  c (e ). Insets show  critical current density vs. fluence 

at T  =  77 K and H int =  10 kOe.

n o rm a l to  th e  p la n e  su rface. T h e  001  r e f le c t io n  sh ape fo r  th e  h e a v i ly  

ir r a d ia te d  sam p le  (1 0 14  N e + / c m 2)  d iffe rs  s ig n ific a n t ly  fr o m  th e  o th ers . It 

is m u ch  b ro a d e r  w h a t  can  b e  a ttr ib u ted  to  s ig n ific a n t s tra in  re la te d  to  

stru ctu ra l d iso rd e r  in d u ced  b y  irra d ia tio n . M o re o v e r , a  g ra d u a l ris e  o f  

th e  0 0 1  r e f le c t io n  in te n s ity  resu lts in  o x y g e n  d e f ic ie n c y  a t th e  2 q 

W y c k h o f f  site.

T h e  R ie tv e ld  an a lyses o f  th e  d if fr a c t io n  pa ttern s  (a t  ro o m  an d  lo w  

tem p era tu res ) d e r iv e  th e  c la t tic e  p a ram eters . F ig . 4 c p resen ts  the 

b e h a v io r  o f  th e  0 0 3  r e f le c t io n  a t lo w  tem p era tu res . I t  is a p p a re n t th a t 

th e  r e f le c t io n  m o v e s  tow a rd s  lo w e r  sca tte r in g  an g les  (h ig h e r  la tt ic e  

p a ra m e te rs ) s ta rt in g  fr o m  1 2 0  K. T h is  is an  e x p e c te d  b e h a v io r , la te r 

c o n f irm e d  b y  th e  R ie tv e ld  ana lyses , th e  resu lts o f  w h ic h  a re  p re sen ted  in  

F ig . 4 d.

In te re s t in g ly , th e  la tt ic e  p a ra m e te r  d ec reases  w ith  in c rea se d  flu en cy , 

p o ss ib ly  a ssoc ia ted  w ith  a re d u ced  o x y g e n  in d ex . Such b e h a v io r  w a s  

re p o r te d  fo r  th e  b u lk  sam p les  [ 4 3 ] . M o re o v e r , th e  tem p era tu re  d e p e n 

d en ce  o f  th e  c la t t ic e  p a ra m e te r , w h ic h  re fle c ts  th e  la tt ic e  d yn a m ic s  (v ia  

th e  D eb y e  tem p e ra tu re ), is q u ite  s im ila r  fo r  a ll sp ec im en s  e x c e p t  th e  tap e  

ir r a d ia te d  w ith  th e  flu en ce  o f  1 0 14  N e + / c m 2. T h e  m e n tio n e d  ta p e  sh ow s 

a su b s ta n tia lly  d if fe r e n t  c u rv e  than  th a t o b s e r v e d  fo r  th e  n on -im p la n ted

sam p le . T h a t  is ty p ic a l fo r  s o fte n in g  th e  p h on o n  fr eq u e n c ie s  ( lo w e r in g  

th e  D e b y e  tem p e ra tu re ). T h is  resu lt is con s is ten t w ith  th e  a b o v e 

m e n tio n e d  o x y g e n  d e f ic ie n c y  le a d in g  to  va ca n c ie s  in  th e  o x y g en - 

o c c u p ie d  sites.

3 .3 . F o u rie r-tra n s fo rm  in fra red  spectroscopy  (F T - IR )  m easurem ents

T h e  IR  lo w - fre q u e n c y  r e g io n  (1 3 5 0  -  7 5 0  c m ~ 1)  w a s  e x a m in e d  to  

ch eck  i f  th e  s tru ctu re  o f  th e  sa m p le  d iffe rs  a fte r  irra d ia tio n . I t  is sh ow n  in  

F ig . 5 tha t tap e  exp osu re  to  th e  N e +  io n  b ea m  ch a n g ed  th e  su rface  o f  the  

G dB C O  la ye r . In it ia lly , th e re  w e r e  n o  v is ib le  ban ds on  th e  sp ectru m  o f  

th e  n o n -ir ra d ia ted  sa m p le  in  th e  1 3 5 0  -  7 5 0  c m ~ 1 w a v e n u m b e r  ran ge. 

H o w e v e r , th e  b an ds a t 105 0 , 108 5 , 1163  and  131 8  c m ~ 1 c o rre sp o n d  to  

th e  C -O  s tre tc h in g  v ib ra tio n s , a n d  th e  b an ds a t 1 1 1 6  an d  1 3 4 0  c m ~ 1 

c o rre s p o n d in g  w ith  th e  C u O H  o r  C -O  s tre tc h in g  v ib ra tio n s  can  b e  seen  

in  th e  sp ectra  o f  th e  ir ra d ia te d  b y  N e +  sam p les  [6 1 ] . T h os e  n e w  v ib r a 

t ion s  co u ld  b e  du e to  fo rm a t io n  o f  th e  ca rb on a tes  o r  h y d ro x id e s  su rface  

a fte r  th e  C O 2 o r  H 2 O  a b so rp tion .

T h e  in te n s ity  o f  th e  1163  c m ~ 1 b a n d  d ec reases  d ra s tic a lly  in  the 

sa m p le  spectru m , ir ra d ia te d  w ith  1 0 14  N e +  ions. F o r th is  sam p le , a  n e w  

b a n d  a t 862  c m ~ 1 a sso c ia ted  w ith  th e  BaO  b o n d in g  v ib r a t io n  w a s  a lso  

o b s e r v e d  [6 2 ] .

T h e  p resen ted  resu lts in d ica te  d e g ra d a t io n  o f  th e  sa m p le  stru ctu re  

cau sed  b y  ex p o su re  o f  th e  ta p e  to  th e  N e +  io n  b ea m . F u rth erm ore , 

s tru ctu ra l ch an ges  b e c o m e  m o re  s ig n ific a n t w ith  in crea se d  N e +  doses.

3 .4 . M a gn e tic  investigations

T h e  A C  su sce p t ib ility  as a fu n c tion  o f  tem p era tu re  w a s  m easu red  b y  a 

stan d ard  m u tu a l in d u c tan ce  b r id g e  o p e ra t in g  w ith  a fr e q u e n c y  o f  189  

H z. T h e  m easu rem en ts  w e r e  c o n d u c te d  w ith  a H AC a m p litu d e  o f  0 .4 4  O e. 

T h e  tapes w e r e  o r ie n te d  p e rp en d icu la r  to  th e  A C  m a g n e t ic  fie ld . B oth  

th e  d isp e rs iv e  a n d  a b so rp t io n  c o m p o n en ts  o f  th e  A C  su sce p tib ility  

m easu red  a t H AC =  0 .4 4  O e  a re  p re sen ted  in  F ig . 6 .

T h e  su sce p t ib ility  cu rves  in d ica te  th e  e x c e lle n t  2 G  H TS  G dB C O  tapes 

b e fo r e  th e  N e +  ion s  irra d ia tio n . R e m o v in g  th e  c o v e r  fr o m  th e  sam p le  

su rface  s lig h t ly  d e te r io ra te d  its  su p erco n d u ctin g  p rop e rt ies . A  s ligh t 

d ec rea se  o f  th e  c r it ic a l tem p era tu re  b y  0 .3  K  is v is ib le , w h i le  th e  ab 

so rp t io n  p ea k  is s t ill sharp. T h e  a b so rp tio n  su sce p t ib ility  peaks re m a in  

n a r ro w  fo r  th e  m o d e ra te  ir r a d ia te d  tapes (1 0 12; 5 -1 0 12; 1 0 13  N e + / c m 2), 

in d ic a t in g  th a t th e  tapes m a in ta in ed  a h o m o g en e o u s  ch a ra c te r 

th rou g h o u t th e ir  v o lu m e . H o w e v e r , th e ir  c r it ic a l tem p era tu res  a re  lo w e r  

b y  a b o u t 1 -  1.2 K, w h ic h  su ggests  o x y g e n  d e f ic ie n c y  du e to  irra d ia tio n . 

T h e  ex p o su re  o f  th e  tapes to  th e  N e +  io n  b e a m  cau sed  p a r t ia l d es tru c tion  

o f  th e  in te rg ra in  ju n c tion s , w h ic h  re su lted  in  th e  w id e n in g  o f  th e  ab 

so rp t io n  peaks. F o r th e  h e a v y  ir ra d ia te d  ta p e  o f  1 0 14  N e + / c m 2, an 

a d d it io n a l b ro a d  m a x im u m  in  th e  a b so rp t io n  p a rt o f  th e  su sce p tib ility  

c u rv e  w a s  e v id e n c e d . T h is  m a y  in d ic a te  fu rth e r  d es tru c tion  o f  th e  in ter- 

g ra n u la r  ju n c tio n s  cau sed  b y  th e  ra d ia t io n  w ith  th e  N e +  ions.

F ig . 7  presen ts  th e  resu lts o f  th e  DC m a g n e t ic  m easu rem en ts  o f  the  

s e le c te d  tapes o f  G dB C O . T h e  d im en s ion s  a  x  b x  c ( in  c m ) o f  th ese  tapes 

w e r e  th e  fo l lo w in g :  fo r  th e  n on -irra d ia ted  ta p e  — 0 .3 1 7 0  x  0 .2 2 5 0  x  

0 .0 0 6 5 ; fo r  ir r a d ia te d  w ith  th e  flu en ce  1 0 1 2  N e + / c m 2 — 0 .3 3 4 0  x  

0 .2 0 5 0  x  0 .0 0 6 5 ; fo r  ir ra d ia te d  w ith  th e  flu e n c e  5 -1 0 1 2  N e + / c m 2 — 

0 .3 3 9 0  x  0 .2 6 6 0  x  0 .0 0 6 5 ; fo r  ir ra d ia te d  w ith  th e  flu en ce  1 0 13  N e + /  

c m 2 — 0 .3 0 8 0  x  0 .3 1 0 0  x  0 .0 0 6 5 ; fo r  ir ra d ia te d  w ith  th e  flu en ce  1 0 14  

N e + / c m 2 — 0 .3 3 6 0  x  0 .1 6 3 0  x  0 .0 0 6 5 . Based  on  th e  co rre c tion s  fo r  

d e m a g n e t iza t io n , a c c o rd in g  to  R ef. [ 6 3 ] , th e  q u an tit ie s  such  as 

m a g n e t iz a t io n  a n d  c r it ic a l cu rren t d en s ity , w e r e  p re sen ted  as a fu n c tion  

o f  in te rn a l m a g n e t ic  f ie ld  (H int)  [ 6 3 ] .

F ig . 7 a sh ow s  th e  M (T )  d ep en d en c e , m easu red  u sin g  z e ro - fie ld -  

c o o l in g  (Z F C ) p ro ce d u re , in  th e  DC ex te rn a l f ie ld  o f  10  O e , o r ie n te d  

p a ra lle l to  th e  c-axis, fo r  a ll  th e  in v e s t ig a te d  sam p les. A  stron g  

d ia m a g n e t ic  resp on se  a ro u n d  93  K  is o b s e rv e d  fo r  a ll th e  a n a ly ze d  (n o n 

ir ra d ia te d  a n d  ir r a d ia te d ) sam p les  ( F ig . 7 a ). A  sharp  tra n s it ion  fr o m  the 

n o rm a l to  su p ercon d u ctin g  sta te n o t ic e d  fo r  a ll  th e  in v e s t ig a te d  sam p les



Fig. 8. The normalized resistivity (R/R300 k )  as a function o f temperature (T ) near the superconducting transition.

with almost perfect Meissner effect confirms good quality of the tapes. 
Below Tc, one can observe slight degradation of the Meissner screening 
with increased Ne+ fluence (Fig. 7a). A slight decrease of Tc can be 
observed for the tape subjected to the fluence of 1014 Ne+/cm2, 
compared to the reference sample and that subjected to the weaker Ne+ 
fluence.

Fig. 7b shows the hysteresis loops of the studied samples, recorded at 
77 K for the magnetic field oriented parallel to the c-axis. Using Bean’s 
model for the rectangular shape sample, one can estimate the super
conducting critical current density (Jc) [64-66]. In the case of H || c, we 
have Jca — Jcb — Jcab, where current flows in the ab plane. The following 
formula was used to derive the critical current density J b :

(1)

Here, AM (in Gauss) is the width o f the hysteresis loop (Fig. 7c), a 
and b are the sample dimensions (in cm) and the critical current density 
(Jc) is in A-cm~2. In the case of H || ab (H ±  c), when the current flows in 
the cb plane, we have Jcc — Jcb — Jccb. The following formula was used to 
derive the critical current density J£b:

(2)

The magnetic field dependences of the critical current density (Jc) for 
all the investigated tapes, in the magnetic field geometries H || c and H 
±  c, calculated according to Equations (1) and (2), are presented in 
Fig. 7d and Fig. 7e, respectively. The values of Jc for H ±  c are by two 
orders of magnitude higher than that for H || c and agree with the data 
reported recently [29]. Furthermore, suppression of the estimated crit
ical current density value for the irradiated tapes can be noted when 
compared to the reference one for both magnetic field geometries. This 
can be seen clearly for the particular case determined at 77 K for Hint — 
10 kOe (the insets of Fig. 7d and Fig. 7e) for which a decrease of Jc by 
three times was noticed for the irradiated samples in comparison with 
the non-irradiated one.

3.5. Resistivity measurements

The resistivity measurements as a function of temperature let to 
determine the critical temperatures of the superconductive transitions

[67-70]. Tc0 was discriminated by observing the gradient of the po
tential between the measuring contacts lesser than E — 10~6 V-cm~1. 
The evidenced Tc0 values were: 92.7 K for the reference (non-irradiated) 
sample, 91.5, 91.1, 90.7, and 90.5 K for the tapes irradiated with the 
fluences of 1012, 5-1012, 1013 and 1014 Ne+/cm2, respectively.

The changes in the width of the superconducting transition ATc were 
assumed to be proportional to the FWHM of the gaussian peak fitted to 
the first derivative of the resistivity, while the centre of that peak was 
taken as a measure of Tc . The corresponding values are presented in 
Fig. 8. Similarly to the Tc0, the Tc shows a decrease with the fluence of 
about 2 K only. However, the differences are much higher when 
analyzing the transition width. Therefore, a factor of 3 must be 
considered to describe differences between the reference and the highly 
irradiated (1014 Ne+/cm2) samples. This indicates introducing in
homogeneities into the superconducting layers of the 2G HTS tapes.

3.6. X-ray absorption spectroscopy

The XAS spectra for the investigated tapes are presented in Fig. 9. 
The changes after irradiation affect mostly the O K -edge. This is 
consistent with the XRD studies that revealed oxygen deficiency after 
irradiation. According to the Fig. 9a, the Zhang-Rice singlet (ZRS) at 
529 eV and the upper Hubbard band (UHB) at 529.9 eV can be observed 
clearly for the non-irradiated sample. The ZRS is dominant over the UHB 
for the superconducting REBCO materials [70]. Those contributions 
became smaller for irradiated samples, and their ratio also changed. The 
third contribution, associated with chain holes (CH), is distinguishable 
only for raw sample.

As apparent from Fig. 9a, the ZRS was not evidenced in heavily 
irradiated samples, which indicates deterioration of the super
conducting properties. The spectrum regions of 532 -  535 eV originate 
from the hybridized Gd-5d and O-2p orbitals, with two apparent features 
arising from the oxygen deficiency in irradiated specimens. The strong 
Gd-5d -  O-2p hybridization is reflected in Gd M4,5-lines shift towards 
higher energies after the Ne+ irradiation, as discussed later.

The Cu L2,3-edges (Fig. 9b) look similar, but for raw tape and one 
irradiated with a fluence of 1012 Ne+/cm2, screening effects can be 
noticed as the 2p63d10L contribution. This contribution originates from 
the so-called ligand hole and indicates the charge movement along the 
Cu-O chains and Cu-O2 planes, which is proportional to observed O K -



Fig . 9. The X-ray absorption spectra (X AS ) fo r the GdBCO 2G HTS tapes: O K-edge (a ); Cu L2,3-edges (b ); Gd M 4,5-edges (c ). CH -  chain holes; ZRS -  Zhang-Rice 

singlet; UHB -  Upper Hubbard band.

e d g e  (Z R S ) sc re en in g  e ffec ts .

F o r th e  G d  M 4 5 -ed ges , a ll  th e  sam p les  e x h ib it  th e  sp ectra  ty p ic a l o f  

th e  t r iv a le n t  c o n f ig u ra t io n  o f  th e  G d 3+  io n  ( F ig . 9 c ). T h is  p ro ve s  th a t 

ir r a d ia tio n  d oes  n o t  ch a n g e  th e  G d  va le n c e . H o w e v e r , th e  sp ectru m  fo r  

th e  n on -irra d ia ted  sa m p le  is a p p a re n t ly  sh ifted  to w a rd s  lo w e r  e n e rg ie s  

than  th e  ir ra d ia te d  sam p les. T h is  in d ica tes  th a t th e  G d  states a lso  re fle c t  

o x y g e n  d e p le t io n  du e to  irra d ia tio n .

T h e  lim ite d  p e n e tra t io n  d ep th  o f  so ft  X -rays, g iv in g  th e  in fo rm a t io n  

o n ly  fr o m  sev e ra l nm , a llo w s  to  o b s e r v e  th e  s ign a l ju s t  fr o m  th e  su rface  

o f  th e  sam p le , w h ic h  w a s  m o s t a ffe c te d  b y  ion s  b o m b a rd m en t. T h e re 

fo re , th e  resu lts ca n n o t b e  c o n s id e re d  as m e a n in g fu l fo r  th e  en t ire  bu lk  

o f  th e  tape. H o w e v e r , th e  p ro p o sed  m ech a n ism  o f  d e te r io ra t io n  su p er

co n d u c tin g  p rop e r t ie s  is e n t ir e ly  su p p o rted  b y  X A S  m easu rem en ts.



4. Conclusions

Ir ra d ia t io n  w ith  h igh  e n e rg y  ions, s im u la tin g  s e v e re  ra d ia t io n  d a m 

age , is s ig n ific a n t fo r  p o ss ib le  u sage o f  th e  2G  H T S  tapes fo r  d em a n d in g  

a p p lica tio n s  in  th e  space in d u s try  o r  n u c lea r  a p p lica t io n s  (a c ce le ra to rs , 

reac to rs , e tc .),  T h e  X R D  a n d  X A S  resu lts p o in t  to  o x y g e n  d e f ic ie n c y  in  

th e  ir ra d ia te d  sam p les. M a in ly , a lte r in g  ch an ges  in  th e  001 re f le c t io n  

in te n s ity  to g e th e r  w ith  a d ec rea se  o f  th e  c la t t ic e  p a ra m e te r , th e  d isap 

p ea ran ce  o f  th e  Z H R  an d  UH B in  th e  O  K -e d g e  as w e l l  as th e  2p 63 d 10L  in  

th e  Cu L 2,3-ed ges  a re  p r o o f  o f  th is m ech an ism . A c c o rd in g  to  ou r resu lts, 

th e  m ech a n ism  o f  th e  H T S  ta p e  d e te r io ra t io n  is re la te d  to  in trod u c in g  

o x y g e n  v a c a n c ie s  ra th er  than  c h a n g in g  th e  m ic ro s tru c tu re  o f  th e  H TS  

la y e r  fo r  th e  lo w e r  flu en ces  (u p  to  1 0 13  N e + / c m 2). T h e  H TS  la y e r  starts 

to  e x fo l ia te  fo r  th e  h igh es t doses; h en ce , th e  d e g ra d a t io n  m ech a n ism  is 

o f  m ic ro s tru c tu ra l o r ig in s . In  th e  a b sen ce  o f  a  m a g n e t ic  f ie ld , the 

d ec rea se  o f  c r it ic a l cu rren t d en s it ies  o f  a b o u t 3 3 %  w a s  n o t ic e d  w h e n  

c o m p a re d  to  th e  re fe re n c e  tap e , w h i le  th a t re d u c t io n  reach es  6 0 %  (a t  1 0  

k O e ) fo r  h ig h e r  m a g n e t ic  fie ld s . D esp ite  h e a v y  d a m a g e  cau sed  b y  the 

h igh es t f lu en ce  to  th e  su rfaces o f  H TS  la yers , th e  tap e  s t ill p rese rves  

d ec en t p ro p e r t ie s  in  bu lk .
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