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I. [NTRODUCTION 

The long- t ime heat relea se in copper, cooled down to a l ow 
or v('ry low tempera t ure, has of t en been observed 11-5 I. Accord­
illS lO/'" , this heat r e l ease i s due to aut ocat alytic ortho-para 
conv~r~ion in hydr ogen bubbles prec i pitat ed in copper metal . 

[11 our previous paper 151 , we have reported the measur ements 
of lima dependence of power r e leased at 1.3K and of the depen­
d~ncc of the total hea t released on the equ i l ibrium t emperature , 
oCler coo ling from thi s t emperature down to 1.3K, in stock oxy­
gen free copper (4N purity). Both dependences agree well with 
the assumption of 19 at. ppm impurity of molecular hydrogen, 
~,jch undergoes the ortho-para conversion. (Af terwards. bubbles 
wilh the rad i us R ... O. I ",m and the mean di stance between them 
about 2",m were seen on electr on microphot ographs. ) This con­
vers i on goes generally like that i n sol id hydrogen spec i mens 
without external influence (nfree hydrogen") according to 

cfi / dt = -k i 2. ( I ) 

where x = N ortbo / (N ortbo + N pa ra ) i s the mean t hroughout the 
bubb l e orthohydrogen concent r at i on, and k " 0.0196 h -1 which 
is in good agreement with the t heory /81 and other experi­
ments ~.11 • 

Dut ther e are t wo phenomena reported in /51 • which we di d not 
succeed to explain by the model of "free hydrogen": 

Firs t . relaxation at T ~ 10K is essentially faster than a t 
1.1K. 

Secondly , "rapid" heat r elease j us t after the cooling to 
I.JK, dissapear i ng in several hours, was observed (see, for i n­
slml('c, figs . I , 3 ) . 

The rate of the autocatalytic or tho-para process may i n 
principle increase due to higher pressure at higher tempera­
ture/8/ . I n this case, equa tion (I) holds good, i.e., the power 
re 1 Nl!lcd is proport i onal to x 2 , wi th a larger constant k only. 
Further we shall see that it i s impossible to explain experi­
mental data i n this way . However. more i ntensive relaxation may 
also be due t o catalytic influence of the sur rounding atoms 
(copper or impurities) at the surface of the bubb le. In this 
case addi t ional power released in the surface layer ("surface 
power") is added to the power released in the bulk. 
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I ion x,(T) lower than i , we have ax(r. t) / at < 0 , xa (t) < xFig. l, Heat re Lease before and 
J i. llt II certain t • heat ing is performed to such T. f or wh ichaft er a heating cyc7,e . t - t ime,° x, ... i(t) , t he inhomogeneity of t he type xR(t) > i'(t) (Fig.2)T - temperature, <i - buLk heato may b(' Tell1 ized.re 'Leas e according to (1 ) , ci 8 ­0 

0 , . ci • ci !l1~('cll1d ly, the temperature dependence of D neces­"rapid" heat reLease, <i = • • 1.8~O\QUIt. 'liIr 11 y hop I iea the temperature dependence of the= 4+ qu' t b - the tune oJ heat­
1"' 111 rplcase. At lower temperature, 0 is small er,ing up, t c - the t ime of cooUng 

11111 Il Ret) decreases faster, due to the insuffi­doum, ~ t =t c - t h, q\I =!j(t b ) , 
I 1I' lIl KllppJ Y of ortho-hydrogen , Therefore at temperatures lowIi c = II (t ) , Lower s ohd curve ­

e , · tIt'\I~~h. IIlJr [ace in f luence will take a form o f the rapidly decreas­temperat ure; dashed curves ­0 III~~ ,"ld it i onal power. which is really obse rved at 1. 3K, If the
extrapO7..ation for ci c and Q,b 

1"111111' I lit 1Ir!' is higher. D is larger and larger is the area in­....... Q 
 ~J40 determination. f t U"III'I·t1 hy the catalyser. Then the surface heat release is morei ....~-- ~r 0,6 F ,I q -- 10 11I1"l\Il ivl' and takes longer t i me. 
x Tid /I work is an attempt to compare this model with the expe­- s~ t,h ~~o l : im""l{ll behaviour of such system. 

A sketch of th:ree types of the 
EXVI~lnHENTAL 

in the bubbLe for fixed i . 
, ( 2) - x& = i, (3) ­ rlR 'I'IIc' IJpparatus a nd measurin 
- the bubbLe radius, r ClJPPC'l" (liN purity) specimen (gmP~o~~dure w~re the same as in /6/ , 

the 1 llloml'L~r a nd a heater han s i n 5 g~ w1th a germanium ther­
- ortho concentration, o lhr{'l1dtl (-0 13 mm' d,g the calor1meter on 12 kapron 

, ,1n 1ame ter 31 mm I )
Wll.h lho calorimeter is . d' d o~g , Heat connection 

The IWllt release was ~~~v11 e by a sC1ssors-like switch. 
IIII'JI lC'lnpC t' cu ated from the drift of th . 

surface power must be proportional to the concentration 1 ,. ure w,th the heat switch off Th e spec,­
Kthe surface. In an isolated surface layer. concentra- It u: usual ly close to the teO e temperature T of~ p(·C'imen was.. . . ",", ,,1 the cal .. mperature T of th 

drop s exponent1.ally w1th the character1.st1c cataly-. or1meter wh1ch was stab1'l',sed 10- K e. ""w,., n'1eased to _A Th 

'. after the cool,n. down. However, there ,s . e (2)
f rom the bulk to the surface due to con- (,j .. Cl - Q -Q 

(r is the distance from the centre m A B 

The rate of the floW is controlled by the dif- WlI r r" 

constant D , wh1.ch strongly depends on temperature, (Jill RC/(QR/ aT). (3) 
1. 3K about four orders of magnitude smaller than at 

. 
are the expected consequences of this model? First, x 

(l" A(TK - T), (4 ) 
to be the only detennining factor: of the tot a l heat re­
since concentrat i on xa(t) at the surface is essential 

surfac e power, Quite different values of heat rele ase C ' A 
obsery",d for .he same value o f X due to various :t (t) ~III iI~ rill-measured power, Q - heat 1 k f 

t o .,0 . i O L L ,,(,.tll d' ,depend i n. on the "coolrn. ~.' or. ",,"" t~ the speci men, Q • (730e: 25",m the body of the 
uf t he s pecimen. I n the usual course of experiment - (1.5 • WI) - - ,hermalwi th 'n ck- ",uu~d (Q,.tm O.~) • ~) pW 

, " ' oR/JT _ ". a pac1ty of the sp . ' 0" 1,' n h"m room temper ature down t a I , 3K and hea ted up"c lor rca" tance dr i f t , C - hea t ~ • '. R , erma"'um t he rmo-IDe e r , A - c oupI'1ng constant 
01 1 111 , . 1 10 1<. ot: 25K) w1.th the equ111brluID concentra- SenSl. t 1v1ty of t he thermo t eC 1men,

( 
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between the specimen and the body of the calorime t e r wi th the 
switch off (experimentally measured AIm = 0.24 pW/grnK).* 

Due to the high heat capacity of the specimen and the low 
sensitivity of the thermometer, it was difficul t t o measure di ­
rectly the be a t release above 4.2K. It is to b e calcul ated from 
the measurements at 1.3K just before heating up and after cool­
ing down. This trick is shown in fig.l. Excluding tbe time i n­
terval of the rapid relaxation, ortho-para conversion at 1. 3K 
goe s according to (I), and the power released 

Q= -Nudi/dt, (5 ) 

wber e N is the mole number of molecular hydrogen in the speci­

men, U = 1064 J/mole - latent heat of or tho-para conversion. 

The time dependence of the heat release per gram is 


(6 ) 

<t(t) = <t /(1+ blf .o

wbere q(t) "" Q(t) 1m , and Xo ' <to are initial values. (Cooling 
ve ry rapidly from room te~erature, we may take Xo = 0.75 
room temperature equilibrium concentration - and, according 
to/&/ , qo = lOS pW/g for our specimen). Under these circumstan­
ces, it is possible to determine the mean concentration i at 
the time t from tbe corresponding heat release as 

(7)- . . ~ 
x '" Xo(q(t) / q 0) • 

The heat release it at T > 1.3K was calculated from 
T (S ' 

q '" (Nu/m)(ih-i ) I(t -th) ' 
Tee 

the time of cooling
the time of heating to T , towbere til is 


to 1. 3K (t a > t h ) , 

- . . ~ 
x '" xO(q(th)!qo) ­

h- . . ~ (9
I.e = xo(q(te) /Q o ) 

i = (xh + Xc )/2, 

q(t ) was ' determined by extrapolation from the time dependenc e 
o( theh form (7) f or t __ th ' t < th , q(t a) by a similar 

xtrapolation for t -+ t c ,t > to Fast hea t re l eas e was not 
laken into account i n q(t) calculat ion . 

C 

ymbols used differ from /&• 1'1Il' 

" 

IL Is more convenient t o use t he r a t i o of power re l eased a t 
T to tlte power released at I. 3K (without r ap i dly relaxed 
puwl,r) at the s ame i ; this r a tio sh ould be a f unc tion of the 
nlC'u n orl ho concent r a t i on i : 

U ..JCl. q/q -(1 / u 2 )(i h - xc)/ (tC-t h ). (\0) 

'rill' h" IH inj.\ up and cool i ng down mus t be r apid enough comp a r ed to 
1\1 to til for accurate determi nation of ciT • As a r ul e, the 
11I'/l1 :i "R f rom I. 3K to 25K (10K) wa s comp l eted i n 2 minutes 
(c). ~j mill). cooling down i n 12 mi n (4 mi n). 

1'IlI' 11l"u9uring method used implies an expe rimental uncertain­
Ly' 1111 1111' one hand it i s ne cessary to have a very short measu­
l ' illf1, illll'rval at 1.3K to avoid distortion of the x -dis t r i bution 
i .. I III' huhble, on t he other hand i t is impossible to make it 

hili 11'1 I han JO hours because o f additional "rapid" heat relea se 
el. 11I1l 1 after e a ch cooling. 

TI ... Ill(>(lsur i ng s t r ategy chose n ought to prove s ucce ssive l y t he 
Ult fll'c l'"InCeS o f the model wi th catalytic inf luence of the sur­

1'111 : \.'. "'j Vi'! measuring series were completed in total; during each 
nt: 1111'111 IIl!veral sbort heatings to 25K (in the first, second and 
1;11 i I cl l!tories ) or to 10K (in the fourth and fifth series) were 
1lI1I ' I ClllIlI'd. The series d iffer in t he starting temperature or in 
1;1!I! I i nll: of measuri ng at 1.3K before t he first heating up, Le., 
ill Illitlal condi tions . 

HI~~; III : I'S 

Ih'llt Release a t T ~ 10K 

'1'1\1' lIata about a ll measur i n g series a re s hown i n table I. I I! 
1:1 .. , I i rot series , t he s pe c imen was rather rapidly cooled do\m 
rIllltl rOOm temp er a t ure tq I. 3K ( 29 2K ... SOK in 4 hours, 80K ... I. 3K 

II I. ', hour) ; t hen the heat re l ease wa s meas ured during 40 hOI:rs 
1I111 :Ul the mean concent r a t i on i = 0. 41 was a c h ieved . Af t e r ­b 1 
wlIlllrl ""veral f a s t bea t i ngs t o 25K and coo lings to 1.3K we r e 
111'11 nr(ll4·d. 'The f i rst t hree cy c l es of this ser i e s are shown in 
I'" u. • '). 

HII' ilia qTI it cal cul a t ed f r om these data according t o ( 10) 
111 \ pltllled i n Fi gs .4 and 5 (c urve I). Ac cor ding to this curve , 
I h, ' puw\'r re l eas ed a t 25K is about 8 time s l arge r t ha n at I . 3K 
lilt 1nq~\' va lues of i ; the d ifference i s i nsignificant f o r 

III /Ill i . This contrad ic t s t he assumpt i on of more i n tens i ve h eat 
11·1"/1111' due to h i gher It a t hi gher t empe ratu r es: in t h e case of 
Ihe' hllik f.lutocataly tic heat releas e on l y , the concen tration x 

hlllou~wncous thr oughout t he bubble, the hea t r elea s e is pr o­
Plllli,,"ni to x l! and q/ci = t( T ) .x 2/ 1t ( 1. 3K) x 2 = k(T) / k (1 .3K) 
IItll',. nOI \lppend on concentration. 
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Tab7.e 1 

Data on experimental series 

Series Cth qc tc-tb i h Xc 4'l1q i 

pW/g plV/g h 

", 
_ " • •IIW/ . Fig. 3. The fi~st thPee ayales Of 

t M fi~st experimental series 
(:lR(O) < i) . Dots - q 1.81 = 
=q + Ii.; uppe~ auroes - bul k heat ~~ 
 ~ lease; lowe~ auroe - tempero­

tur>e. 

..' 


T,K 

»! t~I . :o", 
. , '00 uo 

Q'1' /q 

A------~·:t:·· ~ t' 2/;;A;i!;......•··•···. 
'/ I __d~...-1-z_----­I / 3£- " ........LlI: / / .... ---- ••••••

T· ~V --".. 

--"~ ' -,-- /"
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i 

• o't 0:2 O~l 0:4 0:5 0~6 
Heat ~elease at elevated te.!!TPe~ature8. 0 - first 
(heating temperoture 25K, x bl =0.411, xR.(t ) < 

b1
II I ); • - s::eaond s~r>ies (25K, i h1 = 0.508, x (t 1) < 

III ); • - fift h senes (]OK, Xu = 0.498, XR(~lf> 
hi ); dashed auJ>Ves -_eq. (25): 1 - r =11 h, x = 

x min mtn• .'1(i5•• - r = 11 h, =. 0. 215; 2 _ T = 8 h, 
111111 :: 0. 245; dotted curve - (Qr l q)lthl fo~ x(r.O) =Kt 

11 r:~iH'dz' 1/(7 to (28); i - mean o~tho coneen~ation. 

1'1 Ill" ~\;('ond series after cool ing as in the first one, t he 
11·1. ,,"f fI WII:; held a t I. 3K for 15 hou rs only (ti 11 the mean 

11 1111 I'llt '"I ion xh1 = 0.51) before the first heating was per­
I "tlfI",I. The reSUlting curve 3 (Fig s . 4,5 , t able J) lies ge l ow 
1111' ("'Vi I 

'1 

To..292 K 
x,DO.6 ' 7 
T .. 25K 

2 

To",292 K 

%,.0.594 

T • 25 K 


3 

To. 60 K 

x,=0.265 

T D 25 K 


4 
To..70 K 
%1,,0.342 
T .. 10 K 

5 
T .. l10 K o 
x,cO.5'{0 
T • '0 K 

JOO.5 
134.2 
83.3 
48.5 
27.9 
7.1 

458.0 
274.) 
162.3 
99.6 

111.2 
7).4 
47.0 
27.4 

179.) 
13).5 
88 . ) 
66.6 

440.8 
)12.5 
21).6 
143. 0 
82. 6 

244.5 
'1).4 
59.5 
)5.2 
20.9 
5.0 

.398.6 
215.6 
'20.7 
65.2 

81.3 
50.4 
29.5 
18.6 

147.7 
100.1 
72.) 
4).) 

.371.6 
250.0 
160.5 
90... 5 
58.2 

1.72 
2.15 
8.15 

15.15 
29 15 

'18.15 

1.22 
.3.1) 
7.62 

20.18 

1 .11 
). 10 
9 . 1' 

20 . 11 

1.02 
2.52 
).02 

11.02 

1.02 
2.02 
4.02 

11. 02 
1).02 

0.4110 
0.2750 
0.2160 
0.1650 
0.1253 
0.0630 

0.5076 
0.)928 
0.)022 
0.2)68 

0.2500 
0.20)0 
0.1627 
0.1242 

0 •.3180 
0.2740 
0.22)0 
0.19)6 

0·4980 
0.4190 
0.)466 
0.28)6 
0 . 2156 

0.3710 
0.2530 
0.18)0 
0.1407 
0.1Q84 
0.05)0 

0.47)5 
0.)482 
0.2606 
0.1915 

0.2210 
0.1660 
0.'287 
0.1024 

0.2880 
0.2)70 
0.2016 
0. 1560 

0.4570 
0.)750 
0.)005 
0.2257 
0.1810 

7.8 
7.6 
5 • .3 
).2 
2.2 
1.) 

5.9 
5.) 
).5 
2.5 

)1.2 
16 . 7 
9 . 1 
4.)5 

16.0 
11.4 
8.0 
5·8 

9.0 
7.1 
5.6 
4 . 2 
).5 

0.3910 
0.2640 
0.2000 
0.'5)0 
0.1170 
0.0580 

0.4906 
0.)705 
0.2814 
0.2141 

0.2)50 
0.1860 
0.1457 
0.113) 

0.)0)0 
0. 2560 
0.212) 
0.1750 

0 . 4776 
0.)970 
0• .32.35 
0.2546 
0. 1983 

TO - the tempe r ature before the cooling; XL - the ini t ial mean 
concentration afte r t he cooling from To to I. 3K; T - the heat ­
i lIg tempera ture; t b - the time of the heat i ng to T ; t c - t h e 
l ilTl(, of cooling from T t o 1. 3K; - the mean concentrat i on atxh 
tli ; Xc - t he me an concent rat i on at t c ; <iT ~ hea.t relea s ~ a t 
T; it - heat r elease acc ord i ng t o (I), (t' . ; q b = q(t b ) ; q c 

Q( t ,.) 
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Fig. 5. Heat re lease at elevated 
dence of the heat rele a se - is r athe r d ifficul t. Yet we per­temperatures (experimental sum­
formed - for gett i ng an inf ormat ion about t his dependence _ma:r>y) • 0 - firs t series (heating 
IIInlogous exper i ments wi th heating 	up to 10K , t rying to formtemperature 25K, S b1 = 0.411, 

dj.fiuitc and simple ini tial cond i tions . At the beginning of the 
%R(t h1) < i bl ); • - second series 

'Clunh (fi fth) series , the specimen s t ayed at 70K during(25K, 0.508, %a('hI) < iu ) ; e ­
')/ l\(Iure (at I l0K dur i ng 110 hours). The resul t s are plotted asthird series (25K, 0.250, sR('hj» 

III VI' 4 (5) i n Fi g .4 and 5. The me an concentration i' before>'u); 6. - fourth series flaK, 
",,"I ill8 Lo 70K (I IOK) was much smaller than t he equilibrium0.318, sa(t bl ) > i b1 ) ;' - fift h 
Vld, ... Ie OOK) ... 0.44 (S,(IIOK) - 0.65). Enchanced heat reJe­seJ'iea (lOK, 0.498, 'R('bl) > i b1 ). 

wi t h t he surface effect at 10K, too.Dotted curve - (q T/ ci) I iJa1 for 
s(r.O) ='I",i accor d1-ng to (28) ; h. "II11pld" Heat Release
i - mean ozrtho concentration. 

'l'lm I)Owe r r elax ing with a characteristic t ime of the order 
(SOO/QUK)"1, (pW/.) - t il III "I'w'rul hours after each cooling was calculated as .. -r (t ) .. q (t ') - Q(t' ) 

:
o 

" I.OK (II) 
o 

'tw" II II' experimental heat release Q.1.8K (C') and the extrapo­
o 

3 '"I.,e! power release q , where t' • 0 at the time of coolingo .Iown (t' - t - t c ) . r o 

o 

o 

/"l". I . "Rapid" heat release
2 Tl 

o 

oi. ,PW/g II" ( t ') for various qa in the: 0 

.N "IJ t (lan es (T = 25K). Dots•r•Fig. 8. The fil'st thl'ee eye tes ~ III" {wlid aurves - expenmental
T , K ~60of thil'd expel'imentat ssrie8 ~ .(t') ; dashed aurves ­

50(lR <, hi ) > i b~) • Dots ­
.0 Ii,. {t'} I pW/g ) = 10 esp{-t [ h1!1.9),

(500/Q 1.n ) 12 ; uppel' 
30 I •. t - t g ; lOr.Jer left co:r>ner: 

straiqht tines - extrapolation 10 "')0/ ina before "rapid" heat 
fol' '10 determination; l.otJer /'" /o..wa observation.01 ,LJL I,L-,J J S" 1:
CUl"Ve - temperatzaoe; ,- time. 370 ..00 . 430 	 ~io =244.5 pW/g, 

flo = 113. 4 pW/g, 
(io =59. 5pW/g, 
~ = 35. 2 pW/g,Before the fliird series. the specimen stayed at 60K (', 0= 

/J 40 ~ 20.9 pW/g,
• 0.35) during 90 hours. Because of increasing i in the 

/i cia =9. 1 pW/g,reversed process during tbe beating to the temperature with ~c = 5. 0pW/g,~ > i , possible inhomogeneity is of the type sat» > i . The 
II cie =1. 0 pW/ g. heat release should be larger under these initiaf conditions. 

The resulting time dependence of q for several cycles is 
shown in Fig.6 (as a time dependence of more convenient expres­
sion (4 0 Iq )1/1 ); according to the data in table I and curve 

1021 

,. 
o 

3 in Fig.5, the power released at i - 0.235 is i n thi s case 31 
times larger than at 1.3K. Vnllll 'S q8 (t') and q(t' ) of all cycles of t he first series 

(r'll/di ng down from 2SK to 1.3K fo r various ci Ct' = 0) = cia)Because of such strong dependence 	 on ini t ial condit i ons, .tl II hown in Fig. 7. With decreasing qa values of ci get smal­more detailed study - including the study of t empera ture depen-' 
'IIr: \' v .' n q s is due to hydrogen conversion. 8 .. 

2 

9 



For t' > I h Qs(t') varies in time approximately as 

(12)qa (t') = qa (0) exp (-t' / r B) 

with the relaxation time r a ':. (1 . 6';' 2 . 4) h. Although 4 (0) falls 
down witb decreasing x at large i • it becomes indepen~ent of 
concentration for i < 0.075 (Ii" < 10 pW/g). There probably 
exis ts a residual concentration independent heat release liB (t') 
with relaxation time of the same order. It is interesting ttat 
Q (t') becomes independent of concentration in the region ofsx. where the heat release qr becomes independent of temperature 
('l25K/c1 = 1, se~ Fig .4) . 

In addition, qa(t') depends on initial condi t ions: at the 
same i values qs(t') of the second series ar e smaller than 
those of the third one (Fig.B). Values of ch(t') after cooling 
from different temper atures (viz. 25K and 10K) differ only for 
small i , where qe(t') =q.o(t') . l<lith large i both values 
of ~(t') are approximately the same (Fig . 9). 

q •. pW/gq • • pW/g 

\.
0,1r} 2

10\.,0'0, 
'.,°'0 o;::~'., "0 
,. " 1.'.'-...........°...........0 . ­

'to. ., "-0___ 2
-'. .~ ---. 0-......;;... 

..........--.........------.~. 
,,' ~ T,K )0 "--.-.. 4 


10 
 -.­ 10' r\ 

\ t', h 

T,K 

10 
 I'. h 

o 2 o 2 

Fig. 8. The influenoe of ini­Fig. 9. I~apid" heat release 
tial oonditions on "rapid" after cool i ng from different 

heat release : comparison of t emperatures . 

the second ( xR (t h1 )< xhl ) • - T = 25K (second seY'ies ) ~ 

and t hiY'd ( x R ( t ) > x

b1 
) 1 - T = 10K (fift h series ); 


seY'i es. 1 - thiY'~ seY'ies~ 1 - qc = 250. 0 pW/g~ 

q e =81 .p pw/g~ 2 - thi Y'd 2 - qc = 215. 6 pW/g~ 

8eY'ies~ qe = 50. 4 pW/g~ 3 3 - qe = 160.5 pW/g, 

second 8eries ~ Ii c = 4 - qe = 120. 7 pW/g~
=120. 7 pW/g; 4 - second 5 - qe =90.5 pW!g. LoweY' 

seY'ies~ qe = 65.2 pW/g; left corneY': cooling before 

loweY' le ft corneY' - cooling the measurement s. 

befoY'e the measuY'ements. 
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4. DISCUSSION 

a. Influence of the Surface and the Diffusion 

Strong dependence of the heat release qr on the initial 
conditions at elevated temperature is clear evidence of the 
catalytic influence of surrounding atoms (ions) at the bubble 
surface . Due to the cAtalyser with the time constant r the 
ortho concentration in the surface layer satisfies the

K 
follow-­

ing equation : 

4 ft R2 An dsR (t) 

de 


(13) 

-41TR2An XR(t) _ 4ITR2nD ch(r,t) I -4rR2 A.ntx:(t) 

ar &-A
rK 

with the initial condition x(r,O) = III • R is the radius of 
the bubble, A - the depth of the catalyser influence (A« R ), 
o - hydrogen density. On the left-hand side of (13), there is 
a decrease of the number of ortho molecules in the surface 
layer, on the right-hand s ide the number of catalytic ortho~ara 
conversions at the surface , the number of ortho molecules dif ­
fused to the surface layer, and the number of autocatalytic 
conversions in this layer. 

In the limi t of D - 0, 

Sa(t) '" 1:1 8sp(-t/r K)' (14) 

With'K small enough, ortho concentration at the surface de­
creases very f ast and a large concentration gradient originates. 
However, the corresponding energy released in the surface layer 

9is small: fo r R .. 10-6 em, A - 5.10 - em (Bohr's radius), 

Q Burf&OI hR2 A DXl ."" 3A _ 1.6.10-1 
(15)8 RQbUlk (4/3) IT R Il% 1 

On the contrary, a t D ~ ~. there is no concentra t ion 
gr adient and - due to the ca talytic influence of the surface 
ortho concentration, homogenious throughout the bubble. is 

x(r. t) - I: I exp(-t/ r DC> ). (16) 

'GO ~ (R/SA) , K = 670,K • (1 7) 

u 



For suff icient l y small ' the contribution of the surfacerK 
domina t es f or anh concent rat ion va lue. 

According to 7/, D strongly depends on temperature . Thus, 

fo r our specimen (R ~ 10-5 em), depending on D , relaxat ion 

t ime may differ by about 2 - 3 orders of magnitude, though for 

medium D the power released may be not pure exponential in 

time. 


At 10K and 25K, the surface contribution is dominant for not 
too small x , with slight dependence on T . That means that we 
are in the r egion of large D , and solution of (13) - after 
se t t ing up a quasiequilibrium, when the flow of ortho molecules 
to the surface is near to the number of conversions per second 
at the surface - should be close to the exponential, since with 
increasing D the solution should approach the limit (16). 
Thus, 

(18)"T,8 (t) - xT,R (0) esp(- t /, ) 

with an additional heat release 

• • 2 
 (19)"T-q=(QT -Q)/m = (N Bu/NAm).n hR A (xT.R (O)/rK ) x 

x exp (-t/r) = ( cio/ tx~ )(3 ~/ R ) "T.R(t) /,K' 

where N8 i s the number of the bubbles, NA - Avogadro number . 
Here, t he relaxation t ime , and the i nitial ortho concentrat i on 

& (0) depend (in cont rary t o the limi t D -. 00 ) on D • From 
th~'~ondition of quasiequilibri um we can ge t t he r e lation bet­
ween "T.R (0) and X I : 

( 20) 1\. 1 T•R (O)/'K ~ -D (OxJar)ja-A =D{"I - x T,R (O»/~, 

&T,R (0)/x 1 ~ D/(D + ~ 
e 

IrK)' (2 1) 

At T ~ 10K, D ~ to-18 cm2/s 7 , and - as wi ll be shown - A2 /r K ­
.. 2. 5' 10-19 cm 2/ s. Then X (0) ~ X I in t h is temperature 

. T.R
reg10n. 

b. Dependence on 1 

With the help of (18), we can calculate t he rat i o of the 
power release at T ~ 10K to that at 1.3K as a function of t he 
mean ortho concentr ation x . For the surface process only, t he 
rate of the decr ease of the number of ortho molecules in bub­
bles equals the number of ortho-para convers i ons at t he sur f ace 
per second, and 

t 

(4/3) 11 RS (x i -i(t» =411 R2 1\ f (x.R(t) IrK )dt; (22) 
o 

t he t ime dependence of the mean concentration 

(23)i (t) = x 1 -(S~/R)(r/rK)xl (l-exp{-t/r» 

i mplies that the influence of the surface takes place only f or 
concentrations higher than a certain i m10 ' 

1mJO : Xl (1- (3&.fR){r/r
K 
». (24) 

From (5), (23) we finally get (for i > i ), taking into ac­
count the power released in the bulk: - miD 

QT"Q =ciiq ... -(di/dt) IT /u2 -=-1+(i -i )/r ti'2. (25)
mlD 

There is a maximum in (25) for i,. 2i ,which is observable ,mlQ
if 2imw .s. "I • It is demonstrated in Flg.4 that this model fits 
experimental points of first and second series fairly well, if 
we choose r = II hours, i mlD = 0.165 and 0.245 consequently . 

c. Catalyser Re laxation Time 'g 

Relaxation time rK of the catalyser can be estimated eit her 
with the help of "miD (equation (24» or f rom the initial value 
of t he additional release <iT-ci (eq. (19». 

Using (24), we meet two sources of error: (I) the changes 
of imlD due to the reduction of or tho inhomogeneity during the 
measurement at 1 .3K, (2) t he decrease of XI during cooling 
from room temperature to 1.3K and measuring at 1 .3K before the 
first heating cycle. 

Since xl>xhl, (xh1"X (t b1 ), thl - the tim~ C?.f the 
first heating), then, according to (24), rK < SAr / ("bCxmln)R, 
we get: 'K < 121 sec from the first series, 'K < 104 sec f rom 
the second one. 

From (19), we have 

• • 2 
(ClT/q) " "'ill '" 1 + (1/kXh1 )(3WR)(x T.R (O) / 'K ). (26) 

Since X T RCO):; "i R (0) < x i n t he first and s econd series,hl 

and X T R' (0) = " I ~ (0) > i hi i n the third , fourth and fifth 

series; equation (26) gives us the upper and lower l i mit of r
K 
as 

70 see < r K < 105 sec . (27) 

I n what f ol l ows, = Joo sec will be used. Then 1\2/rK 
., 2 ,5'JO-19 cm2 /se

r K 
c and roe = 18.5 hours, which i s not f ar fr om 

the measured r (25K) =J1 h (Fi g.3). 
12 13 



d . The Inf l uence of Initia l Condi t i ons 

If the ortho concentra tion in the t i me ' h I of t he f i rs t 
hea t ing i s homogenious throughout the bubble . i.e., xR (t hl ) 
"" x (r , t hI) - i hi ' then - according to (26) _. 

(q T / q ) l'h l =1 + 3 ~ 1 (R lt i hl TK ) - (28) 

ratio qr/q increases wi th decreasing xh1 • The dependence 
(28) i s shown in Fig . 4 and 5 a s a do t ted curve ("homogenei t y 
curve"). According to the model, t he experimen tal point s with 
x R(t) '" i (t) should lie on i t . The firs t and s econd serie s are 
t he neare s t upon thes e condi t i ons - and their fi r st poi nt s (for 
larges t i ) are r ather close t o (28) , indeed. and the first 
po int of t he f irst series l i e s above that of the second one. 
whi ch i s a lso cons i stent with (28) . 

We have discussed ( s ect ion 3a) t he inf luence of the i nhomo­
geneity x(r,t) throughout the bubble. The curves of third, 
fourth and fif t h s e ries i ndicate it is possiole to di sp l ace t he 
f i r s t points f ar beyond t he homogene ity curve and to i ncreas e 
cons i derably t he hea t r e leas e , producing xR(t) > :l(t ) . 

e. Temperature Dependence of t he Reat Release 

The initia l power re l eased a t 25K and that a t 10K di f f e r 
a l it t l e, corre spondi ng to (21). According t o our model , l ower 
tempera t ure implie s shorte r T , and - accordi ng to ( 24) ­
highe r xmin • Then, accord i ng t o ( 25), t he ratio qT / ci dimini­
shes more rapi dly with r educing i at l ower temper a tur es. One 
can s ee this t e ndency in Fig. 3 comparing curve s for 25K and 
10K. For 10K, T (10K ) :;: 8 h . 

At I .3K t he d i f f usion constant 0 is about [our ordprs of 
magnitude sma l l er than at 10K /7 ! , and the sur f ace heat releas e 
should relaxe more rapidly. lole shall show Lhat the observed 
" rapid" r elaxa t ion can be explained by this hyuo t hesis. 

f. ~apid Heat Releas e 

I n cas e of lowering t he t emperature from 10K to 1.3K, the 
r elaxat ion t ime T becomes only 4 t i mes smaller : it s dependence 
on the di f fu s i on cons t an t is rather s light even i n thi s case. 
Essen t i a l reduc tion of D ma y imply 0«l'12 I rK ; then the ortho 
con cent ration a t the surface be f ore rea ching quasi equilibrium 

a I ls down with ca t al yser t i me cons t an t TK • and the sur face 
heat r e l ease shoul d be l ower t han a t T = 25K or 10K j us t 
be f ore t he cool i ng. Thus, i n t he v icini t y of t c l 

14 

(QT(tC1) - q(t0 1 »llis (te l +t* ) = XT.RCt e1 ) Ix 1.3K.R (tel + t*). (29) 

where t* is the time necessary for r eachi ng quasi equi libr ium 
( t* ::: 20 min). 

Experimenta l values of (QT(t el ) -<i (t e1 »I qs(t c1 + t* ) 
( table 2) range between 10. 4 and 15.4. The mean value, 13, 
corresponds (accord ing to (2 J». to D = 2, 10 - 20 cm2 / sec in 
agreemen t with other experimental data, 10 - 20 emf/sec and 
4' 10 - 20 cmf /sec 17!; this i s in contr ad i c t i on to the t heory!S! . 

Thus, we have a qualitative change after cool ing from 10K 
to 1. 3K; not only T is smaller, but also xT,R(O) is signifi­
cantly reduced , xTR(O)«xlR(O) • and the amount of the hea t , 
re leased under the catalytic influence of the surface, is much 
smaller. For suff i ciently low temperatures D«~2 I r K and­
according to (2 I) - x T R (0) Ix i - D , which can be used for 
f inding temperature de pendence of D • But here more accurat e 
calcul at ion would be necess ary . 

Moreover, exact calculation may explain the lowering of the 
ratio x 'J;' R (0) I x 1 3K Jt(O) with increas i.ng or tho inhomogenei ty 
(the rat~'o is five t'~mes smaller for the fourth point of the 
fi fth series than fo r the f i rst poin t o f the same series) and 
t he non exponential behaviour o f qs(t') f or t' < I h . 

Table 2 

Conne ct i on b e t ween t he hea t r e lease at e leva t ed T 
and t he "rapi d tl hea t r elease 

Series No. 2 3 4 5 

T, K 25 25 25 10 10 

qT(t e1 ) - Q,el ' pW/g 1687 1953 2033 1994 2750 

Q. s (te1+t* ) , pW/g 162 129 135 148 178 

qT(t 01) -Q.Cl 

ci 
s

(t e1 + t *) 
10. 4 J5 , ) 15 . 1 J3 .5 15.4 

T - t he heat i ng t emperat ur e ; qT(t C1 ) - t he heat r e l e ase a t T 
in the t i me t = to1 a t the eud of the f irst heating cyc l e; 
<i. el - the bul k hea t re l ease a t ] . 3K, t = t o1 ; cis ( t el +t* ) 
"rapid" hea t re l ease at the t i me of set t ing of quasiequilibr i um 
after the f irst heating cyc l e, t* = 0.3 h. 
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Si nce al l val ue s of q26K and Ql0K are calculated with the 
he lp of (7) , t hey i nclude the beat re l eased in the surfa ce 
layer a t J.3K, 

co 

r qs(t')dt'; (30)o 

t h i s additional term being less than JO per cent of the f ull 
energy change for all our points. 

If t he "rapid" heat release i s the r esult of surf ace inf lu­
ence, i t must depend on initial conditions like the heat 
re l ease at 10K and 25K. And it is just the case shown in 
Fig. 8. Initial cis (0) i s determined by the concentrat ion in t he 
neighbourghood of t he surf ace and does not depend directly on 
t he t emperature before t he cooling down (Fi g.9). 

Residual hea t release qso(t') may be explained very simple 
in t his model. At an elevated temperature, say 25K, surface 
hea t release stops after reaching the equilibrium concentrat i on 
xI! (Xg (25K) = 0.01) at t he surface. At 1.3K. Xg is many or­

ders smaller, and during coo l ing to J.3K conversion at the 
surface start s again. Us i ng (19) with x • (0) = J. (25K) , theT R g 
upper limit of the correspond i ng in itia l heat release may be 
found: 

q (0) < 53 pW I g. (31 )eo 

The. experimen t gives qso(O) ::. 10 pH/g (Fig.]). The dependence 
of q so on the hea ting t emperature is due to the strong tempe­
r ature dependence of Xg • 

g. Another Copper Spec imen 

In conc lus ion, let us see , what we can expect in the case of 
anot her copper with molecular hydrogen bubble s . 

Fi rst, the power released due to ortho-para conversion is 
proportional to the amount of hydrogen, precipitated in bub­
bles 141 . 
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Table :5 

Heat release in various-size bubbles 

-R. /LID (ci T....q)/ciI t=O xmin Its (0)/ q(0) 

0. 1 4.0 0.30 0.29 

0.4 1.0 0.64 0 .07 

1.0 0.4 0.72 0.03 

R - the bubb l e radius; (ciT -q)/4 I t=O - the ratio of the sur ­
face power release and the bulk one at T = 10K or 25K just af ter 
t he infinitely rapid coo l ing from room temperature; Xmln - the 
mean ortho concentration, at which the i nfluence of the surface 
stops; ci (O)/q(O) - the ratio of initial va l ues of the surface 
and bul kshea t release at 1.3K just after the infinitely rapid 
cooling from room temperature. 

Secondl y, the mean radius of the bubble may differ. Wamp l er et 
a1. /101 ob served bubbles with radii from 0.4 /Lm to 6 /Lm (in a 
single crystal) depending on conditions of hydrogen precipitation 
and on the amount of lattice defects. The bulk conversion does 
not change , and the relaxation time r should not be influenced 
s ignif i cantly by the mean radius variations. The contribution of 
the surface should vary inverse ly as the mean radius; with R ~ 
~ I jtm , it shoul d be negligible (see tabl e 3). For l arge R the 
surface hea t re lease may be observed for x &(0) » i (0) only . 

Thirdly, other impuri~ies may give another TK • A smaller r K 
implies both increasing qT(O) and decreasing T which is propor­
tional to for larg~ D . Heat releases more intensively, but 
i? s~o~ter 

r K 
time; the fu l l energy released and x do not changem1n 

s~gn1fl.cantly. 

5. CONCLUSI ON 

The experimental resul ts indicate that the bubble surface 
ac t s as a cata lyser of hydrogen ortho-para conversion. The powe r 
re l eased i n t he surface layer depends on the catalyser time con­
s t ant ' on initial ortho concentration dis t ri bution th roughoutrK 
t he bubb l e (which i mplies strong dependence on initial condi t i­
ons ), and on t he va lue of the hydrogen diffusion constan t D . 

Due to a s trong t emperaLure dependence of D , t he ca ta l y t ic 
cont ribut i on to the t ot a l heat re lease depends on T • The surfa ce 

1'1 



hea t re lease dominate s at e l evated t emperatures (10K, 25K) in a 
rather broad int er val of or t ho concentra tions. 

At a low tempera t ure (1 .3K), t he i nf l uence of t he surface 
catalyser manifest i tself as r apidly relaxing power with a 
rather small con t ribu t ion to the t otal energy released . Af t er­
wards , t he mechani sm of the heat r e l e ase a t 1. 3K is the same as 
in fr ee s ol i d hydrogen. 

I t 	 is poss ible to de t e rmine the cata l yser r e laxation cons t ant 
and 	 the di f f usion constant D of hydr ogen ort ho moleculesrK 

s tudying the temperature dependenc e of the hea t re lease . Speci ­
mens wi t h small bubble s are probab l y preferable for examina t ion 
of t he influence of t he bubble surface . 

If the catal yt ic i nf luence of the bubble sur f ace is taken i n­
t o accoun t , t he model of mol ecul ar hydrogen bubb les 141 is able 
to expl a in all experiment a l da t a on low-tempe rature heat re lease 
in copper 11-51 
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Kona4 H. H AP• EB-85-404 

npoqecc OpTo-napa npeap~eHHR B ny3YpbKaX BOAOPOAa B MeAH 

3KcnepHMeHTanbHye pesynbTaTW noKa3YBaOT, 4TO no8epxHOCTb nysYpbKa AeH­
CT8yeT KaK KaTanHSaTOp OpTo-napa npe8pa~eHHR 80AOpoAa. ~HOCTb, BYAenReMaR 
8 n08epXHOCTHOM cnoe, SaBHCHT OT nOCTORHHOH 8peMeHH KaTanHSaTopa 'K , Ha-
4anbHOro pacnpeAeneHHR OpTOKOHqeHTpaQHH BHYTPH ny3YpbKa /OTKyAa cneAyeT 
CHnbHaR 3a8HCHMOCTb OT Ha4anbHYX ycno8HH/ H OT 3Ha4eHHR KO~HQHeHTa AH~y-
3HH 8 80AOpoAe• npH HH3KOH TeMnepaType /l ,3K/ 8nHRHHe no8epXHOCTHOrO KaTanH-
3aTopa npOR8nReTCR KaK 6YcTpo SaTyXa~aR ~HOCTb, A080nbHO Mano 8nHR~aR 
Ha o6~yo 8YAenReMyo 3Hepr~. nocne 3Toro MexaHHSM Tenno8YAeneHHR npH 1,3K 
TaKOH *e, KaK H B C8oOoAHOM T8epAOM 80AOpoAe• EcnH y4eCTb KaTanHTH4eCKOe 
8nHRHHe n08epXHOCTH ny3YPbK08, TO MOAenb ny3YPbK08 MOneKynRpHoro 80AOpoAa 
cnOC06Ha o6~RCHHTb BCe 3KcnepHMeHTanbHYe AaHHYe no HH3KOTeMnepaTYPHOMY 
Tenn08YAeneHH0 B MeAH . 

Pa6oTa 8YnOnHeHa B na6opaTOPHH RAePHYX npo6neM OH~H . 

IJpenpHH'r O&I.~HeBHoro HHC'rH'I'Y'I'& JlllepllloiX accn~oii&BHA • .llytlaa 1985 

Kolc!c! H. et a t. EB-85-404 

Ortho-Para Conversion Process in Hydrogen Bubbles In Copper 

The low-temperature heat release in copper due to ortho-para conversion 
in hydrogen bubbles has been Investigated. Deviations from the model of 
"free solid hydrogen" were observed: more intensive power release at T>-tOK 
and "rapid" (10 hours) heat release after the cooling to 1.3K. The experi­
mental results can be explained by the assumption of the autocatalytic con­
version in the bulk and catalytic influence of the bubble surface. 

The investigation has been performed at the Laboratory of Nuclear 
Problems, JINR. 
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