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1. INTRODUCTION

The long-time heat release in copper, cooled down to a low
or very low temperature, has often been observed /1-57/, Accord-
ing to’" , this heat release is due to autocatalytic ortho-para
conversion in hydrogen bubbles precipitated in copper metal.

In our previous paper’/%/, we have reported the measurements
of time dependence of power released at [.3K and of the depen—
dence of the total heat released on the equilibrium temperature,
after cooling from this temperature 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,
which undergoes the ortho—-para conversion. (Afterwards, bubbles
with the radius R = 0.lpum and the mean distance between them
about 2pm were seen on electron microphotographs.) This con-
version goes generally like that in solid hydrogen specimens
without external influence ("free hydrogen") according to

d5/dt=—-kx? (1)

ara
bubble orthohydrogen concentration, and k = 0.0196 h™" which

is in §ood agreement with the theory 8/ and other experi-
ments

But there are two phenomena reported 1n/5/, which we did not
succeed to explain by the model of "free hydrogen'":

First, relaxation at T 2 10K is essentially faster than at
1.3K.

Secondly, "rapid" heat release just after the cooling to
1.3K, dissapearing in several hours, was observed (see, for in-
stance, figs,.1,3).

The rate of the autocatalytic ortho-para process may in
principle increase due to higher pressure at higher tempera-
ture /8. In this case, equation (1) holds good, i.e., the power
released is proportional to x% , with a larger constant k only.
Further we shall see that it is impossible to explain experi-
mental data in this way. However, more intensive relaxation may
also be due to catalytic influence of the surrounding atoms
(copper or impurities) at the surface of the bubble. In this
case additional power released in the surface layer ("surface
power") is added to the power released in the bulk.

where X = Noppo /(Nopno + Npgpy ) is the mean throughout the
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Fig.2. A sketch of three types of the ’ 0.3}
ortho hydrogen concentration distri- 3
bution in the bubble for fized X .
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2. EXPERIMENTAL

“%.>% ., R - the bubble radius, t ~ ]

thg dis;tq. R o fwom the centre of’ i ) r/R - 'l‘::;. ?zgaratt}s and me§suring procedure were the same in’/8/

bubble, x - ortho concentration. 0 1 PP purity) specimen ( m = 485 g) with a germani:.x: t: )
er—

momet i
thr:z“:: ?ridoalge:;ez h:r.lgs in the calorimeter on 12 kapron
: . n diameter, 31 mm 1
v 3 ) er, ong). Heat i
Thzh:eiilorlmeter is provided by a scissors-lik::o::?:t;on
release was calculated from the drift of t;ecsl;e i
ci*

. .
!l‘l('ll telﬂp&l ature “lth the hEat SUltCh Off. T]'le temp8[atute I Of
: ‘ Froport]onal to t]le Co‘kcetlt ll"‘ ”p”( imen was usually Close to the temperatute Ix Of the

xp(t)  at the surface. In an isolated surface layer, concentra~ o4y of the calori
tion xo(t) drops exponentially with the characteristic cataly~ rimeter which was stabili

ser tin?e constant r, after the cooling down. However, there is [anex: released ilised to 107* K. The

a ortho-hydrogen flow from the bulk to the surface due to con— Q=0 -G. -Q

centration gradient gx/dr (r is the distance from the centre o A B’ (2)
of the bubble). The rate of the flow is controlled by the & R —

fusion constant D , which strongly depends on temperature, :

being at 1.3K about four orders of magnitude smaller than at Q. = RC/(JR/AT),
10K 77/, ' _ (3)
What are the expected consequences of this model? First, X i
ceases to be the only determining factor of the total heat Te~ UA - A(TK -T).
surface is essential (4)

lease, since concentration xg(t) at the

for the surface power. Quite different values of heat release & e .
may be observed for ‘he same value of % due to various x.(t) » B, W& measured power, Q, - heat lea

T’ calorimeter to the specimen, Qg = (730 +k2§(r)()mptt¢he ‘Zﬁd’ oi s

= - therma

i.e., due to various ax(rt) /or , depending on the "cooling R &

history" of the specimen. In the usual course of experiment withm: ground (Qg/m = (1.5 + 0.5) pW/g) b= 5 :

gpecimen cooled from room temperature down to 1.3K and heated up er resistance drift, C - heat capac’ity of gh:m:xl:;mxem-
’

ro temperature T (10K or 95K) with the equilibrium concentra™ dJR/dT - sensitivity of the thermometer, A - coupli
’ ing constant



i i the
between the specimen and the body of the calorimeter with

*
switch off (experimentally measured A/m = 0.24 pW/ gmK),

Due to the high heat capacity of the specimen and the low

= Y di-
i ome t was difficult to measure

itivity of the thermometer, 1 i el
igzi;; theyheat release above 4.2K. It 1s to be calculated £

the measurements at 1.3K just before heating up and after cool-

i i i i 5.1, Excluding the time in-
ing down. This trick is shown in fig e

terval of the rapid relaxation, ortho-para cgnver51
goes according to (1), and the power release .
Q- -Nudi/d,

where is the hydrogen in the speci-—
N he mole number of molecular S
men, U = 1064 J/mole - latent heat of ortho—para conversion.

b}

The time dependence of the heat release per gram 1S

(6)
a(t) =a,/(+kxt?

where q(t) = Q(t)/m , and X, , ho are initial values. (Cooling

very rapidly from room cemperature, ue m) LU0, 10C oLuiog
tg?g/tezfe:a:ggep§7glfor our specimen). Under these 9irc§ms::n—
ces, ;t is possible to determing the mean io:;zn;:atlon X
the time t from the corresponding heat rele »
3 - x () /4"

The heat release ﬁT at T >1.3K was calculated from

(8]
g = (Nu/m)(E, =% ) /(8 =ty )

is the time of heating to T,t, the time of cooling

)s

where Yy
to 1.3K (te> th

-;h: 30@(“,)/&0)%

« M
X, = x(alt,) /4g) (
I=(x,+%.)/2,

s determined by extrapolation from the time dependence

vy ¢ b similar
t q(t, y a
the form (7) for t» ty , t <ty >
Oftta olation for t-t, t>%tc - Fast heat release was mnot
tekan calculation.

taken into account in Q(tc)

z /67
* The symbols used differ from .

It is more convenient to use the ratio of power released at
T to the power released at 1.3K (without rapidly relaxed
power) at the same X ; this ratio should be a function of the
mean ortho concentration X :

Q/Q i, /4 =(1/kx®)®, -X,) /(2 gty). (10)
The heatving up and cooling down must be rapid enough compared to
At = t ~t, for accurate determination of 44 . As a rule, the
heating from 1.3K to 25K (10K) was completed in 2 minutes

(0.5 min), cooling down in 12 min (4 min).

The measuring method used implies an experimental uncertain-
ty: on the one hand it is necessary to have a very short measu-
ring interval at 1.3K to avoid distortion of the x —distribution
in the bubble, on the other hand it is impossible to make it
shorter than 10 hours because of additional "rapid" heat release
d. just after each cooling.

The measuring strategy chosen ought to prove successively the
consequences of the model with catalytic influence of the sur-
face. Five measuring series were completed in total; during each
of them several short heatings to 25K (in the first, second and
third series) or to 10K (in the fourth and fifth series) were
performed. The series differ in the starting temperature or in
the time of measuring at 1.3K before the first heating up, i.e.,
in initial conditions.

). RESULTS

#. Heat Release at T > 10K

The data about all measuring series are shown in table 1. In
the first series, the specimen was rather rapidly cooled dovm
from room temperature to 1.3K (292K -+ 80K in 4 hours, 80K - 1.3K
in 1.5 hour); then the heat release was measured during 40 hours
untill the mean concentration X,, = 0.4] was achieved. After-
wards several fast heatings to 25K and coolings to 1.3K were
performed. The first three cycles of this series are shown in
Fig.3.

Ratios QT/Q calculated from these data according to (10)
are plotted in Figs.4 and 5 (curve 1). According to this curve,
the power released at 25K is about B times larger than at 1.3K
for large values of x ; the difference is insignificant for
small x . This contradicts the assumption of more intensive heat
release due to higher k at higher temperatures: in the case of
the bulk autocatalytic heat release only, the concentration x
in homogeneous throughout the bubble, the heat release is pro-
portional to x2 and i]T/(i = k(T) - x%/k (1.3K) 22 = k(T)/k (1.3K)
does not depend on concentration.



Table 1 w! .
Somrwe Fig. 3-' The first three eycles of
Data on experimental series the first experimental series
(‘B(o).< X ) . Dots - q.l.sK =
;‘zlw.; upper curves - bulk heat
* q = b4 T a-/a 5 ease; =

Sexde a, a9,  tomty % X, 9/ ¥ ik e; lover curve - tempera-

s} 1T

1

T°=292 K 300.5 244.5 1.72 0.4110 0.3710 7.8 0.3910
51-0.617 134.2 113.4 2.15 0.2750 0.2530 7.6 0.2640
T = 25K 83.3 59.5 8.15 0.2160 0.1830 5.3 0.2000 T.K]
48.5 35.2 15.15  0.1650 0.1407 3.2 0.1530 b »
27.9 20.9 29.15 0.1253 0.1Q84 2.2 0.1170 o l, ” ﬂ th
7.1 5.0 118.15 0.0630 0.0530 1.3 0.0580 X v 3 W
L
2 458.0 398.6 1.22 0.5076  0.4735 5.9 0.4906 ﬁ /é
Tol292 K 274.3 215.6 313 0.3928 0.3482 5.3 0. 3705 v/ -
i1-0-594 162.3 120.7 7.62 0.3022 0.2606 3.5 0.2814 "...
T=25 K 99.6 65.2 20.18 0.2368 0.1915 2.5 0.2141 a
3 1711.2  81.3  1.11  0.2500 0.2210 31.2 0.2350 1w} ’
1‘0- 60 K T3.4 50.4 3.10 0.2030 0.1680 16.7 0.1860
f1=0.265 47.C 29.5 9.11 0.1627 0.1287 9.1 0.1457 5
T=25K 27.4 18.6 20.11  0.1242 0.1024  4.35 0.1133 /}"" -
.
4 179.3 147.7 1.02 0.3180 0.2880 16.0  0.3030 1/
Toa'IO X 133.5 100.1 2.52 0.2740 0.2370 1.4 0. 2560 Sy
X,=0.342  88.3 72.3  3.02  0.2230 0.2016 8.0 0.2123 f /ﬁ'/
T=10K 66.6 43.3 11.02  0.1936 0.1560 5.8 0.1750 }’/; -fji//:p'
; '/
5 440.8 371.6 1.02 0.4980  0.4570 9.0  0.4776 .d:/ ,/ v
T,=110 K 312.5 250.0 2.02  0.4190 0.3750 7.1 0.3970 e it / s
X,=0.570 213.6 160.5  4.02  0.3466  0.3005 5.6  0.3235 0 ¥ = ~ - ) ‘
T=10K 143.0 90,5 11.02  0.2836 0.2257 4.2  0.2546 Flg.d. Heat release ) ' N v
yess 46 at elev -
82.6 58.2 13.02  0.2156 0.1810 3.5 0.1983 veries (heating tempemtlmeaggi tiﬂﬁefaﬁij. xo(t- f)‘zmt
« . o > Lal = L > <
x" b1 ;,. ® - qecond series (25K, Xy = 0.508, XR(L )<
3" )3 4 “Fifth serics (10K, x,, = 0.498, z. (F. L
’m“.'). (jaaherd curves - eq. (25): 1 -r = 77 h,“ Fowm =
. & “hI160; 6 -7 =131 4 = = 0.245; 2 a~ 7 =
Ty — the temperature before the cooling; x; - the initial mean . = 0.245; dott min_ . 0.245; ~H = Bk
concentration after the cooling from Ty to 1.3K; T - the heat- -h:'tl'i:l:l'fh'ng to (28): e;d _cmmeue @q/ @)y, for x(r0) =x
ing temperature; ty — the time of the heating to T ; tg a the 3 an ortho concentration.
time of cooling from T to 1.3K; X, - the mean concentration at In the sscond ; ) : .
ty ; X¢ - the mean concentrefltion 8t te 3 Uq - heat reldsse at— specimen was heldszzlffﬂif;z: Tgolllzzxg'sas in th? first ome, the
T ; @ - heat release according to (1), (°'5 @y =a(ty) 35 9 = . ncentration Ey1 =657 Bakoes 3 f(i’:sz étll} the mean
=q(t,) . Formed. The resultin esting vas per-

the curve 1, B curve 3 (Figs.4,5, table 1) lies Below




Fig.5. Heat release at elevated
temperatures (experimental sum—
: mary). o - first series (heating
L temperature 25K, Xpy = 0.411,

: xpt, )< x 1) 5 ® - second series
(25K, 0.508, Xp(tp) < Xpy ) ;5 © -
third series (25K, 0.250, xXg(tyy)>
>%p4) 5 A - fourth series (10K,
0-318, X (thl) > ‘ihl) s A -fifth
series (10K, 0.498, Xp(ty,) > X, ).
Dotted curve = (q4/4) ™ for
x(r,0) =x,=x  gecording to (28);

1nr
X - mean ortho concentration.

(800745, (pwrg) ™' f
p af
H
H
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Fig.6. The first three cycles ‘
of third experimental series ’ % ]“’
(!.(th,_)>iml) . Dots —- b e ::
(500/41.3x )% ; upper )
straight lines - extrapolation a0
for q, determination; lower t,n e
curve - temperature; t - time. C'Go—= b5 et

Before the third series, the specimen stayed at 60K (x'
= 0.35) during 90 hours. Because of increasing X in the
reversed process during the heating to the temperature with

>X , possible inhomogeneity is of the type x t)> X . The
heat release should be larger under these initial conditions.
The resulting time dependence of ¢ for several cycles is
shown in Fig.6 (as a time dependence of more convenient expres-
sion (g4 /4 )12 y: according to the data in table 1 and curve
3 in Fig.5, the power released at X = 0.235 is in this case 31

times larger than at 1.3K.
Because of such strong dependence on initial conditions,

more detailed study - including the study of temperature depen-

definite and simple initial iti
d e conditions. At the bepinni
;?u:lh (Fifth) series, the specimen stayed at 70;333:;28 e
mrn::uzs (at.lIOI.( during 110 hours). The results are plcg>tted as
'.“w:i" 55)7111 Fig.4 and 5. The mean concentration x before
o 3x ?7021)( (l(l)Oi(z vgas much smaller than the equilibrium
» X, = 0. Xg (110K) = 0.65
. ‘ - E
Afe agrees with the surface effect at l())l(, :g:anced ke

b. "Rapid" Heat Release

The power relaxing with a ch isti i
aracteristic time of th
of weveral hours after each cooling was calculated as B
4 (") =g ) -q(t’
MUSTL P GO R Y10 an
f'rom the experimental

lated power release g
down (t* =¢ - e )

heat release i[l 8K (39

and the extrapo-
» where t’ =

= 0 at the time of cooling

.!-'r,'g."/. "Rapid" heat relegse
Uy () for various 4, in the L
Itrot series (T = 26K). Dots

1%

qq,PW/g

and polid curves - experimental
4,(t") ; dashed curves -

4, (") [ PW/g) = 10 exp(~t[h]/1.9),
Pet -ty ; lower left corner:
oooling before "rapid" heat

re loafm observation.
I~ U, = 244.5 pW/g,
4= Q = 113.4 pW/g,
d = qo = 59.5 pW/g,
4= q = 35.2 pW/g,
b= @0 =20.9 pW/g,
6~ 4o = 9.1 pW/g,
7= Qe = 5.0 pW/g,
= Q9 = 1.0 pW/g.

Values q_(t’) and ¢ (t°
! 4 q(t”) of all cycles of i i
(cooling down from 25K to 1.3K for variyous tio( tEh: (i;)lrit dse;'les
c

are gshown in Fig 7. With decreas; .
2 . ki asing q_ values of g -
ler: even q, is due to hydrogen conversion. Ty &0k Seal



For t“ > 1 h i],(t’) varies in time approximately as

q,(t")=d_(0) exp(~t*/r ) (12)

with the relaxation time r, = (1.6 +2.4) h. Although q (0) falls
down with decreasing ¥ at large ¥ , it becomes indepen&ent of
concentration for ¥ < 0.075 (4, < 10 pW/g). There probably
exists a residual concentration independent heat release d. (1)
with relaxation time of the same order. It is interesting that
g, (t") becomes independent of concentration in the region of
;_ where the heat release i;.r becomes independent of temperature
(qux /q = l, se_e Fig-4).

In addition, g4 (t°) depends on initial conditions: at the
same ¥ values Qg(t") of the second series are smaller than
those of the third one (Fig.8). Values of qg(t’) after cooling
from different temperatures (viz. 25K and 10K) differ only for
small X , where Q,(t") = Qg0(t") . With large ¥ both values
of ds(t.’) are approximately the same (Fig.9).

Q. PW/g q,,PW/g

.‘\
RE

10' | 430

Fig.8. The influence of ini-
tial conditions on "rapid"

Fig.9. "Rapid" heat release
after cooling from different

heat release: comparison of temperatures.

the second (xg (ty)< Xyuq ) ® - T = 25K (second series),
and third (xp (t, )>%, ) A - T = 10K (fifth series);
series. 1 - third series, 1- 9, = 250.0 pW/g,

q, = 81.3 pw/g, 2 - third 2 - Q, = 215.6 pW/g,

series, 4. = 50.4 pW/g, 3 - 3 - Q¢ = 160.5 pW/g,

second series, 4, = 4 - 4§, = 120.7 pW/g,

= 120.7 pW/g; 4 - second 5~ Q, = 80.5 pW/g. Lower

series, 4, = 65.2 pW/g; left cormer: cooling before
lower left cormer - cooling the measurements.
before the measurements.
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4. DISCUSSION

a. Influence of the Surface and the Diffusion

Strong dependence of the heat release &T 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 follow—
ing equation:

4o REM.‘%‘L.@. =
(13)
2. xp(t) 2 ax(r,t) £ B
—4rR An—=— ~ 4pR"nD —=2 —~4aR" A-nkx_ (¢
. ® 7 ar lB.--A " z®
with the initial condition x(r,0)= X . R is the radius of

the bubble, A - the depth of the catalyser influence (A<<R ),
B - hydrogen demsity. 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 side the number of catalytic ortho-=para
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 limit of D = 0,

xg(t) =X, Olp(—‘/fx). (14)

With rg small enough, ortho concentration at the surface de-
creases very fast and a large concentration gradient originates.

However, the corresponding energy released in the surface layer
is small: for R = 107%cm, A = 5:10~% cm (Bohr's radius),
Q 47R%A nx

surface _ A= Aa 1 _SEA- 1.5-104 ) as)
Dpurk @4/8)7R%x, R

On the contrary, at D » o, there is no concentration
gradient and - due to the catalytic influence of the surface -
ortho concentration, homogenious throughout the bubble, is

x(r,t) = x, exp(-t/r_), (16)
1= R8T, = 6707, . a7
11



For sufficiently small rp , the contribution of the surface
dominates for any concentration value.

According to’?/, D strongly depends on temperature. Thus,
for our specimen (R = 1078 cm), depending on D , relaxation
time 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 region of large D , and solution of (13) - after
setting 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,

X p®=xy o () exp(-t/r) (18)

with an additional heat release

. . » . 2

4p-a=(Qy ~Q)/m = (Ngu/N,m) 0 4vR°A(x, o O)/r,) x (19)
x exp(~t/r) = (dy/KxDIBA/R) Xy L ) /1y,

where Ng is the number of the bubbles, Na - Avogadro number.
Here, the relaxation time r and the initial ortho concentration
X, ,(0) depend (in contrary to the limit D » e ) on D . From
the'condition of quasiequilibrium we can get the relation bet-
ween Xq o (0) and 2 :

Acxgp ©/rg % -D (ax/a:)lu_ﬂ = D(x-x . o @)/A, (20)
xp g (0)/x; 2D/(D+A2/rx). 1)
18

- " 2
At T> 10K, D 210 cm2/s1 , and — as will be shown - A /rx =
= 2.5-10"1° cm?/s. Then 2, o @ = X, in this temperature
region. ’

b. Dependence on X

With the help of (18), we can calculate the ratio of the
power release at T 2 10K to that at 1.3K as a function of the
mean ortho concentration @ . For the surface process only, the
rate of the decrease of the number of ortho molecules in bub-
bles equals the number of ortho-para conversions at the surface
per second, and

(4/3) nR® (x‘—'x'(t)).—.«lezA -of (xp(®/rg )dt; (22)

12

the time dependence of the mean concentration

E(t) =x, ~@A/R)(r/r)x (1-exp(~t/r)) (23)

implies that the influence of the surface takes place only for
concentrations higher than a certain x, ,

X e =% (1= GA/R)(r /7)), (24)

min

From (5), (23) we finally get (forx > X
count the power released in the bulk:

Qp/Q =d /q = —(di/at) | /kx® =1+@ X )/rkiE. (25)

_— ), taking into ac-

There is a maximum in (25) for X=2X, , which is observable,
if ﬁ:qlns’i . It is demonstrated in Fig.4 that this model fits
experimental points of first and second series fairly well, if
we choose r = 11 hours, imn = 0,165 and 0.245 consequently.

c. Catalyser Relaxation Time rg

_ Relaxation time _rg of the catalyser can be estimated either
with the help of X,  (equation (24)) or from the initial value
of the additional release dT—d (eq. (19)).

Using (24), we meet two sources of error: (1) the changes
of Xy, due to the reduction of ortho inhomogeneity during the
measurement at 1.3K, (2) the decrease of X; during cooling
from room temperature to 1.3K and measuring at 1.3K before the
first heating cycle.

Since Xy > Xp; , (Xp; =X (tyy ) , tyy - the time of the
first heating), then, according to (24), rg <3Ar/(xh1—lm,n)R.
we get rg < 121 sec from the first series, rg < 104 sec from
the second one.

From (19), we have

Wp/Dl,_, =1+ WK GA/RIE g O/ ). (26)

Since Xq p(0) = X; p (0) < X3, 1in the first and second series,
and x5 '@ =x, 2 (0)> % in the third, fourth and fifth
series, equation (26) gives us the upper and lower limit of ry

as

T sec <r < 105 sec. 27)

In what f(illows, g = 100 sec will be used. Then A2/rK =
= 2,5.107 9 cmelsec and 7, = 18,5 hours, which is not far from
the measured 7 (25K) = i1 h (Fig.3).

13



d. The Influence of Initial Conditions

If the ortho concentration in the time ty; of the first

heating is homogenious throughout the bubble, i.e., Xg(t,.) =
=x(,t,, ) = X,, » then - according to (26) -
@p/@)ly, =1+3A/(REKE r )- (28)

ratio q./q increases with decreasing X,; . The dependence
(28) is shown in Fig.4 and 5 as a dotted curve ("homogeneity
curve"). According to the model, the experimental points with
xn(t) =X (t) should lie on it, The first and second series are
the nearest upon these conditions - and their first points (for
largest X ) are rather close to (28), indeed, and the first
point of the first series lies above that of the second one,
which is also consistent with (28).

We have discussed (section 3a) the influence of the inhomo-
geneity x(r,t) throughout the bubble, The curves of third,
fourth and fifth series indicate it is possible to displace the
first points far beyond the homogeneity curve and to increase
considerably the heat release, producing xR(t)> 0t ).

e. Temperature Dependence of the Heat Release

The initial power released at 25K and that at 10K differ
a little, corresponding to (21). According to our model, lower
temperature implies shorter 7 , and - according to (24) -
higher X in * Then, according to (25), the ratio qT/q dimini-
shes more rapidly with reducing X at lower temperatures. One
can see this tendency in Fig.3 comparing curves for 25K and
10K. For 10K, 7 (10K) = 8 h.

At 1.3K the diffusion constant D 1is about four orders of
magnitude smaller than at IOK’v’, and the surface heat release
should relaxe more rapidly. We shall show that the observed
"rapid" relaxation can be explained by this hypothesis.

f. Rapid Heat Release

In case of lowering the temperature from 10K to 1.3K, the
relaxation time r becomes only 4 times smaller: its dependence
on the diffusion constant is rather slight even in this case.
Essential reduction of D may imply D<<A2er ; then the ortho
concentration at the surface before reaching quasiequilibrium
falls down with catalyser time constant rp , and the surface
heat release should be lower than at T = 25K or 10K just
before the cooling. Thus, in the vicinity of t,, ,

14
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where t* is the time necessary for reaching quasi equilibrium
(t* = 20 min).

Experimental values of ((l.r(t 1 )—Q('cl ))/q oy +t*)

(table 2) range between 10.4 and 15.4. The mean value, !3,
corresponds (according to (21)), to D = 2.-10—20 cmgfsec in
agreement with other experlmenta] data, 1020 cm®/sec and
41020 cmglsec/7/; this is in contradiction to the theory/gl.

Thus, we have a qualitative change after cooling from 10K
to 1.3K; not only # is smaller, but also xI.R(O) is signifi~
cantly reduced, x4 R(°)<<‘|R(0) , and the amount of the heat,
released under the catalytic influence of the surface, is much
smaller. For sufficiently low temperatures D<<AZ /s and -
according to (21) - X p©@/x; ~D, which can be used for
finding temperature dependence of D . But here more accurate
calculation would be necessary.

Moreover, exact calculation may explain the lowering of the
ratio X R(0)/x 1.8K,R (0) with increasing ortho inhomogeneity
(the ratio is five tlmes smaller for the fourth point of the
fifth series than for the first point of the same series) and
the non exponential behaviour of qa(tﬂ for t" < 1 h.

Table 2

Connection between the heat release at elevated T
and the "rapid" heat release

Series No. 1 2 3 i 5
T.K 25 25 25 10 10
Qte) =Gy oW/g 1687 1953 2033 1994 2750
QL +t* ) PW/g 162 129 135 148 178

Aptgy) ~Qgy

: 10.4 15,1 15,1 13.5 15.4
qa(t cl * tt)

T - the heating temperature; dTGcl ) = the heat release at T
in the time ' = t,; at the end of the first heating cycle;
Qo1 - the bulk heat release at 1,3K, t =tg; ; q (tgy +t*) -
"rapid" heat release at the time of setting of quas1equ111brium
after the first heating cycle, t* = 0.3 h.
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Since all values of Qggg and dlox are calculated with the
help of (7), they include the heat released in the surface
layer at 1.3K,

€ =Dr q(t)ae; (30)

this additional term being less than 10 per cent of the full
energy change for all our points.

If the "rapid" heat release is the result of surface influ-
ence, it must depend on initial conditions like the heat
release at 10K and 25K. And it is just the case shown in
Fig.8. Initial ¢ (0) is determined by the concentration in the
neighbourghood of the surface and does not depend directly on
the temperature before the cooling down (Fig.9).

Residual heat release dso(t’) may be explained very simple
in this model. At an elevated temperature, say 25K, surface
heat release stops after reaching the equilibrium concentration
Xg(%g (25K) = 0.01) at the surface. At 1.3K, Xz 1s many or-
ders smaller, and during cooling to 1.3K conversion at the
surface starts again. Using (19) with Xo R ) = Xg (25K), the

upper limit of the corresponding initial heat release may be
found:

flm(D) < 53pW/g. (31)

The_experiment gives hso(O) = 10 pW/g (Fig.7). The dependence
of g, on the heating temperature is due to the strong tempe-
rature dependence of xg .

g. Another Copper Specimen

In conclusion, let us see, what we can expect in the case of
another copper with molecular hydrogen bubbles.

First, the power released due to ortho—-para conversion is
prope&;ional to the amount of hydrogen, precipitated in bub-
bles .
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Table 3

Heat release in various=—size bubbles

R, um (d'r_é‘)/d‘m % min 3,(0)/4(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 bubble radius; (QT‘-Q)/Q1=0 - the ratio of the sur-
face power release and the bulk one at T = IOK or 2§§ just after
the infinitely rapid cooling from room temperature; Xpj, - the
mean ortho concentration, at which the influence of the surface
stops; dsw)/d(O) - the ratio of initial values of the surface

and bulk heat release at 1.3K just after the infinitely rapid
cooling from room temperature.

Secondly, the mean radius of the bubble may differ. Wampler et
a1.”'%  observed bubbles with radii from 0.4 um to 6 um (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
significantly by the mean radius variations. The contribution of
the surface should vary inversely as the mean radius; with R >
2 1um , it should be negligible (see table 3). For large R the
surface heat release may be observed for xx(0)>> x(0) only.

Thirdly, other impurities may give another 7g . A smaller ry
implies both increasing 9,(0) and decreasing r which is propor-
tional to rg for large D . Heat releases more intensively, but
in shorter time; the full energy released and fm do not change
significantly.

in

5. CONCLUSION

The experimental results indicate that the bubble surface
acts as a catalyser of hydrogen ortho—para conversion. The power
released in the surface layer depends on the catalyser time con-
stant 7x , on initial ortho concentration distribution throughout
the bubble (which implies strong dependence on initial conditi-
ons), and on the value of the hydrogen diffusion constant D .

Due to a strong temperature dependence of D , the catalytic
contribution to the total heat release depends on T . The surface

17



heat release dominates at elevated temperatures (10K, 25K) in a
rather broad interval of ortho concentrations.

At a low temperature (1.3K), the influence of the surface
catalyser manifest itself as rapidly relaxing power with a
rather small contribution to the total energy released. After-
wards, the mechanism of the heat release at 1.3K is the same as
in free solid hydrogen.

It is possible to determine the catalyser relaxation constant
rg and the diffusion constant D of hydrogen ortho molecules
studying the temperature dependence of the heat release. Speci-
mens with small bubbles are probably preferable for examination
of the influence of the bubble surface.

If the catalytic influence of the bubble surface is taken in-
to account, the model of molecular hydrogen bubbles 74/ is able
to explain all experimental data on low-temperature heat release
in copper /1-%/,
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