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1. INTRODUCTION 

Neganov and Trofimov 111 have built а special calorimeter 
(sensitivity lo-1511/g at liquid helium temperatures) for study
ing the discrepancy between theoretical and experimental heat 
leak to cold parts of the cryostat in the low and very low tem
perature experiments. In their measurementз with polycrystalline 
copper at the level of lo-14W/g (cosmic rays heating), а large 
intrinsic heat r€lease after cooling down to IK was discovered. 
А more extensive study 11·21 showed that the heat release decrea
sed in time from initial S . lo-10w/g according to the exponential 
law with the relaxнtion time constant r of about 60 hours; т is 
temperature-independent in the region I-4K. It was also shown 
that the initial value was two orders smaller after copper was 
treated at 900°С during 5 hours in vacuo. Relaxation of thermo
elastic tensions at the grain boundari.es was assumed as а pos
siЬle orir,in of this power dissipation. The classical time con
stant of such relaxation increases rapidly with lowering tempe
rature, being about 100 hours at ЗООК in copper. То explain ex
perimental results, an assumption about quantum origin of the 
relaxation at lower temperatures \las adopted. In such case, т 
would Ье temperature-independent down to the lowest temperatures, 
and the heat release might interfere in the nuclear cooling ex
periments with copper. Indeed, according to Pobell 141 the heat 
release from copper is the main part of the heat leak to the 
nuclear stage of the Julich nuclear refrigerator 15~ 

According to the grain-boundaries model, one may expect 
а much less heat release in а copper single crystal; but the 
single-crystal heat release is of the same order. 

Schwark et al. 161 studied in the heat release from copper, 
specially treated at 930°С in the hydrogen atmosphere at diffe
ren t p~essures, and cooled down at the rate of 200° per second. 
Molecul a r hydrogen precipitates in form of bubЬles in copper, 
treated in such way 171, a nd low temperature heat release is main
ly due to the hydrogen ortho-para conversion. Since the time 
dependence of this power dissipation seems to Ье the same as 
the one in common copper, an idea arose that the heat release 
in the latter may Ье due to conversion of the hydrogen admix
tures, too. 

The aim of our study is to learn this process in greater de
tail and to choose the right model. 
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Both models may give very similar data on heat-release rela
xation in time, but the temperature dependence of the energy 
accumulated (the enthalpy of the ortho-para conversion in the 
hydrogen model) is quite different. Mechanical strains origi
nate mainly in the course of cooling down to nitrogen tempera
tures because of а small expansion coefficient at lower tempe
ratures. ' According to this model, after complete relaxation of 
the system at liquid nitrogeц, the total energy dissipated after 
cooling down to 1.3К . is 15 per cent of the energy after fast 
cooling ftom the room remperature down to 1.3К. 

On t .he other hand, the enthalpy of hydrogen ortho-para con
version is proportional to the concentration of ortho-hydrogen 
xg (see equation (10)) with weak temperature dependence above 
80К; after complete relaxation the specimen at liquid nitrogen 
the enthalpy will drop to 70 per cent of room temperature va
lue only. 

For better understanding of the 
dence of heat release was measured 
perature dep~ndence of accumulated 
pation was determined. 

2. EXPERIМENTAL 

mechanism, the time depen
more accurately, and tem
heat energy with slow dissi-

The cryostat is supported Ьу а rigid construction resting 
on а massive (7000 kg) concrete Ьlock which is isolated from 
the floor Ьу four dampers; natural frequency of the system_is 
less than 2 Hz. Helium vapours are pumped out Ьу Alcatel 

1 • • 
12030 Н and Leybold-Heraeus WS-2000 wh1ch are at а d1stance of 
20 т from the cryostat. The pumping line (150 mm dia.) is fixed 
at several points in the walls of the building. It is connected 
to the cryostat Ьу а soft rubber tube. 

The cylindrical calorimeter (75 mm dia., 76 mm high), · sol
dered to а stainless steel tube (10/9.7 mm dia., 880 mm long), 
is suspended as а free pendulum Ьу а rubber damper from the 
сар of the cryostat. 

- The cylindrical shaped copper specimen (m = 485 g, 48 mm 
dia.x30 mm) is suspended in the calorimeter (Fig.l) Ьу 12 kap
ron threads (-0.13 mm dia., 31 mm long). There are а SI ger
manium resistor for temperature measurements and а heater 
(9300 ohm) glued to the spe~imen. ' 

The thermometer has been calibrated between 1 and 100 К at 
the Dresden Technical University. Its sensitivity at 1.3 К 
(5000 ohm) дR/дТ = 11 ohm/mК. The Allen-Bradley carbon resis
tor for measurement of the calorimeter temperature was calib
rated against the germanium thermometer with heat switch on at 
the beginning and at the end of the measurements. The resisti~ 
vity of both thermometers was ,measured Ьу the Cryo Bridges S 72А. 
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Fig.1. The caloPimeteP. 1 - stainless steeZ tube~ 2 
heateP of the Пe-bath~ 3 - body of the caloPimetep~ 
4 ·- AZZen-BPadZey PesistoP~ 5 - kapPon thPead~ 6 -
heat switch~ 7 - сорреР heat conductoP~ 8 - Ge PesistoP~ 
9 - specimen heateP~ 10 - specimen~ 11 - Ziquid Не 
(1.3К). 

А scissors-like mechanical heat switch connects the body 
of the calorimeter with а copper wire (2 mm dia.) soldered into 
the specimen. For more accurate caiibration of the carbon resis
t or, heat resistivity of the switch was determined as :104 K/W ' 
at 1.3 К. The switch allows relatively fast cooling of the spe
cimen.(A 479 g sample was cooled from бОК to 1.3К in 1 hour when 
the calorimeter temperature was IK). 

Heat release was determined from the temperature drift of 
the specimen with heat switch off. The temperature of the copper 
sample was chosen very close to the calorimeter temperature 
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which was kept constant (to 1о-4 К) Ьу а simple electronic c1r-
cuit. . 

Power Q released inside the specimen was calculated as 

Q = QS - Q А - QN • ( 1) 

Q8 = RС/ (дR/дТ), (2) 

QA =А (ТК - Т}, (3) 

where QA i s the heat leak from the body of the calorimeter to 
the specimen , А is the coupling constant, determined experi
menta lly for each specimeн (for our main specimen А / т 
= 0.24 pW/grnК), Т is the temperature of the spe~imen, Тк is 
the temperature of t~e body of the calorimeter, Q8 is the mea
sured heat release, R is the resistivity dri f t of Ge-thermo
meter, С is the specific heat of, the specimen, дR/ дТ is the 
s ensitivity of the ther~ometer, QN is the experimental back
ground power due to the external noise. 

At the beginning of the measur ements the dependence of 
С / (дR I дТ) = t. Q/ t.R on ,Т \vas determined ex~?_erimentally . Back
ground noise of our apparatus, measured experimentally with the 
help of а sample with minimum heat release (copper annealed in 
vac~o at 950°С for 5 hours 121) , QN = ( 1.5~0.~) pW/g. 

S ince Т= Т К in mos t of our experiments, QA was usually 
а small correction only. 

" 

3. P-ESULTS 

Figure 2 represents the time dependence of the power Q/ т · 
during 500 hours after the cooling (during 17 hours Y from the 
rpom temperature to the helium one. The ·initial heat re.lease 
Q1/ m = 500 pW/g. Since а long time is needed for its measuring, 
the ~urve was determined in fully only once, but many further 
measurements of i'ts various parts (even for powers less than 
1o-11 pW/g) showed its reproducibility: for Q/m > 1o-11 pW/g the 
dispersion of the measured points was no more than 1 per cent . 

1~en the cooling fr9m the roьm temperature was faster, the 
initial heat release ,Q 1 / m was greater. For example, witЧ cool
ing ·time of б hours Q/m = 600 pW/g. In this case, the Q/m 
dependence after the relaxation to 500 p\1/g repeated the curve 
in Fig.2. 

All the time when Q/ m from Fig.2 was being measured, the 
temperature of the specimen Т was close to 1. ЗК; i'i: rose 
а little (to ЗК) only sometimes during filling the cryostat 
with liquid helium. 
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Fi g. 2. · Time rjependence of t Jze heat r e leas e . The line 
r epr esents Q/m = 410 [pW/g ]exp (-t [ hours] / 55) + 
+ 90 [ pW/g] ехр ("-t [ hours] /260) . 
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Two methods were used to determine the to t al accumulated 
heat energy, dissipated at I.ЗК after fas t cooling down from 
the equilibrium state at а certain temperature Т (the enthalpy 
of the system at the temperature Т in the hydrogen mode l) 
(Figs.3,4). The first one consists in keeping the specimen at 
the temperature т> t.зк for а long time to reach the full in
ternal equilibrium (the system h~s relaxed completely at this 
temperature), f~st cooling down to 1.3К a nd measuring the time 
dependence of Q/ m • · 

In the second method, the specimen after partial relaxation 
_ is heated up to !?UCh а tempeюature Т , where there is neither 

relaxation, nor excitation; after fast,cooling from this tempe
rature to 1.ЗК the time dependence of Q/m ' is measured again . 

· Then the total accumulated energy for both cases is 
00 

Н( Т)= f Q{t) dt. 
о 

(4) 

Н(Т) in the hydrogen model is the enthalpy of ortho-para con
version at the temperature Т if we omit the value of enthalpy 
at 1.3К (theoretically Н (1.3K)/m < 5.10-з pJ/g/81) • . 

There is no need to measure always the whole curve Q( t) 
owing to its good reproducibility in various measurements. The 
first method was used for determination of Н (77К). The speci
~n was kept at liqui d nitrogen for 700 hours before measuring 
Q/m at 1.ЗК (Fig .. З). 
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Fig.3. Time dependence of the heat release after the 77К 
equilibrium and t he influence of the t emperature varia
tion. Dots and the upper Line - heat release per gram 
per second3 the Lower Une - the temperature . At 
-700< t < О hours the specimen tJas kept at 77К; at 
41 < t < 47 h and 74 < t < 97 h faster r elaxation is ob
served3 at 118 < t < 193 h neither re laxation3 nor exci
tation are observed. 
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The values of Н (SOK) and Н (35 . 5К) were ~easured using the 
second method, According to Figs.З and 4 at Q/m = 78 pW/g 
(9,1 рИ/g) there is neither relaxation. nor excitation at the 
temperature Т = 50К (З5.5К) . 

Two interesting phenomena follow from Figures 3.4: 

1. Relaxation at sок. 35.5К. and 25Kgoes faster than at I.ЗК; 

it is- in our case- six tirnes faster at 50К than at I,ЗК and 
19 times faster at 35.5К. (lt ,is to Ье noted just now that the 
mechanisrn of this phenomenon needs more thorough study.It is 
observed down to IOK according to preliminary rneasuremen:ts. 
Data for SOK and ЗS. SK will Ье used for corrections in calcula
tions of Q0 (T)/m and Н(Т) only. 

2. If Q/s is measured just after cooling. additional heat 
release relaxing during several hours is observed (see Fig.4). 

Both phenomena may Ье interdependent. 
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Fig.4. Time dependence of the heat release and influence 
of temperature var iation3 Q/m < 30 pW/g . Dots and the 
upper Lines - heat release per gram per second3 the 
Lower Une - the temperatur e . At 22 < t <53 h and 
177 < t < 200 h faster relaxation is observed3 at 
102 < t < 140 h there is neither relaxation nor excita
tion; at 54 < t < 64 h; 140 < t < 150 h and 201 < t. < 220 h 
additional heat release is observed. 

4. DISCUSSION 

The time dependence of the heat power per gram Q/m is very 
simiiar t o the one from earlier measurements /1,2/. The "grain
boundaries" model gives an exponential dependence of the form 

• n . - t/ ri 
Q/m .. I q

1
e 

!= 1 
(5) 

With ql 
ci! ( i > 2) 
(F ig .2). 

On the 
explained 
rogen. In 
change of 

410 pW/g. r 1 = 55 h. q2 = 90 pW/g. r2 = 260 h. 
о. we can fit the experimental results fairly well 

other hand. the results of the experiments may Ье 
Ьу the model of ortho-para conversion of admixed hyd
thi s case. the relaxed power is proportional to the 
ortho-concehtration х per second: 

Q"'- N qdx / dt , (б) 
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where N is the number of m9le s of molecul ar hydr ogen , q = 
= . 1063 J/mole is the conversion ene r gy, х is t he r ela t i ve con-
centration of ortho hydrogen , х = N th / (N orth + Npara ) • 

I f h d h or о . о h . 
1 

. . n ree у rogen t е process of sett1ng up t е equ1 1br1um 
concentration Xg at а certain Т is а resul t of pair interac
tions between t he ortho-molecules /8/ , 

dx/ dt = - k ( х - xg )2 
, ( 7) 

where k is а constant, At 1 ,3К xg :: О and 

х1 1 х = 1 _+ kx1 ( t - t 1 ) , ( 8) 

where х 1 is the concentration a t t h,e moment t 1 • From ( 6)- (8) 
we can express х as а func t ion of Q: 

. . 1/ 2 
x1/x= (Q 1/ Q) =1 + kx1 <,t - t 1), (9 ) 

where Q1 i s t he heat r eleas e at t he moтent t
1

• 

7 г-------------------------------------------------------, 
(0,10)112

, Ot/m • 500 pW/g 

• 
5 

4 

3 

~ \ 2 

t, h 
l 1 tH 210 311 4Н 511 

F • Q. -1/2 
~g . 5 . as а 

s t r ai ght line is 
function о f t ime . Tlze s lорв о f the 
kx1 = {1 , 04±0. 02 ) · 10- 2 h-1• 

in Fig.5 as 
The curve is , 

kX
1 

= 

Experimental values 5Jf ( Q1 1 Q) 112 are plot ted 
а function of t (with Q1 / m = 500 pW/g , t 1 = О ). 
according to ( 9) , а straight line with the slope 
= (1 .о4+о.о2)· 1 о-2 ь-1. 

If we take k = 0. 0 19 ь- 1 , i . e ,, an experimental value fo r 
free solid _ hydrogen /9/, the initial heat release Q

1 
/m = 

500 pW/ g corresponds to the concentra tion х 1 = 0,53. If 
8 
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t he "hydrogen" hypothesis is true, about 30 per cent of ortho
molecul es converted dur i ng coo~ing down from room temperature to 
1,3К. I n wha t follows corrections for rel axation dur i ng the 
coo l ing process will Ье calculated; х 1 = 0,53 is shown to Ье 
an acceptaЬle value. Therefore, the value for free solid Н2 
k = 0,019 р- 1 is also acceptaЬl~. From this point of view, in 
our specimen - according to (б) - there is about 19 at.ppm of 
admixed molecular hydrogen. . 

According to (9), heat release of 600 pW/g after faster 
cooling-down corresponds to the concentration х 1 = 0.58; in
f i ni t ely fast cooling f rom the. room temperature ( х0 = 0.75) 
would l ead to the release of Q0 / m = 1000 pW/g. According to 
t h i s simple scheme the ini tial release a f ter fast cooling from 
the equilibrium state at 77К ( Xl .= 0,50), 50К (xg = 0,23) , 
and 35 .5К ( x g = 0.07) would Ье Q

0 
(T) / m = 443 pH/ g , 94 pW/g 

and 8.7 pW/g, respectively. 

1o-t~ Q (T)/m,W/g 
о 

10-to 

1o-tt 

1о-12 
\ 

10-131 о 1 о о о о о о о , ! • К ,! 
10 zo 5О 100 100 

Fig . 6. Heat release ob
sвrved at 1. 3К after re.ach
ing equilibrium at f ixed 
Т • Dots - experiment 
(о -: Q0 ( T)l m:. • - Q0( T)/ m + 
+~Q / m), line - "free 
sc;lid hydrogen 11 mode Z UJi th 
Q0/m = 1000 pW/ g. 

Corresponding experimen
tal results, determined Ьу 
the methods mentioned above 
fr.om the measured values, 
shown in Figs.3,4, are 
398 pW/g, 78 pW/g and 
9,1 pW/g. ·They are plo t ted 
in Fig .б. The co~t inuous 
curve i n this f igure was 
calculated f r om 

Qo (Т)"' Qo( xg( Т)/ хо )2 (9') 

with Q0/m = 1000 pW/g, 
х 0 = 0.75; values of х (Т) 

are taken from 181,Agreement between the theory and the ехре! 
r i ment is good. The low-temperature heat release seems to Ье, 
indeed, due to the ortho-para conversion of hydrogen, precipi
tated in copper. 

As we mentioned earlier, faster relaxation at temperatures 
h i gher t han 1.3К was observed (see Figs,3,4). We have not stu-

1 
'

~-

. 9 

\ 

j 

-r--



" 

'1 

died this phenomenon in detail so far, but preliminary data may 
Ье used to estimate the relaxation rate in the cooling process 
to explain the reduced heat release of 500 pW/g after the cool
ing down from the room temperature, to correct the experimental 
values of Q0 (T),and, in this way, to find their accuracy. 

In our fastest cooling from the room temperature to the he
ljum one (4 hours from 3ООК to 90К, 2 hours from 90К to 4К, 
Q1 /m = 600 pW/g) it is possiЬle to neglect the relaxation 
during the first four hours of the cooling process. According 
to (7), taking into account "faster" relaxation at elevated 
temperatures, cooling from 90К to 5ОК yields а correction of 
~ 1 х ~ 0.005·6 = 0.03, from 50К to 4К ~2 х ~ 0.01 ·19 = 0.19. 
Then х0 sx 1 +~ 1 х+~2 х = 0.80, whi~h is to Ье compared to Хо= 
= О. 75, ,t:he true room temperature value. ,Per analogiam, correc
tions ~Q to the experimental values of Q

0 
(Т) at 77, 50 and 

35.5К may Ье calculated. Cooling from the nitrogen temperature 
to the heliuщ one during an hour yields - according to the same 
formulas- ~Qim=BO pW/g, and as а result of cooling down from 
50К (З5.5К) the heat release will Ье 5 pil/g (0,1 pW/g) smaller 
th.an the true one. The corrections add to better agreement bet
ween the theory and the experiment (see the ТаЬlе). 

The values of Н(Т) may Ье calculated Ьу integration of the 
curve in Fig.2 according to (4), or directly from the co~res
ponding Q0 (1J') since 

Н(Т) = Nqxg{T), ( 10) 
and, according to (б), (7), (9) 

Q(T)"" kN чх:(Т), ( 1 1) 

Q0/xg = Q0(T)/ х:(Т). · (12) 
Then 

. • 1/2 
н (т) .. ( 1/ k х 0) • ( Q 

0 
• Q 

0
( Т ) ) ( 1 3') 

Determined in this way, the specific enthalpy H{T)/m is shown 
in the ТаЬlе and Fig.7 anal9g with а theoretical curve, ' calcu
lated under the assumption that Q0/m = 1000 pW/g. 

А practical conclusion follows from the temperature depen
dence of Q0 {T) and Н: for removing Q when necessary (for 
instance in ultralow temperature measurements), it is almost 
of -no use to keep copper samples at liquid nitrogen for а· long 
_time since the corresponding Q drops no more than Ьу l1alf. 
Samples being kept at the liquid hydrogen temperature the ini
tial heat release may Ье 104 times smaller. In addition, in our 
specimen the relaxation at 2ОК was much faster than at fielium 
temperatures. 
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Temperature dependence of the heat release and the enthalpy 

' 

Т/К ,-:- 273 77 50 35.5 

xg • о. 75 0,50 о. 23 0,07 
-
Q0 (T)/ m (theor) pW/g 1000 443 94 - 8.7 

Q0 (T)/m pW/g 600 398 78 ,, 9.1 

Qo(Tl_ + ~Q. 
p'vl/g 

r 1033+100 478+50 83+8 9.2+1 
m m 

Нlm(theor) pJ/g 19.5 13.0 6.0 1. 8 ... 
-

Нlm pJ/g 19.8+2 13.5+1.5 5.6+0.6 1. 9+0. 2 

~g - equilibrium concentration of ortho-hydrogen 18/ , 
Q 0(T)Im ( theor) - h.eat release according to the "free hydrogen" 
. model with Q0 /in = 1000 pW/g, 

Q0-(T)/m - initial heat release measured at 1. 3К after cooling 
. down from equilibrium state at the temperature Т , 

~Q/m-correct~on due to the relaxation during the cooling pro
cess, 

H/m(theor) - specific enthalpy of the ortho-para conversion 
for 19 at. ppm of molecular hydrogen, . 

Нlm -experimental value of .total heat released per 1 g of сор- · 
per. 

Fig. ?. Dependence of totaZ 
heat reZeased after cooZing 
the system from the equiZib
rium state at the temperature 
Т · t o \1. JK. Dots - expe
riment; Une - "fr.ee soUd o,s 
hydrogen" modeZ_, ~olm = 
1000 pW/g. 

о 

Н!ТJ/Н0 -I 

т, к 

О 100 200 JOO 

Such fast relaxation was not observed in liquid or solid 
hydr~gen 191, While the time dependence of Q(t) and temperature 
dependence of the enthalpy Н(Т) of hydrogen in copper seem to 
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Ье the same as those in free Н2 , the observed fast relaxation 
may Ье due to an external influence of copper lattice or any 
admixture. 

We also are not аЬlе to explain the additional heat release 
during the first several hours after cooling down the specimen 
Ьу the model of free Н2 • According to our preliminary measu
rements, this additional heat release is also connected with 
hydrogen since it depends on ortho concentration. 

The study of these two phenomena is going on·. 

5. CONCLUSIONS 

Experimental results on the heat release in copper after 
cooling down to I.ЗК and above all, the dependence of the to
tal heat released on the ternperature Т of the equilibrium 
state of copper just before cooling down correspond to the mo
del of the ortho-para cpnversion in hydrogen bubЬles, precipi
tated in copper and behaving as free molecular hydrogen. 

It is shown that it is of no use to try to diminish the 
heat release essentially Ьу keeping the copper specimen at 
nitrogen temperature, but after e1uilibrium is reached at 2ОК 
the I.ЗК heat release is about 10 times smaller. 

The relaxation process above IOK was found to Ье much fas
ter. Moreover, an additional heat release, relaxing with а cha
racteristic time of the order of 1 hour, was observed just after 
the cooling-down. Both these phenomena cannot Ье interpreted . by 
"free hydrogen" model. 
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