
JOURNAL OF RESEARCH of the National Bureau of Standards - A. Physics and Chemistry 
Vol. 70A. No.3, May-June 1966 

Calibration of Germanium Resistors at Low 

Temperatures (2-20° Kelvin) 

G. Cataland and H. H. Plumb 

Institute for Basic Standards, National Bureau of Standards, Washington, D.c' 

(February I I. 1966) 

Two ge rmanium res is to rs, C and D, have been re fe renced to va lues of tem perature de te rmined 
by the NBS aco usti ca l thermome te r. The res is tan ce- te mpe rature c alibration data for these resistors 

'" have been fitt e d to a fun c tion of the form log ,o R = 2: A,,(Iog,o T)" and the res ult s a re presented. The 
11 = 0 

res is tors C a nd D th a t are use d as secondary s tanda rd s maintain the scale, NBS Prov is iona l Scale 
2 - 20 (1965), to whic h pub lic ca.libration s of germanium the rmometers are re fere nced. 

The ca lib ration apparatus and measure me nt tec hniques th at are e mployed in ca librating s ubmitt ed 
res istors are d esc ribed in detail. Additionally , data of three typica l calibrations and the ir trea tm e nt 
by polynomial fittin g are inc luded to de monstrat e the c haracteris ti cs of so me co mme rc ially ava il a ble 
germanium res istors. 

Key Word s : C alibration , germani um resistors, low te mpe ratures. secondary the rmome te rs , 
the rmome try. 

1. Introduction 

Recently at the National Bureau o[ Standard s a 
provisional temperature scale in the region o[ 2 to 20 
oK was establi s hed, based on temperature values 
derived with the Acoustical Thermometer [1 , 2V a pri
mary thermometer. The temperature scale is pres 
ently maintained with six germanium resistance 
thermometers. Their calibration is in close agreement 
[2] with other secondary thermometers in regions 
where temperature calibrations overlap , i.e., 2 to 5 oK, 
the T 58 He 4 Vapor Pressure Scale [3 J and 12 to 20 oK, 
NBS (1955) Scale [4).2 

In practice , temperature se nsing devices should be 
independent of thermal history and have a measur
able temperature coefficient which covers a prescribed 
temperature range as a smooth function of some param
eter. Some materials, i.e. , carbo n, [5 , 6, 7, 8], metals, 
[9, 10, 11], and piezoelectrics [12] meet these require
ments but are limited in the cryogenic temperature 
range 2 to 20 oK because of insensitivity, instability, or 
nonreproducibility. Some o[ the pure metals become 
superconducting, i.e., indium [13] and lead at tempera
tures of 3.4 and 7.2 oK, respectively. Impurity doped 
germanium semiconductors [14, 15, 16, 17, 18, 19] 
exhibit a temperature-dependence of electrical resist
ance such that they are readily adaptable to the needs 
of precise low temperature thermometers. By con
trolling the impurity doping of germanium , thermom-

I Figures in bracket s indica te the litera ture references al th e end or thi s pa pe r. 
~ The present NBS temperature sca le ill thi s region. 12 oK and above is maint ained wit h 

p latinum resi stors. des ignated NBS (]955), and defmed 10 be 0.0 1 deg lower than the 
sca le given in refe rence [4]. 
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eters can be produced to cover temperatures within 
various ranges of interest, i.e., 1 to 20 oK, 20 to 50 oK, 
e tc. Within the useful range of th ese thermome ters 
two conduction processes are involved [201; at te mpera
tures below 10 oK, impurity co nduc tion is the dominant 
mechanism , while free hole conduc tion limit s the 
resi s tivity at the higher te mperatures. To cover the 
region 2 to 20 oK, a point-by-point calibration is neces
sary because of the complicated co ndu ction processes; 
at the present time an accurate simple analytical 
representation of resistance vers us temperature [or 
germanium resistors does not exis t. 

We will di scuss the NBS Provisional Scale 2- 20 
(1965) and a "Germanium Thermometer Calibrator" 
which is employed in calibrating germanium thermom
eters against it. 

2. NBS Provisional Temperature Scale 2-20 
(1965) 

The temperature scale, agai nst which calibrations 
are performed, is called NBS P 2-20 (1965) and is 
based upon values of absolute temperature that have 
been determined with the NBS Acoustical Thermom
eter. This instrument and its operation have recently 
been described [2] but a more detailed description 
(including tabular data that defines the isotherms) 
will appear in the near future .3 

During the operation o[ the acoustical thermome ter 
it was essential that secondary thermometers (in this 

3 To be published in a future iss ue of Metrolog ia. 
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instance , germanium resistors that were in intimate 
thermal contact with the acoustical thermometer were 
used) be em ployed to indicate the constancy of main
taining an isotherm temperature,4 as well as to retain 
a calibration of the acoustically determined isotherm 
temperature_ This is accomplished by periodically 
monitoring the resistance values of the germanium 
resistors while the acoustical thermometer is in opera
tion_ Two particular germanium resistors, which 
we can label A and B, have always served this function 
and thus they have been calibrated by the acoustical 
thermometeL Additionally , two other germanium 
resistors have been mounted in the apparatus and have 
been used as additional monitoring resistors in the 
acoustical thermometeL We shall name two such 
resistors C and D_ While C and D have been used 
for monitoring the acoustical thermometer for certain 
specific isotherms, they give reference to all of the 
isotherms through calibrations against resistors A 
and B. 

Quite naturally the calibrations of C and D against 
A and B did not always take place at exactly the original 
acoustically-determined isotherm temperatures and 

thus a knowledge of ~~ (for resistors A and B) was re

quired for properly assigning temperatures to C and 
D_ Because the calibration temperatures of C and D 
were never more than 0_035 oK from the acoustically 
determined isotherms, the required interpolations and 

knowledge of ~~ (for A and B) did not critically affect 

the calibration of resistors C and D (~~ values could 

be established with sufficient accuracy for this interpo

lation from the calibrations of A and B). In fact the 

temperature of only six calibration points for resistor 
C differed more than 0_020 oK from the original acous
tically defined isotherm-temperatures; for D, one was 
0_016 oK and the remainder less than 0.012 oK. The 
resistors C and D were never in the acoustical ther
mometer together so their calibrations were performed 
independently with regard to time and environmental 
location within the acoustical thermometer apparatus. 

At this point it is necessary to note that previous to 
their calibration some laboratory history of resistors 
C and D had bee n accumulated; this has been reported 
in an earlier article [21J. The resistors were repeti
tively , thermally cycled between room temperature 
and 4.2 oK, with systematic resistance-temperature 
calibrations performed at a temperature close to 
4.2 oK. A "constant temperature" liquid helium bath 
contained the resistors during the 4.2 oK portion of the 
cycle and thus, by measurements of the liquid helium 
vapor pressure, a very reproducible temperature ref
erence (to the TS8 scale) was obtained. Resistor C 
had been thermally cycled 88 times and demonstrated 
a reproducibility of the 4.2 oK calibration within 
0.0011 oK; resistor D underwent 86 cycles and demon-

4 An isotherm as determined by the acoustical thermometer consists of the s peed of 
sound in helium gas as a function of the gas pressure. 
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strated a constancy within 0.0005 oK. The estimated 
error from various measurements in the cycling proc
ess was equivalent to 0.0004 oK. Appropriate atten
tion has always bee n applied to the measuring currents 
through the resistors to avoid undesired, appreciable 
louIe heating. 

After being calibrated with reference to the acousti
cal thermometer, the resistors C and D were placed 
within the calibrator, which will be described °in this 
article , and measurements of their resistances were I 

conducted at temperatures which closely approxi
mated the original isotherm temperatures. More 
specifically, the te mperature of the apparatus was 
controlled until the resistance measurement of one 
resistor , for example, C, indicated that approximation 
to an original aco ustical isotherm temperature had 
been achieved. Next, at this temperature a value 
was obtained for the resistance of D. Thus there 
was afforded a comparison of indicated temperatures 
between C and D within the calibrator since, to repeat, 
each resistor had been previously independently cali
brated with reference to the acoustical thermometer. 
Temperature discrepancies between C and D (after 
appropriate small interpolations had been made), 
from comparison measurements within the calibrator, 
never exceeded 0.003 oK. Consequently our assign
ment of temperature values to future calibrations in 
the calibrator against C and D is slightly arbitrary. 
The maximum temperature discrepancy of 0.003 oK 
between resistors C and D, as obtained during the 
calibrator use, probably indicates that the combined 
errors of electrical measurements and temperature 
controlling correspond to about ± 0.002 oK. 

Thus temperatures have been associated with re
sistors C and D for their use as secondary standards 
in the calibrator. This information is presented in 
columns 1 and 2 of tables 1 and 2. We were desirous 
of possessing more information about the resistors' 
calibrations and consequently have performed a com
puter analysis of the data. A polynomial of the form 

In 

10gJO R = L An(logJO nn 
n=D 

was fitted to the R daJa and Tdata calibration data of 
each resistor by the me thod of le ast squares. A 
double precision computer program prepared by the 
Statistical Engineering Laboratory was used to over
come the roundoff error characteristic of fitting high 
order polynomials , and in this case the roundoff error 
was several orders of magnitude smaller than other 
experimental un certainties. All data were given 
equal weight and m, the degree of the polynomial, 
was vari ed from 3 to 8. The eighth ord e r polynomial 
produced a fit to the input data such that no datum 
point deviated from the polynomial by more than 
0.0045 OK. The redu ction in th e sum of squares of 
deviations due to the addition of terms of higher order 
was statistically s ignifi cant (0.05-probability level) 
in all cases up to and includin g the 8th degree. We 
have not extended the analysis since we feel that fit-



ting the data within 0.004 oK is a reasonable limit. It 
is noteworthy to mention that as the lower tern perature 
data points are excluded, comparable fitting is possible 
with fewer terms in the polynomial. 

After obtaining values of th e 9 coefficients we ef
fected a computer generation of temperature, res ist-

dR d2R d 1 dR . I f' 0 010 OK ance , dT' dP' an Ii dT at mterva so. . 

Using the generated ~~, simple interpolations have 

bee n made to obtain values of generated resistan cc, 
R",en, which correspond to th e input te mperatures, 

TABLE 1. Resistor C 

Td ata<l Rd a1a a RKen " Udala - H~en dl< /d7' /:).'/\1 

Mi (Ohms/O.OO 1 0 K) (0.001 OK) 

OK Ohms Ohms Ohms 

2.321 11.481. 11.481.4 - 0.4 - 1:1.5 0.0 
2.805 7.058.7 7.0.56.7 LO - 6.12 - .:1 
3.207 .5.IU.5 5.125.0 -2.5 -:1.7 1 .7 
4.206 2.800.9 2.798.9 2.0 - 1.43 - 1.4 
.5.020 1.916.0 1.9 17.8 - 1.8 - 0.817 2.2 
6.060 1.272.9 1.271.8 1. 1 - .47 1 - 2.3 
6.977 918 . .51 919.16 - 0.6.0 - .312 2.1 
8.066 645.32 6~S.29 .03 - .200 - 1..0 
8.989 489.99 489.93 .06 - . I·W - 0.4 
9.889 382.65 382.5:1 .12 - .10 1 - 1.2 

10 .901 296.86 296.82 .0 ~ - .070 - 0.6 
12.018 2:10.85 2:10.97 - . 12 - .049 L4 
12.962 190.74 190.82 - .08 - .037 2.2 
14.036 157.05 157.01 .O·~ - .027 . - 1. 5 
14.993 13·k26 l:n.24 .02 - .021 - 1.0 
16.0.50 114.77 144.76 .01 -.016 - 0.6 
16.970 101..36 101.32 .O·~ - .013 - 3. 1 
18.004 89.051 89.100 - .0~9 - .011 l.S 
18.940 79.997 80.006 - .009 - .0088 1.0 
20.054 71.084 

a 1'd;oI;l and HdlllH refer 10 cal ib ration qualllilie~, l e mpcr.ature and res is t.anee .. 
h Rv.cn is th e re s is tanc(", at the temperature 7dUW' obtained b y generating res lsl ance as a 

fUllctio n of te mpe rature from the C'valuated polynomial C'oefli(' ienls A". 

(' ~ is '''(' Itt'rated from the evaluated coefficients A", 
dT 0 

dl< 
d 6T is obtained by dividinp; (/<d lIlIJ - NKen) by Jr' 

TABLE 2. Resistor D 

Tdata " RoatHa R"cn h 
Rdata - N.."en 

t!.1< 

OK Ohms Ohms Ohms 

2.32 1 10.847. 10.848. - 1.0 
L805 6.656.1 6.6.53.2 2.9 
3.207 4.820.3 4.824.2 - 3.9 
4.206 2.630.:l 2.627.0 :Ll 
.5.020 1.792.5 1.795.1 - 2.6 
6.060 1.186.3 1.185.2 1.1 
6.977 852.60 8.03.10 - 0 . .50 
8.066 596.36 596.29 .07 
8.989 451.44 4.51.34 . 10 
9.889 351.63 35 1.60 .03 

10.901 272.27 21L32 - .0.0 
12.018 211.53 2 11.5.5 - .02 
12.962 174.68 174.77 - .09 
14 .036 143.80 143.78 .02 
14.993 122.98 122.98 .0 
16.050 105.21 105.20 .01 
16 .970 92.96 n.9·~ .02 
18.004 81.743 81.785 - .0·~2 
1 8.9'~0 73.469 73.49-~ - .025 
20.054 65.351 65.341 .010 

dl< /d7" 
(Ohms/O.OO 1 0 K) 

- 12.8 
- 5.8 
- 3.5 
- 1.4 
- 0.77 
- .44 
- .29 
- .19 
- . 13 
- .093 
- .06.5 
- .045 
-.034 
- .025 
- .019 
-.01.5 
- .012 
- .0097 
- .0080 
- .0066 

a To",a and Rda1a refer 10 calibration quantities, temperature and res islunce. 

t!.T" 
(0.001 OK) 

0.1 
- 0.5 

1.1 
- 2.4 

3.4 
-2.5 

1.7 
- 0.4 
-.8 
- .3 

.8 
.4 

2.6 
- 0.8 

- .0 
- .7 

- 1.7 
4.3 
:\.1 

- 1.5 

II Rgen is the resistance, at the te mperature 'l~lata. obtained by generating resistance as a 
function of temperature from th e evaluat ed polynomial coeffic ients All' 

e dR is generated from the eval uated coeffl(.:ic nt s All. 
dT 

dl< 
d AT is obtained by dividing (Rdata - R.."en) by dr' 
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Tdata · These resistances, Rgen , are listed in column 3 
of tables 1 and 2. Column 4 shows the difference be
tween the input and generated resistance; by again 

employing the generated ~~ of column 5 we obtain the 

temperature difference (!1T of column 6) which cor
respo nds to the r esis tan ce differences of column 4. 
It is readily apparent from column 6 of tables 1 and 2 
that the temperature-resistance data for resistors C 
and D can be representcd by an cighth order poly
nomial within 0.005 OK. 

Additional information is obtained concerning the 
polynomial and therefore, the resistors also, since 

d2R 
(for each resistor) the generated dT2 does not change 

its sign; the fitted polynomial function is monotonically 
smooth. Consequently one is reasonably confident 
that the fitted polynomials can be used for interpolat
ing between original calibration points. Figures 1 

and 2 depict the variation of R versus T, and ~ ~~ 
versus T, respectively, for both resistors, C and D. 

F IGURE 1. A plot of resistance as a function of temperature: o. 

EI'" ~ ° o 

ral~ .05 

-10: 

Resistor C; • Resistor D. 

01 z~.0~--'-;4i'r.0)'-L...li6.0;;-'--'-'cS~.O~--';I*O.;;-0L.L-';:!IZ;r.0~-';-14~.0;;"-L..J.1;!-6-;;.0:'..l..-';-;1 S\-:.O:;Ll--;;;(ZOO 
TEMPERATURE. OK 

FIGURE 2 R . . .. 1 dR ( I ) . ests tance-temperature SenStltVLty, R dT oK ' as a 

function of temperature (OK). 
The plot is ap plicable 10 both C and D s ince their temperature sens itivities do nol differ 

more than une percen!. 



While resistors C and D are the basis for present 
calibrations from 2 to 20 oK at the National Bureau of 
Standards, several other resistors exist that have been 
similarly treated; additionally, resistors A and Bare 
still intact within the acoustical thermometer. Re' 
sistor D, prior to its mounting in the acoustical ther· 
mometer, had been calibrated at the National Bureau 
of Standards against the NBS (1955) scale below 20 OK 
It was one of the two thermometers that afforded a 
comparison, (which has been reported previously 
[1, 2]) between values of acoustically determined 
temperatures and the NBS (1955) scale. 

S.S. TUBING 

TERMINAL STRI P 

ELECTRIC 
LEAOS 

P !-GLASS 
SEALS 

FIGURE 3. Closeup photograph of the calibrator that is used in the 
temperature calibration of germanium resistors. 
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3. Calibrator 5 

3.1. General Design Considerations of Calibrator 

Central to apparatus which we have constructed is 
a solid copper cylinder. It is required, during the 
course of calibration measurements, that the copper 
mass and its contained resistors be maintained at 
accurately controllable temperatures at approximately 
every degree from 2 to 20 OK To achieve this tern· 
perature regulation the system must be quasi·thermally 
isolated from its surroundings. The copper mass 
and imbedded thermometers are shown in figure 3. 
In operation (the smaller can having been soldered in 
place) the copper mass and small can are included in 
the large can. If a vacuum is maintained within the 
larger can , then the small can and its contents are 
partially isolated, thermally, from the environment 
that contains the large can. 

.~ Ce rt ain commerc ial materials and equipm e nt are identified in thi s section in order to 
adequatel y spec ify the ex pe rimental procedure. in no case does such ide ntific ation 
impl y rec omm e ndation or e ndorseme nt by the Nationa l Bureau of Sta ndards. nor does 
it imply thai the mate rial or e quipm e nt identified is necessa rily the ,bes t available for the 
purpose. 

FIGURE 4. Assembled calibrator. 



Within the vacuum enclosure heat transfer by gas 
conduc tion and convection is essentially eliminated, 
and the small can will reduce radiant heat flow between 
the thermome ters and the outer vacuum can. There 
re mains, however, a thermal conn ection between the 
inner assembly and the outer can via electrical leads 
and mechanically supporting members , i. e., the two 
s tainles s s teel tubes. The inner assembly is thermally 
floate d at temperatures that exceed the e nvironmental 
temperature of the ou ter can, with a resultant te mpera
ture gradient along the electrical lead wires and stain 
less steel tubes. 

A more complete vi ew of the calibrator is de picted 
in figure 4. Uppermos t is the De war cap, whic h 
affords ingress of electrical leads and the s tainless 
s teel tubings. Because the lower portion is in a liquid 
helium bath during calibra tions any heat from ambient 
temperatures that is conducted downward along the 
leads and tubings is di ss ipated in the refrigerant. 
Thus it is evident that under steady s tate conditions, 
the interesting heat flow occurs from the inner as
se mbly toward the top of the outer vac uum can . The 
dimensions of the supporting tubes and electrical 
leads have bee n selec te d so that accurate te mperature 
control of the copper core and r esis tors is attained 
through a rea sonable expenditure of elec trical heating 
to the copper core. 

3.2 . Main Copper Core 

The main core (A) of the isothermal sys te m in fi gure 
5 was constructed of 58.93 mm (diame ter) copper rod. 
Cavities 3.58 m m (diame ter) drilled at 60° angles to 
its axis serve as receptacles for the germa nium ther
mome te rs. Also mac hin ed in the core was a spool
like sec tion (B) upon which the heater coil was wound. 
Directly above the coil form is the cap (K) for the inner 
chamber. Silver solde red to the cap's perimeter is 
a stainless steel tubing sleeve (L) 0.30 mm thic k, 12.70 
m m long. Soldered on the lower end of the tubing 
is a copper ring (M) with a tongued edge to receive 
the groove of the small vacuum can of figure 3. In 
the cap (K) two 9_53 mm holes were drilled for the 
platinum glass seals, a 6.35 mm hole for an evacuation 
tube (H), a 953 mm opening for the supporting tubing 
(J), and four screw threads were tapped for the nylon 
rod s (I). On the copper core below the coil form a 
spiral groove (D) , 1.27 mm deep , three threads per c m , 
was routed from the core's perimeter to serve as a 
channel for the rmally anchoring the lead-in wires 
that re turn upwards to the terminal ring (E)_ 

The terminal ring was fabri cated from Teflon tubing 
and contain s terminal lugs made of 0.76 mm platinum 
wire. The wire has been flattened on one extremity 
and c ut to extend 9.53 mm beyond the Teflon ring. 
Holes 0.50 mm were drilled at the end of the platinum 
lugs to secure the thermometer electrical leads prior 
to thei r solderi ng. Two se t screws at tached th e 
ring to the cop per core. 
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A Cu Core 
B HEATER COIL 
C CAVITI ES FOR THERMOMETER S 

D .05 " DIA. GROOVES FOR WIRES 
E ANNULAR TERMINAL STRIP 
F PLATINUM GLASS SEALS 

E 
u 

o 
N 

G TERMINAL STRIP 
H PUMPING LINE (I NNER CAN) 
I NYLON 
J OUTER CAN PUMPING LINE 
K Cu CAPS OF CAN S 
L STAINL ESS STEEL RING 
M Cu RING 

FIG URE 5. Detailed drawing of the calibrator low-temperature 
components. 

3.3. Vacuum Chambers 

For thermal isolation the above components were 
encased within a vacuum tight cannis ter. The vacuum 
can was constructed of stainless steel tubing 58_93 
mm diam, 114.30 mm long and 0.30 mm thick with one 
capped end of 0.50 mm thic kness. A copper ring was 
silver soldered to the open end of the can; the rin g 
was grooved to receive the tongued edge (M) of th e 
can top. 

The outer can top was also made of copper and holes, 
similar to those of the inner can , were drilled for the 
insertion of seals and evacuation lines_ There al so, 
a stainless steel sleeve th at terminates in a tongued 
copper ring was soldered to the cap's c irc umfe re nce . 
The reason for usin g the s tainless steel sleeves in 
both vacuum syste ms may not be obvious. In asse m
bling the apparatus, heating is r equired to solder th e 



vacuum cans to the flanges (M). If the heat were 
sufficiently great, electrical lead insulation might be 
damaged in regions where the insulation is in contact 
with coppe r (the spiral groove (D) and the vacuum can 
tops). Additionally, heating of the large copper core 
would elevate the temperature of the germanium ther· 
mometers to such an extent that they might be dam· 
aged. Precautions have been taken to avoid such 
heating. (a) Wood's metal solder is used for assem
bly because its melting point is relatively low. (b) The 
stainless steel paths (L) provide a sufficiently large 
thermal resistance that the solder joints can be made 
with only a slightly perceptible temperature rise in 
the vacuum can tops and the copper mass (A). A simi
lar design has been employed in mounting the platinum 
glass seals (F) to simplify their replacement. 

3.4. Electrical Seals and Wiring 

Glass-metal type electrical lead-in seals were used 
exclusively in the construction of the isothermal cali
brating system. For ambient conditions, Kovar-glass 
type capillary-tubing seals were utilized. At tempera
tures where components are immersed in cryogenic 
liquids, our experience has shown the necessity for 
using platinum-glass type seals. The NBS glass shop 
made the 9-capillary platinum-glass seals 6 that were 
incorporated in the system. 

At ambient temperatures where electrical leads 
entered the Dewar system, eighteen #38 A WG double 
nylon , enamel coated copper wires were fed through 
and soldered to individual capillaries of two 9-capillary 
Kovar-glass seals that were located on the Dewar cap. 
The wires continued from the ambient seals, were 
strung through and soldered to individual capillaries 
of two platinum-glass seals (F) of the outer can, and 
terminated at the 20-pin rectangular terminal strip (G). 

From the terminal strip, 1.54 m lengths of Evanohm 
wire were spiraled around the notched nylon support
ing rods (I) in six windings and the remaining lengths 
of wire were passed through and soldered at the indi
vidual capillaries of the two platinum-glass seals 
that are mounted on the top of the inner vacuum can. 
The remaining lengths of wire within the inner can 
region were then snugly wound into the spiral groove 
(D) of the main copper core (A) and terminated at the 
nylon ring (E). The strands of Evanohm wire were 
wound around the nylon rods to lengthen the thermal 
resistance path along the lead wires, in effect, to re
duce the tem perature gradient along the electrical 
leads, since the tem perature difference between the 
isothermal system and its heat sink (cryogenic bath) 
can differ by as much as 18° during a calibration run . 
The enamel coated Evanohm lead wires were placed 
in physical contact with the copper core to enhance 
thermal equilibrium between resistance thermometers, 
electrical leads and the environment within the cali
brating unit. Evanohm wire was used because its 

6 The seals were thermally cycled from ambient to liquid helium temperatures al leas t 
three times and leak tested on a mass spectrometer type helium leak de tec tor prior to their 
use in the calibrator. 
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resistance-temperature coefficient is quite low. 7 

The heater coil was noninductively wound on spool 
(B) of figure 5, with 61.5 m of the above wire. The 
wire diameter is 0.10 mm and the wire has a resistance 
of 1.65 D/cm. 

4. Germanium Thermometers 

4.1. General Description 

The bridge-shaped encapsulated germanium ther
mometer, shown in figure 6 with current contacts 
external to the potential contacts, has advantages not 
found in some other types. The germanium element 
is mounted in a relatively strain-free manner within its 
encapsulation to reduce piezoresistance [20, 22] 
that is exhibited by germanium at low temperatures. 
Effects of contact resistances and possible thermal 
strains in the contacts are relatively unimportant 
because measurements are made potentiometrically 
and temporal changes in contacts do not necessarily 
change the thermometer calibration [20]. Encapsula
tion of the thermometer element in helium exchange 
gas aids the germanium element in achieving thermal 
equilibrium with its metallic capsule. 

4.2. Mounting of Thermometers 

Leads of the germanium thermometers are soldered 
with Wood's metal to the platinum lugs of the nylon 
terminal ring (E) using a low-powered solderinCT iron 
to minimize overheating of the germanium el:ment 
through heat conduction. A very dilute solution of 
Baker's Flux (aqueous solution of the c hlorides of Zn 
a nd NH4 ) is used and upon comple tion of the solderin o
the terminal junctions are flushed with a swab and h;; 
water to re move traces of flux. 

The casings of the therm ome ters are placed within 
the copper cavities. A primary consideration in the 
calibrator design is the attainment of thermal equi
librium between the resistors (th e sensor, secondary 
s tandards , and those to be calibrated) . Since the 
resistors are generall y encapsulated, one must be 
concerned with th e th ermal eq uilibrium between each 
resistor and its encapsulation, as well as between all 

7 At 20 and 273 OK, it s resistivity is 132.5 and 133.3.un em , respectivety [23]. 

CUTAWAY VIEW SCHEMATIC 

FIGURE 6. Schematic portrayal of a typical germanium resistor 
encapsulation. 



e ncapsulations. After the germanium thermometers 
are wired into the circuit and continuity and shorting 
c hecks made, the inner·most vacuum can is sold ered 
into place with Wood's metal, us in g a modified solder· 
ing gun that possesses an annular copper heater ele· 
ment for uniform heatin g. Then the outer vac uum 
can is soldered into place using a gas·air torc h of fine 
orifice. Both vacuum sys tems are leak de tected , and 
again checks are made to assure circuit continuit y and 
adequate electrical in su la ti on bet ween th e d-c elec
tri cal circuits and "gro und ." Insulation resistances 
of 10 MD-thelimit of a portable Wheatstone bridge
are com monl y measured. 

5. Temperature Measurements and Control 

5.1. Refrigerant Reservoir 

For te mperature-calibration measurements 5 to 20 
oK or above, the helium bath into which the calibrator 
is immersed, is vented to a tmosp heri c pressures. Th e 
bath at thi s temperature provides an adequa te hea t 
sink for dissipating the energy emitted from the cali 
brator. For tempe rature meas ureme nts 2 to 5 oK, 
th e bath pressure is reduced to achi eve a bath tempera· 
ture of 1.8 OK or less . A requirement for te mpe rature 
s tability within the calibra tor is that there s hould be a 
c urre nt flow to the heater co il a t a ll times, and experi
ence has s hown th at th e minimum power output of 
the hea ter should be 6.25 /-L W (25 /-LA through the 10,000 
D heater coil), oth erwise the required stabilit y and 
reproducibility of temperatures is not possible. 

5.2. Temperature Control 

Temperature control is attained through the use of 
bridge and amplifier circ uits and a three-action control 
unit with recorder. The temperature sensor (one leg 
of a Wheatstone bridge) is a germa nium resistor that 
has been repeatedly cycled from ambient to liquid 
helium tem peratures to determin e it s stability and 
reproducibility. The unbalance of the bridge circ uit 
is detected and fed into a servo-control unit , which 
possesses the controlling ac tions of proportional band, 
rate time and reset - the servo-uni t's controlled c urrent 
output is fed directl y to the calibrator's heater coil. 
C urrent to the Wheatstone bridge circ uit is suppli ed 
by a voltage divid er circuit to permit a variation of 
c urre nt through the germanium sensor. Thi s variable 
control is essential sin ce, for sensitive te mperature 
control the apparatus, the same currents cannot 
be ap plied at all te mperatures. Because of the low 
specific heats and extremely high values of sensor 
resistance at low te mperatures , too large a se nsor 
c urre nt can cause : (a) excessive Joule heating of the 
sensor; and (b) a dissipation of heat (from the sensor 
into th e calibrator) that is large com pared with the heat 
output of the controlling heater coil. At the high 
calibration temperatures larger sensor currents are 
required, than at low te mperatures, to obtain suffi
cient sensor sensitivity. In general, th e te mperature 
is controlled by the above method to about 0.0001 oK. 

249 

5.3. Resistance Measurements 

Potential and c urrent measurements are made on a 
double-bank six-dial potentiometer equipped with an 
external reversing switch. The advantage of the 
double-bank unit is that it relieves the necessity of 
re positioning dials when transferring from potential 
to current meas urements. One bank of the potentiom
eter is used for measuring c urrent. An external 
s tandard resis tor is connec ted in se ri es with th e resi s
tors to be calibrated and thu s, from a meas ureme nt of 

the potential across the s ta ndard resis tor (I = ~) , 
a value is obtained [or the c urrent through the total 
external circuit. The external re versing switch per
mits reversal of c urrents within the potentiom eter 
and the external circuit, which includes the germanium 
thermometers. The meas uring circ uit is shown in 
fi gure 7. With thi s arrangement th e th ermal e mfs 
may be detected and their effec t on the meas ure ments 
elimin ated. 

I 1+1 
J 4 ,5 6 T 8, I I 

CAOMIUM I S.C., 
'CELL I I I 
, I: : 

4-"=---- ------4- 1 

'-'-'-+-'--- --- -! ~ _,I : 
I L_-(/~ ;_J 

TYPICAL POTENT 
SECTION 

, GAll 
I I 

SECTION 8 I SECTION C , 

SPECIAL 6 DIAL POTENTIOMETER 

DUAL BANK 

SELECTOR 
SWITCH 

POTENTIAL 
LEAOS 

FIGURE 7. Schematic oj the d·c resistance measurement circuit. 
Thi s potentiometer actually cons ists of 3 pot~ntitJrneter lIllits in ser ies (A. B. and C). T wo 

sets of switches are t.:o nllce ted to each decadc to provide the "dual bank" feature. 



5.4. Calibration Techniques 

For many germanium thermometers, the resistor is 
a four· lead element, as shown in figure 6; two leads are 
for the c urrent source and two for potential measure· 
ments . In the calibrator the current leads of the 
uncalibrated resistors are connected in series with the 
current leads of the calibrated thermometers to th e 
current source at the terminal ring (E) of figure 5 . 
The potential leads are wired individually to the plat· 
inurn lugs which have electrical lead lines communi· 
cating to the potentiometer. The calibrated ther· 
mometers C and D are controlling parameters for 
determining the point·by·point resistance·tempera· 
ture relation of the uncalibrated thermometers. Since 
an approximate temperature·resis tance calibration 
of the sensor resistor is available , we are able to dial 
(for each calibration point) a partic ular value for thi s 
resistance on the Wheatstone bridge and then make 
final adjustments after comparing the two calibrate d 
thermometer resistance· measure ments with their 
previous values, i.e. , temperature · resistance relation 
from the acoustical thermometer meas urements. 
After the temperature constancy of the desired cali· 
bration point is clearly d emonstrated , several seri es 
of potential measurements are made to determine the 
resistance of both the calibrated reference s tandards 
(C and D) and the submitted unknowns . 

The complete calibration of s ubmitted resistors is 
performed twice, covering the range 2 to 20 oK; in 
general, the temperature of a calibration point (column 
1 of tables 3 through 5) mus t be within a few milli
degrees of the calibration temperatures associated 
with resistors C and D (column 1 of tables 1 and 2); 
the differ en ces of indicated temperatures be tween th e 
standards C and D cannot exceed ± 0.001 oK; and, if 
possible, the two separate calibrations of the s ub
mitted resistors should be consistent within ± 0.002 oK. 

TABLE 3. R esis to r X 

Tdala " Nd"t" a R gen " Rd,,!a ~ Rgen dR /dT' aT' 
aR (Ohms/O.OOI OK) (0.001 OK) 

oK Ohms Ohms Ohms 
2.32J 12,473. 12,473.6 - 1.0 - 15.0 .1 
2.805 7,584.2 7,580.8 3.4 - 6.74 - 0.5 
3.207 5,458.2 5,462.6 -4.4 - 4.5 1.1 
4.206 2,944.3 2.940.5 3.8 - 1.54 -2.5 
5.020 1,991.5 1,994.6 -3. 1 - 0.87 3.5 
6.060 1,307.5 1,306.0 1.5 - .50 - 3.0 
6.977 932. 73 933.39 - 0.66 - .33 2.0 
8.065 647.37 647 . J7 .20 - .21 - 1.0 
8.989 486.30 486.32 - .02 - . J4 .1 
9.889 376.44 376.40 .04 - .103 -.4 

10.905 289.37 289.26 . 11 - .071 - 1.6 
12.018 223.35 223.44 - .09 -.049 1.8 
12.963 183.57 J83.64 - .07 - .036 1.9 
14.036 150.42 150.41 .01 - .026 - 0.4 
14.994 128.21 128.18 .03 - .020 - 1.5 
16.050 109.35 109.33 .02 - .O J6 - 1.3 
16.970 96.422 96.376 .046 - .013 - 3.5 
18.004 84.619 84.657 - .038 - .010 3.8 
18.938 75.967 75.981 - .O J4 - .0085 1.7 
20.048 67.490 

,I Trial" a nd Rdata refer 10 cab brat .on quantIties. temperature and reslstance. 
h R ",en is the resistance, at the te mperature Tdal". obtained by gene rating res is tance as a 

fu nc tion of te mpera ture from the eva luated polynomial coe ffi c ie nts AI!. 
dR . 

cdr is gener ated from the evaluated coe fficient s AI!. 

dR 
d tlT is obtained by di viding (Rdat;, - Rgen) by dr' 
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TABLE 4. R esistor Y 

--I 
Tdala a Rdata a 

RII.tm " Rda 1a - R~en dR/d)' , 6.T d 
aN (Ohms/O.OOI OK) (0.001 OK) 

OK Ohms Ohms Ohms 
2.322 71,352. 71 ,441. - 89.0 - 180. 0. 5 
2.807 22,038. 21,946. 92.0 - 50. -1.8 
3.208 9 ,273. 9 ,311.3 -38. - 18.2 2. 1 
4.208 1,921.0 1,919.5 1.5 - 2.4 -0.6 
5.019 826.04 828.27 -2.23 - 0.71 3 .1 
6.060 400.48 398. 17 2.31 - .23 - 10.0 
6.976 253.51 253.44 0.07 -.107 -0.7 
8.066 ]69.44 169.70 - .26 - .054 4.8 
8.990 129.30 129.70 - .40 - .034 11.8 
9.887 103.81 103.98 -. 17 - .024 7.0 

10.901 83.627 83.623 .004 - .0 17 - 0.2 
12.017 67.719 67.607 .11 2 - .012 -9.3 
12.962 57. 492 57.388 .104 - .0096 - 10.8 
14.048 48.274 48.201 .073 - .0075 -9. 7 
14.993 41.852 41.820 .0321 -.006 1 -5.2 
16.0.\ 1 35.977 35.996 - .019 - .0050 3.8 
16.969 31.78 1 31.816 -.035 - .0042 8.3 
18.006 27.805 27.859 - .054 - .0035 15.4 
18.940 24.820 24.852 - .032 -.0030 10.7 
20 .049 21.880 21.831 .049 - .0025 - 19.6 

a Tda1a a nd Rd;'l la refer to calIbrat Ion qua ntifies, te mpe rat ure and res istance. 
b R~cn is the resistance. at the te mpera ture Tda1a • obtai ned by generati ng resis tance as a 

function of temperat ure from the evalua ted polynomial coeffici e nt s All' 
dR 

~ dT is gene rated from the eval uat ed coeffic ient s All. 

dR 
d 6.T is obtained by dividing (Rda1a - R~cn) by ---;;T' 

TABLE 5. R esistor Z 

Tda1a a R dala a Rl!.cn b Rda1a - R~en dR/dT' aT" 
aR (Ohms/O.OOI OK) (0.001 OK) 

OK Ohms Ohms Ohm s 
2.319 1,918.8 1,918.9 - 0.1 - 1.45 0.07 
2.806 1,404.7 1,404.5 .2 -0.76 -.3 
3.208 1,156.3 1,156.6 - .3 - .50 .6 
4.203 829.83 829.54 .29 - .21 - 1.4 
5.018 695 .22 695.42 - .20 -.13 1.5 
6 .059 596.69 596.58 .1 1 - .071 -1.5 
6.977 543.81 543.93 - .12 - .046 2.6 
8.068 504.17 504. 17 .00 - .029 0.0 
8.988 482. 13 482.07 .06 - .020 - 3.0 
9.889 466.52 466.45 .07 - .01 5 - 4.7 

JO.901 452.99 452.97 .02 - .01 2 - 1.7 
12.018 440.23 440.30 - .07 - .Oll 6.4 
12.962 429.69 429.78 - .09 - .OJI 8.2 
14.048 416.56 416 .. \9 - .03 - .O J3 2.3 
14.993 403.63 403.60 .03 - .015 -2.0 
16.049 387 .11 387.05 .06 - .017 - 3.5 
16.970 370.98 370.89 .09 - .018 - 5. 0 
18.004 351.02 351. 08 -.06 - .020 3.0 
18.940 331.84 331.96 - .12 -.021 5.7 
20.048 308.5 1 308.45 .06 - .021 -2.9 

a Ttjala and Rrta1a refer to ca libratIOn quantitIes, temperature a nd res is tance. 
b Rl!.en is the resistance, at the tempera ture 1'dala, obtai ned by generating resistance as a 

function of temperature from the evaluated polynomial coeffic ien ts All. 

cd R is genera ted from the evalua ted coeffici e nt s A". 
<iT 

d T' b . d' . . dll 6. IS 0 tamed by IV ld lllg (Rdata - R gen) by dr' 

Periodically during calibrations, when the extent 
of l ouIe heating in a submitted resistor is not known , 
power tes ts are performed. This is to ins ure that the 
resistor current is s ufficien tly low that louIe heating 
effects are well below 1 mdeg. 

Certain features of the calibration apparatus merit 
mentioning. A high vacuum is maintained within the 
inner can; the resistors are mounted (wi thin the copper 
core) in a s topcock grease medium; the region of the 
copper core, which contains the s piralled lead s, h as 
been covered with a s uitable varnish to enhance ther
mal equilibrium between the core and lead s; the heater 
coil has been varnished onto its con taining form; and 
the current leads from each resistor are thermally 
anchored to the copper core. These features aid in 



promoti ng thermal equilibrium (between the ger
ma niu m res istor s) to such an extent that a thermal 
grad ient has not been detected - even though the 
heater has been operated at powers tha t have vari ed 
by an order of magnitude. (The power vari ance 
occ urs, during me as urements at a cons tant te mpera
ture, as the vac uum in the outer can [figure 3] is allo wed 
to change. ) 

6. Results and Conclusions 

Th e calibra tio n data for three resis tors th a t have 
bee n calibra te d aga in s t resistor C and D are presented 
in fi gure 8 and in column s 1 a nd 2 of tables 3,4, a nd 5. 
The resistors a re [ro m three diffe re nt co mme rcial 
so urces and may, pe rha ps, be co nsid ered typ ical of 
available res istors . Th e res is tors are labe led as 
X, Y, and Z and th e ir calibra tion data have been 
trea ted on the co mput e r in a ma nne r paralJ e lin g th at 
prev iously described in thi s paper for resis tors C and 
D. We have a tt e mp ted to fit th e data fo r eac h re
s is tor to a polyno mi al of the fo rm 

m 
log, 0 R = L A ,, (l og, 0 nil 

1/ = 0 

Resis tors X and Z appeared to be reaso nab ly repre
sented by a n eighth order polynomi al ; for Y, the sig
nifi cance of the polynom ia l coe ffi c ie nt s became do ub t
ful for the seve nth a nd eighth orders. Ge ne ra tio ns 
[or X, Y, and Z, based upon 9, 7, a nd 9 coeffIc ients, 
res pec ti vely, we re pe rfo rm ed to ob tain th e qu an titi es 

dR d 2R 1 dR 
R . ciT' clT2 a nd R dT 

o RESISTOR X 
o RESISTOR Y 
• RESISTOR Z 

TEMPERATURE , oK 

F IGURE 8. Plot 0/ resistance as a Junction oj temperature: 11. , resis tor 
X; 0, resistor Y; and . , resistor Z. 
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as a func tion of te mperature. Since the columns of 
tables 3, 4, and 5 co rrespo nd to those of tables 1 and 
2, column s 6 indi cate how well the calibrations of 
res is tors X, Y, a nd Z a re r e presented by the fitted 
polynomials. For th ese resistol's also, elimin ation 
of th e data a t the lowes t te mperature will ge nerally 
res ult in a more acc urate fun c tio nal fit at lower poly
nomi al ord e rs. 

It is to be noted, fo r resistor Z in fi gure 8 tha t the 
R- T relationshi p is not ch aracte ri zed by a mono-

toni cally decreasin g derivati ve ~~_ Indeed the gen-

, f h d d ' ' d2R I I h'b ' e ra tJ on 0 t e secon envat lve dT2 c ear y ex J Its 

a c ha nge in sign between 12 .060 and 12.070 OK, a nd 
also be twee n 20.480 and 20.490 oK. (The c ha nge in 
s ign is not s ignifi cant at th e higher temperatures, 
s in ce 20.480 OK exceeds the ra nge of the calibrat ion 
data.) S uc h a condition indi cates th at caution must 
be exercised in allem ptin g to use our fun ct ional rela
tions hi p fo r interpolatin g tempera tures and res is ta nces 
that a re interm edi a te to the calibra ti on points of re
s isto r Z. Perh a ps a be tter approac h for inte rpola tion 
wo uld res ult from fun ct ionall y fittin g selec ted segme nts 
of the calibra tion data. 

To re peat, column s 6 of ta bles 3, 4, a nd 5 de mon
s tra te tha t the fun c tional represe nta tions for resis tors 
X a nd Z are more acc urate th an is indi cated [or re
s istor Y. W hile thi s can possibly be parti a ll y a t-

tri buted to Y's low valu es of ~~ at the highes t te m pe ra

tures, one mus t note that the polyno mi al fi t for resis tor 
Y cove rs a mu c h larger ra nge of resistance th a n is 
the case for res istors X and Z_ However, it is probabl y 
more signifi cant to note that Y is bas icall y a two lead 
resistor while X a nd Z involve [o ur lead co ntac ts . As 
has bee n described earli e r in thi s paper, the elec tri cal 
meas ure me nts of res is ta nce are made by a direc t
c urre nt , pote ntiometri c techniqu e. In th e case of 
resistors X and Z, curre nt connec tio ns to th e germa
niu m cr ys tal are di s tin c tly separa te fro m th e pote nti al 

!I'" 0.5 

-I! 
~I~ 0.1 

-10: .05 

o RESISTOR X 
o RESISTOR Y 

• RESISTOR Z 

.01 ~-"----;;';;--'---tr;--'---';r;:--'---;h-'--c;(-;;--'--;-:!r:-L...,k-'--,i;-,,-L-,d. 
2.0 4.0 6.0 8.0 10.0 12.0 14.0 160 IB.O 20.0 

TEMPERATURE, OK 

F 9 R ' . ,. 1 dR ( 1 ) I GURE . eSLstance-temperature sensLlwtty, R dT oK' as a 

Junction oj temperature (oK): 6, res istor X; 0 , resistor Y; and . , 
resistor Z, 



leads. For resistor Y, a current and potential lead 
are connected to each of the two leads that lead to 
th e germanium resistor. It is possible that lead or 
contac t resist ances introduce additional uncertainties 
in the de termination of Y's resistance. 

Figure 9 indicates resistor sensitivities. The sensi
tivity is the fractional change of resistance per oK 
as a function of the absolute temperature. Quite 
obviously, depe nding upon the user's requirements, 
selection of a particular type of resistor is important 

. h . . . . 1 dR 11 h b 1 smce t e senSItIVItIes, Ii dr' as we as tea so ute 

magnitude of resistance, R, are variable - depending 
upon the concentration of impurities that have been 
added to the germanium. 

Calibration certificates for submitted resistors are 
issued for calibrations at approximately the tempera
tures indicated in column 1 of table 1 or table 2; it 
is expected that these values of temperature are re
produced within ± 0.002 OK; and the measuring cur
re nt at each temperature is specified. For the user's 
information we attempt to fit the calibration data with 
a polynomial and include the results as part of the cali
bration service. 
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