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ABSTRACT

It is shown (1) that the temperature coefficient of low-valued resistance

standards, which are of the 4-terminal type, may be either larger or smaller
than the temperature coefficient of the resistance material used in their con-
struction; (2) that in many cases it is possible to adjust the temperature coefficient

to a practically zero value at a selected temperature; and (3) that the resistance
may be decreased without the addition of a shunt, and without disturbing
brazed connections between the resistance material and the copper terminals.
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I. INTRODUCTION

Low-valued resistance standards not infrequently have temperature
coefficients differing considerably from that of the resistance material
used in their construction. Such standards are of the 4-terminal
type and the resistance element usually consists of two or more man-
ganin wires in parallel or one or more manganin sheets in parallel.

These wires or sheets are generally brazed to copper terminal posts
and, since the copper has a relatively high temperature coefficient, it

has generally been considered advisable to attach the potential con-
nections in such a manner as to include a minimum amount of copper
resistance between them. In fact, in many cases the potential
connections are made directly on the manganin.

It is the purpose of this paper to point out, in case of an unsym-
metrical construction: (1) that even with the potential connections
made directly on the manganin, the copper terminals may be a factor
affecting the temperature coefficient of the resistance standard; (2)

that with the potential connections on the manganin the temperature
coefficient may be changed by changing the section of the copper
current posts; (3) that with the potential connections made on the
copper current posts the temperature coefficient of the resistance
standard may be either greater or less than the temperature coefficient

of the manganin; (4) that with the potential connections on the
copper current posts, the temperature coefficient and resistance may
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be changed by changing the position of the potential connections or the
section of the current posts, or both; (5) that there is a fairly definite

relation between the change in temperature coefficient of a resistance

standard, the temperature coefficient of the copper current posts and
the change in resistance of the standard brought about by either a
change of the section of the current posts or movement of the potential
connections to other points on the current posts. More specifically,

when the temperature coefficient is changed in this way, the magni-
tude and the direction of the change may be calculated from the
temperature coefficient of the current posts and the observed change of

the resistance; (6) that lowering the points of attachment of the
potential connections on the current posts or a reduction of the
sections of the current posts below the upper manganin wire or upper

edge of themanganin
2 5 6 3 4 sheet or sheets and

above the points of

attachment of the po-
tential connections
lowers^the resistance

and the temperature
coefficient while a
reduction of the sec-

tion of the resistance

material increases

the resistance with-

out materially
changing the tem-
perature coefficient;

and (7) that changing
the temperature
coefficient by chang-
ing points of attach-
ment of the potential

connections or sec-

tions of current posts
has no material effect

on the load coeffi-
Figure 1.

—

Resistance standard with two sets of potential ci^Qt
terminals.

II. THEORY
That the copper

terminals may affect

the temperature
coefficient of low-

valued 4-terminal resistance standards even when the potential

terminals are connected directly to the manganin may be seen by
considering the arrangement shown in figure 1. The essential parts

are 2 manganin wires, shown as resistances; 2 current posts, and
4 potential leads. Here 1 and 4 are current terminals, 2 and 3 are

one set of potential terminals, and 5 and 6 are another set of potential

terminals, giving in effect two 4-terminal resistances which will be
designated Rmi and Ri 56i . Let Mi be the resistance of the upper
and M2 be the resistance of the lower branch, each considered for the

C,

Mi

PWWWW1
Here 1 and 4 are current terminals, 2 and 3 are one and 5 and 6 are

another set of potential terminals, Mi and Mi are the resistances of two
manganin wires connected in parallel, and C\ and C% are the resistances of
the parts of the copper current posts between the manganin wires. Since
the temperature coefficient of C\ and Ci is high relative to that ofMx and
Mi a change in temperature causes a change in the current distribution
between M\ and Mi. Therefore not only the resistance but also the
temperature coefficient depends on which set of potential terminals is used
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present as made up entirely of manganin, and Cx and C2 be the

resistances of the parts of the current posts between the manganin
wires. Then if I is the current entering through terminal 1 and leav-

ing through terminal 4, Ii is the current in the upper and I2 is the

current in the lower manganin wire, it is easily seen that

Ii_ Mt + d + Cj m
I ~Ml +M2 + C1 + C2

{i)

and

II = Ml (2)

Since the proportional change of C\ and C2 with temperature is large

in comparison with that of the manganin, if Mi and M2 change the

same proportional amount for the same change in temperature, y
increases with an increase of the temperature and -j- decreases with

an increase of the temperature. Consequently, if 2 and 3 are used
as potential terminals, the proportional increase of the ratio of the
potential drop to the cm-rent /, which is the 4-terminal resistance

#1234, is greater than the proportional increase of Mx or M2 . Like-
wise, if 5 and 6 are used as potential terminals, the proportional
increase of the 4-terminal resistance Ri 564 , with temperature, is

less than the proportional increase of Mx or M2 . Incidentally

whether or not the individual temperature coefficients of Mi and M2

are equal, the rate of increase of #1234, with temperature, will be
greater than that of Rim- Obviously, if the section of either current
post between the upper and lower wires were reduced, this would
increase the difference in the rate of change of Ruu and Rum, with
temperature.

If the potential connections 2 and 3 are made on the copper current
posts at points opposite to the points of attachment of the upper man-
ganin wire, the resistance

p Mi (M2+ C\ + C2 ) m
^"""Mx + Afi + Ci + Ci

{6)

If the potential connections 5 and 6 are made on the copper current
posts at points opposite the point of attachment of the lower manganin
wire, the resistance

p M2Mi
Ul^~Mi +M2 + Ci + C2

w

That there is of necessity some brazing material—and usually some
copper resistance—in each branch follows from the fact that the three-
way electrical junctions between the wires and upper and lower ends
of the current posts cannot be considered as points but must be con-
sidered as surfaces. These surfaces may or may not intersect bounda-
ries between the manganin and brazing material, but never quite
coincide with them nor in effect He entirely within the manganin.



150 Bureau of Standards Journal of Research [Vol. 12

Each branch, therefore, contains some brazing material and usually
some copper but not necessarily all of a manganin wire. Let A
be the contribution of the brazing material and copper, and M/ be
limited to the contribution of the manganin to the resistance of the
upper branch. Also let D2 andM2 apply in like manner to the lower
branch. Further let D= {V, +D2 )/2, M= (Mi' +Ma')/2 and C= (d +
(72)/2. If then M/ and M2 are nearly equal, and both C and D are

small in comparison with M, neglecting second and higher order terms,

it follows that the resistance

7?
-M D C

(
.

#1234 Y 2 2
' '

and the resistance

„ _M D C . .

-^1564 — ~2 "T "2 ~
2 \D/

Similar approximate solutions for n wires of nearly equal resistance

uniformly spaced along the current posts between points of attach-
ment of the potential connections, are

n n Sn v J

and

n 71 3n v J

If M, C, and D apply at a particular temperature, 25 C for example
at some other temperature t

Rmi=^[l + *(t-25) + (3(t-25y]+®[l+5(t-25)]

+
(2n

Zn
1)C

[l+7(*-25)] (9)

and

Ri 564
= ^[l + a(t-25) + p(t-25y]+^[l+5(t-25)]

-^J^[l+7(«-25)] (10)

Here a and /3 are the averages of the temperature coefficients of the
manganin wires, 7 is the temperature coefficient of the copper current
posts, and 5 is the weighted average of the temperature coefficients of

the brazing material and copper resistances in the branches, all apply-
ing with a reference temperature of 25 C. If additional second and
higher order terms are neglected

+^- 25> +w^- 25
>]

(11)

and
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£15M =Ar[l+^-^^+<*tt-25) + /3«-25) 2

+;S^- 25>-S^- 25
)]

(12 >

where iVis the average resistance of the wires divided by the number.
It will be seen that the temperature coefficient of i?i234 is larger than
the temperature coefficient of i?i 564 by yC/N, that is

AR12U/NAt - ARmJNAt = yC/N (13)

also that at 25 C

R12U/N-Rim/N=C/N (14)

consequently the difference of the temperature coefficients is equal to

the temperature coefficient of the copper times the proportional dif-

ference of the resistances.

If the resistance element is in the form of a sheet or number of

sheets in parallel with the upper edge on a level with the points of

attachment of the potential connections 2 and 3 and the lower edge
on a level with the points of attachment of the potential connections
5 and 6, the arrangement would be somewhat similar to that which
would be obtained with a large number of similar wires uniformly
spaced.

Ordinarily a has a value in the range from —0.00001 to +0.00003,
/3 has a value in the range from -0.0000002 to -0.0000006, y is

approximately 0.0038, if the current posts are of copper having the
normal conductivity; 5 is less than 0.0038; and in many, if not
most, cases, Dd/nN is less than 0.00001. If, therefore, C/N is as

large as 0.01, it is very probable that at temperatures in the
vicinity of 25 C, the resistance Rmi will increase with an increase

of the temperature and that the resistance Rm4: will decrease
with an increase of the temperature. If the two sets of potential
connections were removed and other potential connections made on
the current posts at points between the upper and lower wires or
upper and lower edges of the manganin sheet, the resistance would
be less than i2i234 and greater than Ri 55i . Also, the rate of change of

the resistance with temperature would be less than that of Rmi and
greater than that of iiW-
Consequently if C/Nis sufficiently large, by a proper selection of the

point of attachment of the potential connections a zero rate of change
of resistance with temperature at a selected temperature, such as 20
or 25 C, may be realized. Further, a reduction of the section of the
current posts between the upper and lower manganin wires or upper
and lower edges of the manganin sheet and above the points of attach-
ment of the potential connection decreases the resistance and the rate
of increase of the resistance with temperature. Also, a decrease of

the section of the current posts between the upper and lower man-
ganin wires or upper and lower edges of the manganin sheet and below
the points of attachment of the potential connections increases the
resistance and the rate of increase of the resistance with temperature.
Finally, any relatively small change in resistance made by changes
wholly on the current posts changes the rate of change of resistance
with temperature an amount equal to the temperature coefficient of
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the copper current posts times the proportional change in the resist-

ance, as may be seen for a special case by a comparison of equations
(14) and (13); while obviously any relatively small change in resist-

ance made wholly on the manganin, in such manner as not to per-
ceptibly change the current distribution in the copper, has but little

effect on the rate of change of the resistance with temperature.
These conclusions are applicable only in case of a particular type of

dissymmetry such as exists in most low-valued precision resistance

standards and then only to the extent that the current in the current
posts may be considered to be in the direction of their length. They
do not apply at all in case of a symmetrical or approximately symmet-
rical construction, such as is used for some of the heavy-current
resistance standards.

III. EXPERIMENTAL RESULTS

The first resistance standard selected for adjustment of its tempera-
ture coefficient was a Wolff 0.001 ohm, constructed approximately
30 years ago. The resistance element consists of two manganin
sheets in parallel, each having a width of about 5.5 centimeters and
a length of about 13 centimeters. Initially, the potential connections
were at the level of the center of the manganin sheets and the rate

of increase of resistance with the temperature was 22.5 parts per
million per °C at 25 C. The intention was to reduce the rate of change
of resistance with temperature at 25 C to substantially zero, even
though a rough calculation indicated that this would require a
greater reduction in the resistance than could be obtained by moving
the points of attachment of the potential connections. It was there-

fore decided to move the potential connections to the bottoms of the
current posts, which is equivalent to moving them to points opposite
the lower edges of the manganin sheets ; redetermine the temperature
coefficient, and compare the change with that estimated from the
known resistance, dimensions, and assumed values for the conductivity
and temperature coefficient of the current posts ; then to make further

adjustments of the temperature coefficient by reducing the section of

the current posts; and finally to readjust the value of resistance

without materially changing the temperature coefficient. After
having moved the potential connections to the bottoms of the current
posts a redetermination of the temperature coefficient showed that
it has been reduced substantially the expected amount. However,
the resulting change in the resistance was not observed. Then the
sections of the current posts were reduced sufficiently to give a total

reduction in the resistance equal to that considered necessary to give
a zero temperature coefficient at 25 C. Then a redetermination of

the temperature coefficient showed that while it had been further
reduced it was still far from the desired value.

Further reduction of the sections of the current posts resulted in

further reductions of the temperature coefficient, but the discrep-

ancy between the change in resistance and expected change in

temperature coefficient was so great as to indicate clearly that some
unjustifiable assumption had been made. When the temperature
coefficient had been reduced to substantially zero, the reduction of the
resistance was found to be approximately 2){ times the estimated
amount. In attempting to locate the cause of the discrepancy, it
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was suspected that the temperature coefficient of the copper current

posts might be abnormally low, as they are of cast copper. As a

direct measurement of the temperature coefficient of the current
posts would have presented considerable difficulty, their conductivity

was measured and found to be only about 40 percent of normal, so

that presumably their temperature coefficient is only about 40 percent
of normal. At any rate, the assumption of both the 40 percent
normal conductivity and the 40 percent normal temperature coefficient

brings observed and expected results into accord. The resistance of

the standard was then increased to the desired value by enlarging

holes in the manganin sheets as was done in the original adjustment.
This decreased the ratio of the copper to the manganin resistance by
about 1.5 percent without perceptibly changing the current distri-

bution in the copper. Presumably, therefore, it changed the tem-
perature coefficient about —1.5 percent of about —0.00002, the

estimated contribution of the copper to the temperature coefficient

of the standard, or about +0.0000003, an amount too small to be
definitely checked experimentally.

Similar experiments were made on other resistance standards in

which the current posts are of drawn copper and therefore presumably
have normal values of resistivity and temperature coefficient. The
resistance element of each of these standards consists of two or more
wires in parallel. Changing the locations of the potential connections
on the current posts, or reducing the cross section of the current

posts when the potential connections were at the bottoms of the cur-

rent posts, produced changes in the temperature coefficient equal to

0.0038 times the relative change in the 4-terminal resistance of

the standards, within the experimental error in measuring the tem-
perature coefficients.

IV. RESISTANCE ADJUSTMENTS

In the construction of resistance standards the ratio of the length
to the section of the resistance material cannot be so chosen as to give

accurately the desired resistance. Furthermore, after the resistance

element has been brazed to the current posts the length cannot con-
veniently be changed nor the section increased. Therefore, it is cus-

tomary to make the ratio of the length to the sections such as to give a
resistance somewhat low and then bring it up to the desired value by
decreasing the section. If, accidentally, the section is reduced too
much, or in case the resistance of a standard has increased since its

original adjustment, the usual procedure is to attach a shunt of such
resistance as will lower the resistance of the standard to the desired
value.

As pointed out above, lowering the points of attachment of the
potential connections or a reduction of the sections of the current
posts below the upper manganin wire or upper edge of the manganin
sheet or sheets and above the points of attachment of the potential
connections reduces the resistance. This procedure is more conven-
ient and better than the attachment of a shunt.

Should the proposed reduction in the unit of resistance (amounting
to about 47 parts in 100,000) be adopted, most of the low-valued pre-
cision resistance standards now in use could be made to accord with
the new unit by this procedure. Since on the average the resistances
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of these standards are high by about 10 parts in 100,000 the average
reduction would amount to about 57 parts in 100,000.
As most of these standards have copper current posts, an average

reduction of 57 parts in 100,000 in the resistance by changes wholly
on the current posts would reduce the temperature coefficient on the
average about 2 parts in 1,000,000. While in most cases some reduc-
tion of the temperature coefficient would be beneficial, such a small
reduction would be scarcely significant.

V. LOAD COEFFICIENTS

The current in a resistance standard causes the resistance element
to assume a temperature higher than that of the surrounding medium,
by an amount approximately proportional to the PR loss in the
element, sometimes called the load.

The load coefficient may be defined as the proportional increase in

resistance divided by the load. It is generally assumed that, in cases

of equal opportunity for the dissipation of the heat, the load coeffi-

cients are proportional to the temperature coefficients. While in

general this has been found to be true, a considerable number of ex-

ceptions have been observed. Usually it has been assumed that these

exceptional cases result from strains caused by unequal heating of the
resistance element. There is, however, another and possibly more
probable reason for many of these exceptions. The temperature rise

in the current posts, in general, is small relative to that in the resist-

ance element. Consequently, the load coefficients should be ex-

pected to depend mainly on the temperature coefficients of the re-

sistance elements. Therefore, in cases in which the current posts

have a material but more or less random effect on the temperature
coefficients of resistance standards, it should not be expected that
ratios of the load coefficients would be equal to the ratios of the tem-
perature coefficients, even in cases of strictly equal opportunities for

the dissipation of heat. Furthermore, a change in the temperature
coefficient brought about by changing the location of the potential

connections or sections of the current posts should have little or no
effect on the load coefficient.

Washington, October 12, 1933.


