Lawrence Berkeley National Laboratory
Recent Work

Title
A TEMPERATURE-REGULATED BISMUTH RESISTOR FOR MAGNETIC-FIELD MEASUREMENTS

Permalink
https://escholarship.org/uc/item/5s16c37\

Authors

Dole, Charles G.
Skiff, Edson W.
Watson, Peter G.

Publication Date
1957-06-06

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5s16c37v
https://escholarship.org
http://www.cdlib.org/

UCRL-37279

fsl,;z/‘

UNIVERSITY OF
CALIFORNIA

 Ernest O fawronce

Rediation

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

L _ J
BERKELEY, CALIFORNIA




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed; or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




UCRL-3729

UNIVERSITY OF CALIFORNIA

Radiation Laboratory
‘Berkeley, California

Contract No. W-7405-eng-48

A TEMPERATURE-REGULATED BISMUTH RESISTOR
FOR MAGNETIC-FIELD MEASUREMENTS

Charles G.": Dols, Edson W. lSkiff, and Peter G. Watson
. i . : v
June 5, 1957

Printed for the U. s. Atomic Energy Commission



_2- | UCRL-3729

A TEMPERATURE-REGULATED BISMUTH RESISTOR
FOR MAGNETIC-FIELD MEASUREMENTS

Contents

Abstract
- Introduction
The Temperature-Regulator Design
Bismuth Probe Assembly
An Evaluation of the Performance of the. Resistor:
Inherent Limitations of Bismuth Resistors
Valuable Features of Bismuth-Resistor Induction-Measurement
DevicesA .
Our Experience with the First Resistors
Acknowledgments

Figure Captions.

11

11

11

12

15

16



Y/

-3 UCRL-3729

A TEMPERATURE-REGULATED BISMUTH RESISTOR
FOR MAGNETIC-FIELD MEASUREMENTS

'3
Charles G. Dols, Edson W. Skiff, and Peter G. Watson
.Radiation Laboratory
University of California

Berkeley, California

June 6, 1957

 ABSTRACT

The magneto-resistance effect of the metal bismuth has been used in
measufing magnetic induction for many years. This report describes sig-
nificant features of the electrical and mechanical design of an electrically

temperature-regulated resistor assembly and associated equipment.

. Commercial ductile bismuth wire was successfully used in a small probe.

Useful resolution of 2 gauss in fields above 5, 000 gauss was readily attained.
Limitations and advantages of bismith resistors as devices for measuring
magnetic induction are discussed briefly.. Some data from the use of the

fir st units are presented.
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A TEMPERATURE-REGULATED BISMUTH RESISTOR
FOR MAGNETIC-FIELD MEASUREMENTS

Charles G. Dols, Edson W. Skiff, and Peter G Watson

Radiation Laboratory
Un1ver51ty of California
' Berkeley, California -

" June 6, 1957

INTRODUGTION

Bismuth resistors, in the form of cast spirals, have been used for
o : , 2
magnetic-induction measurements for more than half a centruy.

‘Resistors of small size and conyeniently high resistance were constructed

by H. B. Kelle.r?’ of commercial, ductile bismuth wire, 4 0.005 inch in
‘diameter.. Keller minimized the effect of the temf_)erature coefficient of
resistivity and attained large magneto-resistance effects by operating the
resistors in the approximately constant temperature s of boiling nitrogen

(- 1%°C) and of boiling Freon-12 (approx. -30°C). The double-walled glass
vacuum vessel that contained the bo111ng liquid and the re51stors permitted
a probe diameter as small as 9/16 inch.

Even this srnall a probe, however, was too large for magnetic meas-

urements requ1red in connection with the mod1f1cat1on of the 184-inch

cyclotron at the Unlver51ty of Cahforma Rad1at10n Laboratory in 1956. It
was necessary to explore the. f1e1d in a channel only 1 inch w1de and 5/16
inch was chosen as the maximum diameter for a probe that would permit

the necessary measur ements

lG., S. Simpson, Resistance of Bismuth in a Magnetic Field, Phil. Mag.
4, 554, (1902).
- i

ZSmithsonian Physical Tables, 9th Edition, Temperature Variation of
Resistance of Bismuth in Transverse Magnetic Field, Table 487, p. 463.

3H B. Keller, Precision Measurements of Magnet1c Inductmn with B1s—

muth Wire, UCRL 2249, June 1953

4Fl'czpatrlc:k Electric Supply Company, Muskegon M1ch1gan "Ductile
Bismuth-Wire'" (pamphlet).
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A safety rule observed during the 1956 magnetic measurefnents of the
184-inch magnet was that no person was permitted in the gap while the
magnet was energi'ze'd.' The above rule plus the fact that the channel en-
trances were relatively inaccesSible_-rnadfe measurements with a search
coil and fluxmeter inconveni'ent._ ZAVp'la:n to ns'e an electronically temperature-
reg_ulated' bismuth resistor5 was formulated on the following'assumptions

(a) An electr1ca11y heated probe could be made within the 5/16-inch-
diameter limitation. : ' ‘

(b) The reduced magneto resistance response at (say) +30 C as
compared with the’ respon-se at -30°C (boiling Freon), could be compensated
by increased precision o6f resistance measurement. '

(c) Temperature sté.bility";commensur‘a.,te'W’ith the required precision
of measurement could be attained. |

" The plan was completed by developing and using the system described
in this report. ' : : o

The Or1g1na1 Spe c1f1cat10ns

The follow:.ng spec1f1cat1ons were chosen to gu1de the development
work:

(a) Sensitivity at 23 kilogauss 0 01 ohm per 15 gauss

.(b) Thermai noiee tolerance' 0. 02% of 23- k1logauss s1gna1

(c) B1smuth re51stor over-all length 1ess than 1/4 mch

(d) Probe d1ameter 5/16 inch, maximum.

(e) Amplifier input sensitivity: 20 microvolts.

(f) Operating temperature: 30°C.

5The bismuth resistor assembly was mounted on the mechanical probe—
positioner that was designed for the exploration of the mid-gap field, and

was positioned inside the l-inch channel opening by reémote control.
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T HE TEMPERATURE-REGULAT OR DESIGN.

The des1gn spec1f1ca.t10ns hsted in the above section requ1re that the
temperature of the probe be held constant to w1th1n +0.04°C. The probe

design includes a platinum resistance thermometer-and a heater winding to

maintain the pre‘be temperature somewhat above ambient; the temperature

of the probe is to be ma1nta1ned constant by electromcally controlling the
power to the heater. Flgure 1 shows a block diagram of the electronic
system used with the probe. Small temperature var1at1ons produce varia-
tions in the resistance of the platlnum wire, which are converted to input
signals to an‘amphﬁer. The heater is connectecii‘:t_othe amplifier output
and the amplified input sig‘n‘_ralbv countéracts the temperature changes.

Couventional proportional control of this type appeared feasible because the

~ heater power requirements are small.

The design requ1rements led also to the f0110w1ng estimates:
1. | If the probe temperature is held 15°C above ambient, and constant to
+ 0. 04 C, then the required loop gain at zero frequency is AO (15/0.08) = =200.
2. If (as assurned) the probe has a thermal time constant of about 2 sec
and its frequency response rolls off at 6 decibels per octave, the frequegcy

at which the 1oop gam falls to umty is

‘fc = T3 s X 200 = 16 cycles per sec.

3. If a.60-cycle-per-second full-wave chopper amplifier is used, the
highest modulation frequency that dees not lead to interference from beat
notes is about 40 or 50 cycles p.er‘ second. This is enough greater than
fc that R.equirements 1 and 2 above can be met with a margin of nearl.y
three times (about this much is desirable with high-gain feedback systems
to allow for variations of vacuum- tube character1st1cs) _
4. Tr1a1 calculations indicated that it would probably be practical to Wlnd
a platinum resistance element of about 200 ohms resistance. This would
have a s.ensitivity of about 30 uv/O.O{}OC, with a power dissipation thatv
would not cause more than 0.04°C error in the temperature measured.
The platinum element for sensing temperature is in one leg of a
bridge connected so as to feed the unbalance signél to the amplifier. The

amplifier readjusts the amount of power in the heater in the direction to
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reduce the bridge unbalance. In a somewhat similar way the bismuth element
is part of a (different) self-balancing brldge- which, however, reads rather
than controls the bismuth resistance. 6 In both cases a three- wire system is
used to run the long leads. from the sensing element to the other parts of
the bridge. As is ush,al with three-wi_r_e"s_yste'ms,; two wires are ﬁsed to
carry the bridge-elemenﬁ_ current, and. fhe third wire is arr'anged to carry
a much smaller current. The two currepf-carrying leads are 1n opposing
arms of the bridge carry equal currents. and are electrically similar, so
that variation in the res1stance of these 1eads does not apprec1ab1y affect
the bridge balance The third 1ead is not part of any arm of the bridge but
is in the unbalance- detectlng c1rcu1t 1ts reS1stance does not affect the point
at which the bridge balances. ‘ ‘ '

The schematic diagram of the amp11f1er is shown in Fig. 2. This is a-
chopper type of dc amplifier, i.e., the dc s1gna1 is counverted to (60.cyc1e)
ac, amplified, and converted back to dc (with a superimposed ac ripple).

The precision res1stors in the box near the input terminals form three
legs of the br1_d_ge in which the platinum sensing element forms the fourth
leg. . The input and output converter_s are the two s_ectiohs of a double-pole
double-throw Steve‘ns-Arnold chopper. The transformer, T-5, is a Well—_
shielded input transformer with a turns ratio of about 40/1. In this appli-
cation the input transformer sees. a 60-cycle square wave; no commercial
transformers that have been tried gix)e an entirely adequate 1ow-freqhency
response.' The one shown here (Triad, G-10) is about the best of those
which have been tried. The amplifier includes an internal feedback path
(R-31, R-8, C-2, C-1, R-7), which can be adjusted to give the amplifier
a rising gain characteristic over a chosen frequency band, This was in-
c’hided in case the probe should behave like a device with two time constants.
(The probe actually behaved like a single-time-constant device and the
internal feedback loop was superfluous).

The output circuit of _vthi‘s amplifier does not include a low-pass filter,

and the dc output voltage has a large 120-cycle ripple component. This .

6Daniel R. Stull, An Automatic Recorder for Resistance Thermometry,

Rev. Sci. Instr. 16, No. 11, 318-21 (1945).
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ripple does not impair the operation; the thermal time constant of the probe
is large enough to prevent thermal oscillations at this frequency, and the
probe was so constructed that the signal circuits are well shielded from

the heater. It should be noted that if a low-pass filter were built into the

amplifier, the filter would introduce additional phase shift in the feedback

| loop, and stable operation would be harder to attain.

" The cathode-follower output usesa 3Cv33 type tube. With this large

tube an output current of as much as 60 milliamperes is available. This

proved more than enough for the application, and resistors R-28 and R-30
have been proportioned to limit the.max:ifnum_ output current to a much

lower value.
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- BISMUTH PROBE ASSEMBLY

Description .

The probe described in this section is our latest model (HP-3), 7 and .
differs somewhat from the probe used in the 184-inch cyclotron measure-
ments program of 1956 (HP-1). - : C S : o v

We believe that HP-3 is superior to its predecessors; it is of a more
rugged design, and has higher biémuth and platinum resistance, reduced
~ size, and simpler construction.

The probe assembly is illustrated in Fig. 3, in which code letters refer
to the parts enumerated in the following description. The prinéipal com- |
p)onents ai'e a bismuth resistor (f), a platinum temperature-sensing element
“{e), and a resistance-wire heater (d). The bismuth resistor consists of
32 ohms of 0.005-inch—diémeter analacfinsu_.lated .wire; the platinum resistor
contains 180 ohms of bare 0.00l—inch-diarheter wire; and the heater is
450 ohms of lacquer-insulated 0.0035-inch-diameter Jelliff - v"lOOO” wire.

The threé circuits are individually electrically shielded, the elements and
leads are constructed for minimum inductance, and careful attention has
been given to electrical insulation(g).

The above components are mounted coaxially, and, being wound on
brass forms, are in close thermal contact with one another. Mounting
this group on a flexible Teflon tube (h), and »surroundivn'g the assembly with
cotton (i), serves the dual purpose of protecting the delicate bismuthbfrOm
shock and providing thermal insulation between the heater and the external
environment. The styrofoam plug (b) and lucite cap (a) at the end of the probe
contribute to the latter goal as well as helping restrict heat flow to a direc-
tion perpendicular to the probe axis. To prevent heat loss along the wires
leading away from \the electrical elements, six cotton-covered manganin
wires-ueach 3- 1_/2 mils in diameter and 6 inches long are used as intermedi-
ate links between the bismuth and platinum elements and the probe cable. |
wires. These six manganin leads are wound around the Teflon tube and -

occupy the space v(j ) under one end of the heater.

7Details of construction are given in UCRL Engineering Note 4310-17,
MT-5, June 1957.



L

Q

_10- | UCRL-3729

A brass mounting post (m) positions the elements via the Teflon tube.

In addition, it firmly positions the ends of the eight cable wires (n) so that

they may serve as'terminals for the manganin isolation leads and heater .
leads, each of which passes through individual guide holes (k) to get to v
this terminal section. - The probe base (Ap) serves as a handle for the probe
in addition to supporting the probe co_vef (c) and providing a termination
for the probe cable outer braid (q) and plastic sleeving (i;). »

The photograph in Fig. 4 shows the bismuth and platinum eleménts

before assembly. " Figure 5 shows the completed probe. -
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AN EVALUATION OF THE PERFORMANCE OF THE RESISTOR

Inherent Limitations of B1smuth Resistors

The magneto- resistance. response of commerc1a1 bismuth wire is .a
complex nonlinear function of temperature and induction. Operation at
constant temperature reduces fhe important limitations to the following:

(2) The magneto-resistance function, Rol (B) (where R is the resist- &
ance at the induction B, and R0 is the resistance at B=0), varies widely
from resistor to resistor. Reference 2 gives values of the function similar
to those observed with the commerical wire.

(b) At low values of induction the constant—température magneto-
resistance response of bismuth can be approximated as: _I}_li__R__Q_ = KB‘2
where K is a constant,and,as shown on Figure 6,the resistor is relatively
uﬁresponsive below 2000 gauss. -Above 5000 gauss the response is nearly
linear.

(c) Solenoidally wound resistors have pronouced anisotropy. The
magnitude of the directional effect is a complex function of induction. At
constant induction, however, the variation of resistance can bevexpressed

quite accuratel;} by the simple function.

= R (R o - 900) TOS ZA,

B=K) 90

T=K‘2

where A is the angle between the solenoid axis and the induction, RQOO is the
resistance for A=900, etc., and K1 and K2 are constants. A typical value for

the magnitude of (Roo - RO)/(R900 - RO) is 1.2.

Valuable Features of Bismuth-Resistor Induction-Measuring Systems

Bismuth resistors are typically used as transfer devices between a
magnetic field and some absolute induction-measuring device. When the
limitations discussed in the preceding section permit, the following features -
may be valuable: " |

.(a) Bismuth resistors can be constructed in the form of small probes ¢
(permitting their use in very narrow gaps) and with small sensing areas
(permitting accurate point measurements in high gradients).

(b), The convenience and precision of standard resistance-measurement
techniques simplify measurement problems. Continuous indication, as with

a strip-chart recorder, is easily attained.
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~

~{c) The response of bismuth to absolute magnitude of induction (rather

than to components) is sometimes an advantage, e.g., a transverse probe

‘when suitably calibrated can be used to measure axial fields.

Our;'Expérierice With the First Resistors

After several cycles of wire breaRage, repairs, design changes, etc.,

we had a resistor as sembly with the hope:d—for dc resistance relations be-

tween all terminals. The amplifiér, which had been running with dummy
input and dummy load, was connected to the temperature-sensing platinum

winding. When the control was set to the room-temperature threshold, the

CRO pic"turé of the dummy heater voltage indicated correct behavior of the

circuits. We connected the heater and jubilantly observed that minimum
increases of control setting initiated rapid transients of full heater voltage

followed by stable low levels of heater voltage. We had made only rough

" estimates of thermal coristants; and the above history desc¢ribes our release

from our number .Qne concern about the design--did we have stability with
high loop gain? We did. With the amplifier gain adjusted to give a margin
of .st'ab'iii‘ty, a rough measurement indicated that the loop gain was more
than 300. The 160p—»gain measu_re}nent procedure was as follows:

(2a) The temperature control was calibrated (dial divisions per degree
centigrade of probe temperature). |

{(b) The control was set to T degrees above the ambient temperature
(T = 150-C); and the magnitude E of the heater voltage required to maintain
the temperature was recorded. ‘ '

{c) A dummy load was sﬁbsti_til_ted for the probe heater circuit
(conneéted to the output of the amplifier), and the probe was all‘lowed to
cool to ambient temperature. | v

(d) The control-setting increment required to change the amplifier
output frdm zero to E was measured; the corresponding temperature incre-
ment defines AT,

(e) Loop gain = T/AT. ,

There are unavoidable temperature gradients in the resistor assembiy.
These gradients are functions of the heater power and are significant be-
cause the positions of the bismuth and the platinum elements are not coin-

cident. Although the platin'um may remain at constant average temperature
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as the ambient temperature (and thus the heater power) varies, the average

bismuth temperature may vary significantly. The above was one of ph’_e'

design consideratiouns, and the effect was measured as follows: : .
(a) The bismuth resistor was calibrvated as a resistance thermometer

between two convenient ambient temperatures. a | ' A @
{(b) In zero magnetic rnduction the probe ambienf temperature was

changed to give low and high heater power at constant control setting.
(c} The resulting temperature change indicated by the change in

resistance of the bismuth element is the _combined effect of finite (relative

to infinite) loop gain and changes in the average temperature of the blsmuth
. (d) The observed bismuth- temperature change corresponding to a 10°C

change in ambient temperature was less than 0.1 °c.

Previous experience with bismuth resistors had prepared us for the

instability of resistance that we actually observed. For example, the first

measured resistance of the bismuth element plus the internal leads at

constant temperature was 78.311 ohms on a Friday, and the resistance

increased 0.152 ohm over the week end. Attempts to correlate observed

changes in R, with temperature cycling and magnefic—induction cycling

were 1nconclgs1ve

It is common pract1ce to stabilize precision res1stors by baking for
48 hours at 150‘ C. Because the melting temperature of the low-temperature
solder used in the assembly is below IOOOC, and because we wished to
avoid possible temperature-dependent deleterious changes in structure, we
baked our resistor assemblies for a week at the relatively low temperature
of 60°C. - o
| Over a period of 4 months beginning 1 month after construction, the
first resistor assembly was temperature-regulated to 3_0°C most of the
time. It was disconnected and allowed to cool to ro.o_m temperature about
10 times during that period. Time spent at room temperature varied from
a few minutes to several days. The 30°C bismuth resistance at the be-
ginning of the period was 79.370 ohms; at the end of the period the resis-

tance was 79.441 ohms; (These measurements include 62 ohms of inert

8Forest K. Harris, Electrical Measurements' (Wiley, New York, 1952),
p. 211.
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leads') The probe was then shelved for 5 months. When it was recommission-
ed at the end of this time the resistance was 79.458 and increased to 79.470
within 1 week. _

. When the resistor assembly was slightly deformed, as when it was
mounted on a probe carrier, the bismuth resistance changed. The observed
rapidity of the changes seems to indicate that they relate mostly to the bis-
muth circuit; the r‘e'sistance changes have been on the order of 0.020 ohrh.

A second resistor assembly was constructed as a spare as soon as pre-
liminary tests of the first indicated its success. The second resistor was
similar to the first except that the outside brass tube was shorter, and’ '
screws were substituted for the tape that held the outside tube of the first
assembly.

On. the .basis of our experience with probes Nos. 1 and 2, a number of
‘design changes were made and included in the third probe. These changes
are summarized in the section describing the resistor assembly.

One of our principal aims in designing the third resistor was to reduce
the temperature gradient between the platinum and bismuth elements.
Although preliminary tests showed no reduction in this gradient, the probe
is so constructed that the relative positions of the three basic elements and the
thickness of the insulating layer at the tip of the probe may all be varied.
With this flexibility we feel that the temperature-gradient problem is well

under control.
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FIGURE CAPTIONS

Figure 1. Block Diagr‘am of Bismuth Instrument.
Figure 2. Schematic of Chopper Amplifier.
Figure 3. Bismuth Probe Assembly. - _
Figure 4.  The Sensing Elements. Upper, Platinum; Lower, Bismuth.
Figure 5. The Assembled Probe. .
) Figure 6. Magneto-resistance Response of a Bismuth Resistor.

Table I. Parts List for Chopper Amplifier.
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TABLE I o o
PARTS LIST FOR CHOPPER AMPLIFIER

(See Fig. v2) v _ v .
0.1 MF 600 V Poiyst_yrene Capacitor - &
1 MF 200 V Paper Capacitor
‘100 MF - 150 V. Electrolytic Caiaa.ci_tor :
©0.03 MF 600 V Paper Capacitor
. 0.05 MF | 600 V  Paper Capacitor
25 MF 25V '...Eleict.r,olytic C»apaci;tbrA-
1 MF 400 V .. Paper Capacitor.
20 MF 450 V  Electrolytic Capacitor
60 MMF 600V Ceramic Capacitor
6 MF 200V Paper Capacitor
| 1- | 5-PIN : Male. Receptacle
1 3-PIN - Male Re cept.?:lcle
2 10082 1/2 - Watt Ménganin Res.
2 250 Q@ | ‘172 - Watt Manganin Res.
1 1 K 1/2 - Watt Manganin Res.
1 500Q  Helipot R
1 20.M 1/2 - Watt Dep. Car. Res.
1 2.5M ' 1/2 = Watt Dep. Car. Res.
1 10 K 1 - Watt~ Carbon Res.
4 240 K 1 - Watt Carbon Res.
2 1.3 M 1 - Watt Carbon Res. R
2 5.1 K 1 - Watt Carbon Res. ‘
1 1.5 M 1. - Watt Carbon Rés‘. : ‘ .
1. 1M 2 --Watt AB POT
2 820 K 1 --Watt Carbon Res.
1 30 K- 2 - Watt Carbon Res.
2 43 K - 1

- Watt Carbon Res.
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TABLE 1 (Contd)

47 K

‘R-27 1 1 - Watt Carbon Res.
R-28 1 51 K 1 - Watt Carbon Res.
R-29 1 1M 1 -~ Watt Carbon Res.
. R-30 1 68 K 2 - Watt Carbon Res.
R-31 1 250 K 2 - Watt AB POT
T-4 ‘ 1 Stancor A 4774
T-5 1 Triad G10 Input XFMR
Vo1, 2, ., 2 5879
V-3, 4, 2 6201

V-5 1 3C33
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ZN-1713

Fig., 4.
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