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ABSTRACT 

Modifications to our previously described detector of magnetic 

monopoles resulting in substantial improvements in performance have 

been made. The sensitivity has been increased a factor of 35 by using 

a sensitive magnetometer (SQUID) to measure changes in current. The 

modifications. new measurement techniques. and implications for past 

and future experiments are described. 
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I. INTRODUCTION 

Our electromagnetic detector of magnetic monopoles has been de­

lscribed previously. The equipment is adequate to measure magnetic 

charges accurately, can handle kilograms of material in a search for 

monopoles, and does not alter the samples in any way. It can de­

tect a non-zero magnetic charge in a range extending from below the 

2minimum value predicted by the Dirac theory to many times that mini­

mum, and it is insensitive to magnetically neutral samples. If a 

monopole signal is .seen, the equipment can be tested for proper func­

tioning, and the measurement of the same sample can be repeated in 

the same conditions for verification as many times as it is desired. 

The detection principle relies on the change of current in a 

super-conducting loop caused by the displacement of a magnetic charge 

through the loop. A substantial improvement in sensitivity, motivated 

by the desire to shorten the time necessary for the measurements, has 

been obtained by modifying the technique by which the current is 

measured. The modified detector has been used for a search for mon­

3opoles in lunar sample. The goal of this paper is to describe the 

modification. With further modifications described briefly in Sec. IV B 

it will be used again for a search in material exposed to 300 or 400 

4GeV protons. 

A. Detection Principle 

As before the alteration, a monopole trapped in one of the tested 

samples would be detected by the magnetic charge that it would have 

conferred to the whole piece of material. The sample. 
~ 

is carried on 

a path that traverses a coil (sensing coil) that is part of a closed 
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superconducting circuit, as shown on Fig. 1. The starting and finish­

ing points are located well outside the superconducting shield. The 

circuit, in which the magnetic charge would induce the change of cur­

rent, is surrounded by the superconducting lead shield to protect it 

against inductions from variations of the outside magnetic field. The 

cryogenic equipment has a normal temperature bore along the axis of 

the coil, open at both ends, so that the sample does not have to be 

cooled down to be tested. Details on the cryogenic equipment and the 

transport system are given in Ref. HI. 

B. The Current Change 

We define N to be the number of times the sample has been passed
p� 

through the sensing coil, I f (1i) the current in the superconducting� 

circuit after (before) the N passes, g the magnetic charge of the 
p 

sample, n the number of turns of the coil, and L the self inductance� 

of the super-conducting circuit. The difference ~I between the cur­

rent If and Ii is used to measure the magnetic charge g.� 

(1) 

where K is a reduction factor due to the current induced in the 

shield by the monopole displacement. In our equipment, n is about 

1200, K • 0.83, and L • 75 mH within about 1%. 

A magnetic charge is bound to induce a current change and this 

effect can be tested by placing a long solenoid through the hole in 

the cryostat and the shielding. Because of the interchangeable role 

played by current of magnetic charge, J
-+ 

, and the time derivative ofm
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the magnetic induction, B, in the Maxwell equation, 

+ 
curl E. _!~ - 4w j (gaussian units) (2) 

c at c m 

the current j can be faked by a variation of B. Therefore the sens­
m 

itivity of the equipment can be tested as if monopoles were available 

for the test. 

Changes in I not related to the magnetic charge of a sample some­

times occur when the equipment is not working properly. Indeed, the 

values of If and Ii can be different if there has been a temporary loss 

of superconductivity or if there is a difference in the magnetic flux 

induced in the circuit. The first one of these causes can be tested 

because AI would depend on the initial value Ii stored in the loop. 

The change of magnetic flux induced by external causee is essentially 

eliminated by an adequate magnetic shielding. A change in the frozen 

flux in the superconducting material may induce a change in I, but 

it rarely amounts to as much as the signal from a Dirac monopole. 

If it ever occurs, it is unlikely that it will recur to distort the 

measurement of the magnetic charge several times by the appropriate 

amount and the s.ample can be tested as many times as needed to test 

the equipment. Except for these malfunctions of the detector that 

can be recognized, a magnetically neutral sample cannot produce a 

change in ehe curreat I, whatever its magnetic dipole and higher order 

multipoles. 

In the first version of this detector, the curreBt I was meas­

ured by the voltage pulse developed across the sensing coil when a 
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mechanical switch was opened in the superconducting circuit. In this 

new version, (Fig. I), an additional coil (field coil) has been in­

serted in the circuit with a very sensitive magnetometer placed in­

side. The current change 61 is detected by a change in the output 

signal of the magnetometer. 

II. THE MAGNETOMETER 

A. The Device 

The magnetometer is a superconducting quantum interference device 

(SQUID). 5 It consists of two half cylinders of bulk superconducting 

vanadium (Fig. 2), electrically connected to one another by the con­

tacts A and B of two niobium screws. A DC current (bias current) can 

be applied between C and D and the voltage can be measured. A one 

turn coil (SQUID coil) and a 1000 turns coil used as the field coil 

are wound around the whole assembly. 

When well adjusted, the contacts A and B work as Josephson junc­

tions with critical currents of ~~A. With the DC bias current also 

adjusted, the voltage between C and D is a periodic function (Fig. 3a) 

of the magnetic flux, through the area surrounded by the supercon­

ducting material (contour ACBD). The voltage is of the order of a few 

}.IV and the periodicity '0 is exactly one flux quantum of superconductivity, 

211'g o • 2 x 10
-7 G cm2 

(1. e. 2 x 10-15 Webers) 
(3)

83.3 x 10- emugo • 

2 go is also the Dirac unit of magnetic charge • 

(Note that '0 is 1/2 the value of <1>0 in Ref. 1.) 
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A 200 liz square vaft curr_t is fed iIlto the 1 tum SQUID coil 

with a typical peak to puk .-plitude cerreapcmdtaa to a flux chanae 

of 1/2 •• The volt..e between C and D haa therefore a 200 Hz COlI­o 

ponent that is phase lock .-plified. rectified. iIltearated with a 

t1Jle coustant of 300 IDS and aasured as the signal U. The low value 

of 200 liz h.. been choaa to a1,aplify the proble. generated by the 

need to protect the SQUD' ..ainat radio frequency noise. U" ia a 

periodic fUDCtion of the DC cOllpooent of the flux +as ahOWll 011 ria. 

3b. 'lbe ahape is well approxillated by a aiDe function and we will 

use that approxi..tion for the purpoae of ezpJafuf8g the priDciple 

of operation. 

• (4) 

Because of the periodic behavior of U (+). + cannot, be known froa 

U any better than .edulo the quantity +0. Wa.def'ine p 

(5) 

p 18 knCJWD OIlly IIOclo1o 1. We clefiae 

y • "fractional part of" p (6) 

where "fractiODal part" _ana tile cliffe~ce b.tween a quantity and 

the near_t iDteg.r. 'l'ba fractional part 18 always 811a1ler than 1/2 

ill ,._olute value. 

The value of y ~8 aai.ue. 'l'he __~t of y cons18ts of read­

iIla the .....tcmet.r output U. then introc1uc1q a perturbation in + 
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using a slowly varying current (calibration pulse) in the SQUID coil 

and recording the output signal on an oscilloscope. The calibration 

pulse is large enough that the signal reaches its maximum possible 

dUvalue U • From U, Uand the sign of the derivative dt of themax max 

signal at the beginning of the perturbation, is determined between 

-1/2 and +1/2 so that 

U
sin (2ny) = -U--- (7) 

max 

sign of {cos (2ny)} = sign of {:~} x -polarity of 
calibration pulse. 

(8) 

Note that there is� an insensitive region around the value = 1/4 

dU
where U • U and� -- = 0 in Eq. (7). The measurement is very in-max dy 

accurate there and special precaution is taken to avoid that region. 

C. Detection of Changes in the Current I 

The measurements are used to detect changes in the current I 

in the superconducting circuit of Fig. 1. Let MY be the mutual in­

ductance between the field coil and the SQUID (MF is of the order of 

1 ~H). A change I in the superconducting circuit results in a change 

in " therefore in p. 

flI = = -­
J (9) 

'nJ • ~ is measured to be ~2nA for this equipment. 

Given two measurements Yi and Yf before and after the change in 

I, only the fractional part fly of flp can be determined. 

fly = "fractional part" of flp = "fractional part" of (Y - Y )f i 
(10) 
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- 1/2 < ~ Y < 1/2 (11) 

Note that, for slowly varying currents I, it is possible in addi­

tion to count the number of quantum changes of ~p by continuously mon­

itoring Y, therefore, making many measurements of y. Hence ~p can 

be completely determined. However, in the monopole search, when the 

sample is inside the sensing coil, its magnetic moment induces vari­

ations in the current I which are too rapid to allow reliable measure­

ments of Y. We have to restrict ourselves to y measurements at the 

time the sample is out of the detector; therefore, the fractional 

part 11 Yof l1p can be determined only between consecutive passes. The current 

is therefore known only modulo the quantity J between consecutive 

passes. The sensitivity of our current measurements was determined 

during testing of the lunar samples. 3 We found that the error in 

~Y, £, was £ • 0.036 corresponding to errors in ~I of ± 70 pA. 

III. SEARCH FOR MONOPOLES 

The search for monopoles in a sample consists of series of tests 

that would reveal almost any monopole consistent with the Dirac theory. 

Actually, the search may be interpreted as a measurement of the sample 

magnetic charge (modulo a constant f defined below) independently of 

any quantization prediction. Therefore, the search covers a contin­

uous range of charges extending below the minimum predicted by Dirac. 

A. Test Procedure 

Before a test, we make sure that the current I is adjusted so� 

that the initial value Y of Y is quite far from the insensitive reg­�i� 

ion near Y • ± 1/4. This is done by adjusting a small current in an� 

auxiliary coil magnetically coupled to the sensing coil and shown on� 
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Fig. 1. A test consists of� measuring Y circulating the sample Ni , 
P 

times through the sensing coil, measuring the final value Yf of Y, 

and determining Ay from Eq.� (10). Using Eqs. (1), (3), and (9), the 

change in p should be 

vN 
Ap "" ---e. (12)

f 

where v • A "" magnetic charge in Dirac units (13) 
go� 
L 1�and f ""� - -- "" 36.0 ± 1.0 (14) 
~ 2nK 

The quantity that can be measured is: 

Ay • "fractional part" of (N F) (15)p 

B.� Detection of Dirac Monopoles 

2The Dirac theory predicts v to be an integer. Tests are per­

formed for N = 1, 2, 4, a and 16 passes, resulting in measured values p 

AYl' AY2' Ay4, AYa' and Ay16• If v - 0, there is no change in p. The 

Ay's are all consistent with zero. If v ~ 0, Ap increases by a factor 

of 2 between each test. For v • 1, AYN increases by a factor of two 
p 

for each tes t until Np "" 16� and Ay16 • .44. The monopole would be 
f 

easily detected. If 1 < lvl ~ 2' AYN increases by a factor of 2 
P f 

between each Y measurement, until Np > 2'fVT ; then Ay changes sign. 

Therefore, one can show that there would be at least one of the y 

measurements for which IAYI > 1/3 and this would be easy to detect. 

Actually, this will be true for any integer or fractional value of 

that satisfies� 

. 1 1 '"�Iv - jf/ ~ 3 . 16 • f "" 0.75 (16) 

for every integer value of j. 

v 
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The first non-zero value of v compatible with the Dirac theory 

that would not satisfy (16) and not give 16yl> 1/3 is near the value 

of f and therefore very large (v· 36). Other values of v not sat­

isfying (16) are even larger. 

Monopoles might still be missed in the search if there is an 

equipment failure causing the circuit to lose its superconducting 

property during the sample circulation. If the current I ends up 

to be zero, and if that zero value of I happens to correspond to the 

same value Y as the initial Yi' 6 Y will be zero. To be sure that this 

has not happened, two series of tests as described above are per­

formed for each sample, one with Y = 0, the second with Y = 
i i 

1/2. Both values of Yi cannot correspond to I • 0 simultaneously. 

c. Measurement of the Magnetic Charge 

If we ignore the Dirac condition, v is no longer restricted to 

integral values and we can interpret the results of a series of tests 

as a measurement of the sample magnetic charge. Since N is an inte­
p 

v 
ger in Eq. (15), only the factional part of f can be determined, 

whatever N is. We define 
p 

v - f . "fractional part" of ( v )
mess f 

(17) 
f < v < !
2 meas 2 

v 
6y • "fractional part" of (N m:as)p . (18) 

In the first test, with N - 1, boy measures v with an error a,
meas 

(see Eq. 22). a is equal to the product of f and E, the error in de­

termining boy. With N - 2, 6y determines two possible values of v ;p meas
f a

their difference is 2' and the error on each of them is "2. One of those 
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two values is eliminated by the test with N • 1 and the combination 
p 

a
of both tests results in one value for v with an error -2. A meas 

similar argument applied to the tests with N • 4, 8, and 16 shows 
p 

that v is determined unambiguously with the error a ~ 0.08. By
Dleas 16 

increasing the number of passes N , one would reduce that limit to 
p 

any arbitrary value. To maximize the information given by the 6.y's 

of a given run, an experimental value of v satisfying Eq. (17)
meas 

is determined using Eq. (18) and a least square technique. This 

technique decreases slightly the error on "meas below the value 
a
16. 

In principle, the values of 6.y are derived from Eqs. (10) and 

(7) that assume a sinusoidal dependence of U upon y. Therefore, the 

value v is dependent on that assumption too. However, as longmeas 

as no monopoles are found, 6.y is always measured to be consistent with 

zero and our results are reasonably independent of the sinusoidal 

assumption. When a non-zero magnetic charge is detected, the quan­

tity " could be measured accurately, making a test with a largemeas 

number of passes N and watching the evolution of 6.y at each pass.
p 

One can define a number m of flux quanta changes corresponding to 

the test, counting +1 (-1) each time the 6.y defined with respect to 

the initial value Yi changes frore a value near + 1/2 (-1/2) to a 

value near -1/2 (+1/2) between two consecutive passes. Then 

" • m + 6.y f (19)
meas N 

p 

For large enough N , 6.y«m, hence " is determined by m which is p meas 

independent of .the sinusoidal assumption. 
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From the result of these measurements of the magnetic charge, one 

can detect monopoles with charge within a wide range. However, there 

are two restrictions to our search; namely, we will not detect 

a)� the magnetic charges that are so small that their signal 

is not significantly different from zero. Requiring 

arbitrarily a minimum three standard deviations signal, 

we find that the limit is around 1/4 of the Dirac charge 

for our standard measurement. Of course, for the Dirac 

monopoles, this restriction does not apply. 

b)� the values of v that coincide with a multiple of f 

within errors because the only measured quantity is v meas 

of Eq. (17) and it would be near zero. However, f is 

near 36 and the smallest charge that could be missed is 

as high as 35 or 36 times the minimum predicted by Dirac. 

D.� Calibration 

The� calibration determines the factor f of Eq. (14) by a direct� 

1�measurement. As before, we use a long solenoid with a constant 

area and a constant current density. As mentioned in Sec. I B, 

turning on a current in the solenoid simulates the passage of a mag­

netic charge along the path represented by the solenoid. 

First of all, the solenoid is calibrated by placing a calibrating 

coil of arbitrary dimensions but of known number of turns (1000) over 

the center of the solenoid. The mutual inductance MCAL between the 

calibration coil and the solenoid is measured. Then, the solenoid is 

placed inside the sensing coil with the ends protruding well beyond 

the shielding. We then measure J CAL ; i.e., the amount of solenoid current ~ 
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neces.ary to produce a variation 11+ •• 10 the SQUID.o 

(20)
f • 

f has been deterained to be 36.0 z 1.0 for this equi,.ent. A lIOre 

precise determination is not necessary for detection of non zero ..g­

netic charges but would bave been possible, bad they been diacovered. 

E. PerfoIWaDce 

Por values of v near zero, the error c5v is due essentially to the 

uncertaloty £ in determining l1y, as seen 10 Sec. 111 C • 

c5v • !L (21)
Ii 

P 

a • f"'· £ (22) 

a is characteristic of the equipllent and it detera1nes the nu.ber of 

passes Ii necessary to reach a given accuracy av. £ is .036 and a 
p 

is about 1.3. 

Before lIOd1fication, 4 v was of tbe fora (21) and a was 4S. The 

improveaent in sensitivity is a factor of 35. With thia iaproveaent, 

the .auring time is reduced for each te.t. However, with the increased 

sensitivity, the .asure1lents are more dependent on the variations of the 

frozen flux in the superconducting material. Before rUDDing a sample, 

stability tests are performed to make sure that the conditions are stable 

enough for a measurement. During the first 30% of the t1Jle available 

betweea two heliua fills, the .equ!paent 18 not stable enough to make 

_asureaenta. Yet, altoaether, the, nUJltber of s..ples _asurad per unit 

time has been increased considerably. 

In addition, it ,has been possible to perfona a search for a kind of 
go

monopole forbidden by the Dirac theory, in a charge range froa 100 
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to go' using 700 passes and intermediate y measurements at 100, 300, 

and 500 passes. The duration of the test was 1/2 hour. With the un­

modified detector, such high sensitivity would have required more time 

than was available between two helium refills. 

IV. FURTHER MODIFICATIONS 

A. The Desensitized Mode 

The original detector was built with 3 different sensing coils for 

reliability. After the alteration, one of these coils (#1) was used 

as the sensing coil and another one (02) was used to allow a decrease 

in sensitivity. In the low sensitivity mode of operation, a small 

coil of 0.4mH was connected, short circuiting coil #2. That additional 

circuit acted as a shield in tight coupling with the sensing coil, 

the constant K of Eq. (1) dropped from .83 to .10, and the constant f 

of Eq. (15) changed from about 36 to about 305. With the low sensitivity, 

monopoles of charge near a multiple of 36 but not near a multiple of 305 

can be detected. But the sensitivity to small charges is reduced. 

3In April 1971, 11 kg of lunar material were searched for monopoles 

using this detector in the normal sensitivity mode. For sake of com­

pleteness, 0.8 kg of this material was also analyzed with the detector 

in the desensitized mode. 

B. The Detector for NAL Experiment 

In� preparation for a future analysis of targets from the National 

4Accelerator Laboratory , we made more modifications in our detector, 

aimed at making the operation less cumbersome: 

a)� We have increased the liquid helium capacity, replaced 

the sensing coils and improved the SQUID magnetic and 

radio-frequency shielding. 



-15­

b)� Two field coils each containing one SQUID are now con­

nected in series with the sensing coil. For SQUID 1, 

M� = 1.2 ~H and f
~ = 34. for SQUID 2, ~2 = .15 andF1 1 

£2 
~ = 290. The presence of the two SQUIDs modifies the 

restriction b) of Sec. III C because some charges missed 

by one SQUID could be seen by the other. The first 

charge that can be missed by both SQUIDs at the same 

time from restriction b) of Sec. III C is as high as 

580� times g . 
o 

c) A feedback circuit has been introduced for each SQUID 

with about 70% negative feedback. The output signal 

U' is then of the form shown on Fig. 3c. There is only 

one value of y for one value of U' and the determination 

dUof dy by the calibration pulse is not necessary anymore. 

However, we still use a calibration pulse in our y 

measurement to check that the SQUID is operating satis­

factorily. 

d)� The square wave current in the SQUID coil is interrupted just 

before the y measurement, turning off the SQUID operation and 

bringing the output U' to zero. After resumption of the 

SQUID operation, with the square wave on again, the feed­

back circuit will always bring the signal U' to a value 

where dU' ; 0 (solid portion of the curve on Fig. 3c).
dy 

The insensitive region around y = ± 1/4 has disappeared now. 
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e)� A run of a sample now consists of only one series of 

tests with N in geometrical progression. To insure 
p 

against equipment failures of the type mentioned in 

Sec. III B, we change the initial value Yi of y 

between each run only. 

f)� The desensitized mode is now realized via another tech­

nique. By the action of two switches, the 3 sensing 

coils can be placed in series in the circuit instead 

of the single coil mentioned up to now. Then the self 

inductance L - 722 mH, n - 3600 while M, stays the same 

for the two SQUIDs In this new condition, the values 

of f for SQUID I and 2 are about 100 and 830 respectively. 

Therefore, the desensitized mode is about 3 times less 

sensitive than the normal mode of operation. 
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Figure Captions 

1.� Schematic view of the detector. The sample is moved around the 

dashed curve labeled sample path. The superconducting circuit 

is shown with the sensing coil and the field coil connected in 

series. The magnetometer and the auxiliary coil are also shown 

inside of the cryostat. 

2.� Schematic view of the SQUID in perspective. The two vanadium 

half cylinders are electrically connected through the screw contacts 

A and B. The SQUID voltage is read and the DC bias current is fed 

using the leads connected to points C and D. The 1000 turn field coil and 

1 turn SQUID coil are wound around the assembly. The overall dimension 
3 

is� about 1 in 

3. Output signal from the SQUID 

a) Voltage between points C and D of Fig. 2 as a function of 

the flux ~ when a DC current near the critical current of 

the junctions is applied. 

b) Output U of the phase lock amplifier as a function of the DC 

component of ~ when a square wave reference current is fed 

into the SQUID coil. 

c)� Response U' as a function of the DC component of ~ when the 
r-

feedback circuit described in Sec. IV B is on. The solid 

portion is used in y measurements and the dashed portion is 

excluded as described in Sec. IV B (d). 
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