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Monopole Track Characteristics in "lastic Detectors
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Total and restricted energy loss rates are calculated for magnetic
monopoles of charge g = 137 e in Lexan polycarbonate. Range-energy
curves are also presented. The restricted energy Jcss model is used
to estimate the appearance of a monopole track in plastic detectors.
The results are applied to the event observed by Price et al., and
identified by them as a monopole. These results should also be of
use to other investiecators for both the design and analysis of

menopole experiments. .
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it has been shown that one can describe the electromagnetic
interaction of magnetic monopoles of charge g, velocity Bc with matter
by the following procedure: solve the analogous problem for electric
charges of charge Ze, velocity Bc and then make the substitution
g8 for Ze."z This ‘eads to an approximately constant energy loss rate
[(Ze/B)2 + g2)]. | will advance further arguments for this prescrip-
tion in this paper. | will also demonstrate that this result does
not imply that a magnetic moncpole of charge g = 137 e will appear
at all velocities like a minimum fonizing electric charge with Z = f37

in dielectric track recorders.

t. Elementary Treatment of Energy Loss of
Electrically and Magnetically Charged Particles

Let us first consider the electron production spectra for
electric and magnetic charges. We will consider projectiles much
more massive than an electron so that the classical kinematic limit

e s = 2 n2 .2 ., dn

of energy transfer is given by W 2 m C R v=. LEtt'"g.E;3;
denote the electron production spectrum per unit length per unit

energy, we note that

dn__ 47N do ' (1)
dwdx W dt |

" where N is the electron number density and %%T-is the differential
cross section for the scatﬁe?ing of a free electron by the heavy
particle in the center-of-momentum frame. 3%7 can be expressed as a
function of @', the center of momentum scattering anjle, by the

+

relation w =~ w_ sin? 2
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The specific enarqgy loss can be immediately calculated:

W
%% = wmax W dgzx dw
min

Atomic and quantum effects are taken into account by carefully

),

- ﬁ(bmax) where b is the impact parameter because close colli-

C ] . 3 .
considering the linits of integration.” Clearly w = w(bmin

w -
mn

sions result in the largest energy transfers, Classically, one expects

that w_ Wy, = 2 mec2 B2 v2. However, if b is small enough so that

ax

the wave packet of the electron overlaps with the (assumed massive

and hence fixed) force center, then we expect quantum mechanical
e

liml tations of the energy transfer, corresponding to bmin = R

the de Broglie wavelength of the electron in the center of momentum

frame. So Woax is the smalier of the two quantities W, and
h

}.

w(b P —
min m,vY

The maximum impact parameter is determined by the adiabatic limit.
The fields of a moving electric charge vary like (b2 + y2 vy2 t2)~3/2
where t = 0 wﬁen the charge is a distance b from the electron.3 The
symmetry of Maxwell's equations implies the same dependence for mag-
netic charges.

Hence, for both magnetic and electric charges, the field$ at the
electron are appreciable for a time t - 5;3 When t 2 %-q% being a

typical orbital time for an astomic electron), the force turns on and

of f so slewly that the electron is adiabatically perturbed with no

"net change of state. So energy transfer requires:

b< I =p
(1Y) max
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I&HUUCUNIETY‘OF
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).
Using the classical Rutherford cross section for an electric

. d 2nNZ2e "
charge In equation (1) yields the familiar result dngle = mecaszwz

and Ymin = "(bmax

{using the more correct Mott cross sectionh would modify this result

- by a factor 1 - B2 -3—). Hence for electric charges, the results can
m
be summarized as:

292,2 ‘
w “Z% 2
%%- = o 18X where w 2 = ﬂ%ﬂi_
¢ ¢ min P e
2z2¢" .
w(b) = LT {fer Rutherford scattering).

Zmeczszﬂ(2 if 2/8 > 137

w - 222ehYzme
— 2 if 2/ < 137

22%e"w?
min mev‘w2

for Z/B < 137, the case we will be considering,

dE mpzzzga meczﬁzYz

_dxle = c?B¢ In hw

This result approximates the more accurate Bethe-Bloch relation
which includes the effects of atomic or molecular binding and rela-

tivistic corrections

c22

w 2272 ) v? '

The scattering of an electron by a magnetic monopole éan'be

treated in a straightforward manner using relativistic classical

.
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mechsnics”: there are no bound states and the orbit of the electron

is a spiral on the surface of a cone. The center-of -momentum

5

differential cross section is”:

do__ 4 2 g -
aa T v 2

(sin? & -~ & cos & sin &) [(i~ - 1]

where cos gl,= T sin 6/268
r? 3
s
and § =3 (14137 mp7)

where o is the ciassical electron radius, b is the impact parameter,
and the charge of the monopole is taken to be g = 137 e. Cne can 7ind

%%7‘35 a function of w by direct computation:

dn_ _ 2mNe*(137)2
dwdx meczw2 '

(1+8)

with £ ~ .08 near Wnax {always determined by the quantum mechanical,
rather than kinematic, i1imit) falling rapidly to zero as w goes to
zero. This result is independent of velocity (from 8 = .05 to

8 = .95). Thus, we can approximate:

dn , _ 27Ne*{137)%
dwdx'm meczw2

with an error no greater than 0.5% in dE/dx. We should note that for
small scattering angles in the center-of-momenturw frame, the cross

section for a magnetic charge approaches the Rutherford cross section

‘for an electric charge with the replacement gf for Ze.
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Hence Woin mevzczy2

For .05 < 8 < .95 it is found that Wiax > .69 w_ 50

&, . m;e*usn2 . .83 mec_?s‘vz

dx'm ct ha ’

where we hgve used ge = hc, This is virtually identical to the
electrical case except for the replacement of Ze by gB.

Since our ultimate goal will be to try te estimate what rela-
tivistic electric charge will mimic a monopole (this is the appro-
priate question one must ask if one is analyzing an event in which
a particle apparently does not slow) we shéuld attempt to formulate
a consistent way of looking at the relativistic ionization of electric
and magnetic ¢harges. The method given above does not take into
account the microscopic polarizability of the medium (i.e., the
density effect) since it is based only on the microscopic collision
cross section.

Since these effects are important at relativistic emergies, we
now consider the more accurate but less intuitive approach due to
Fermi which includes these effects. Fermi's6 treatment of the energy
loss of a moving electric charge in a medium which can be characterized
by its low frequency dielectric constant (g) incorporates thesé
macroscopic effects, based as it is on Marwell's equations for the
fields of the moving charge. Fermi obtained for the energy loss due

to collisions with impact parameter greater than b:

REPRODUCIBILITY OF Ti7h
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dE wpbﬁc
(dx)b
w 22%? 2
1.123 Bc (1-8%) . -3
5282 []n ( wpb ) - 2(6-1)] ’ if B > €

By utitizing the symmetry of Maxwell's equations, and extending
Ferml's treatment to include permeability effects (this is essential
since the transcriptfon of electric resﬁlts to magnetic results
requires an interchange of £ with p) Tompkins7 obtained the analogous

result for monopoles:

w_2g? - ;
'EET' [n (1.123b£cyib'l}_%] L ifR<e ¥
P
dE
(@b

w_2g? 1 /a2 -
D2 Ll g
p

This applies to nonabsorbing, (e is real} non-permeable (i = 1) media.

For total energy loss we fet b be given by

hich wa revious!
meVY which was p iously

shown to take precedence over the kinematic limit for monopoles. To

obtain £ we note that for B < s-%, with b = mhvy’ Fermi's formula
e
reads:
2922 202.,2
dE _ w_“Z% (n 1.123 m ¢ By i Eiq
dx c2p? € % 2
hmp(e-l)

1 € ¥ _
1.123 rl“’p(e—l' =

¥t <w> (aside from the B2/2 term instead of B%). Here we will only

which is identical to the Bethe-Bloch formula with

be Interested in Lexan polycarbonate which has h<w> = 69.5 eV (the

T P
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logarithmic mean excitation energy). For Lexan, hwp = 22.8 eV, so

€ = 1.52. (This is quite different from the true low frequency
dielectric constant for Lexan, € = 3.178, showing how poorly a single-
oscillator model describes this compiex polymeric material. However,
we can safely apply this "fitted' € to the deséription of the energy
loss of a monopole, because £ relates to the properties of the medium,
not the particle.) Using g = 137 e, we obtain for the total energy

Joss rate of a monopole in Lexan:
3.00 Gev/(gm/cm?) [9.31 + 2 In Byl, B < .81

3.00 SeV/{gm/cm?} [11.09 + In By - .96/B8%], B >.81

Il. Formation of Etchable Tracks in Lexan

The reader is referred to ref. 9 for a complete description of
the principles of particle detection and identification by means of
cbservations of their tracks in dielectric selids. Unless stated
otherwise, the following information on tracks is extracted from that
reference.

When heavlly ifonizing part cles pass through certain dielectric
sclids they leave semi-pé¢rmanent records of their passage by the
formation of tracks: localized regions of intense radistion damage.
These latent tracks, being smaller than the wavelengths of visible
tight, Caﬁ'be made dbser;able by chemical etching which causes the
damaged fegion to be removed at a rate VT which is greater than the
general rate of removal VG. This results in the formation of a cone

of half angle 6 given by sin 8 = VG/VT. The cone can he observed

-8~
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through an optical microscope. The length of the cone is used to

determine V., which is then used to identify the particle.

T

Many -indels have been proposed for the description of track
formation, but none has enjoyed great quantitative success. Table
1-5 in reference 9 lists the more attrative models. At present no
particular model) fits observed data over all atomic numbers and
velocities. For Lexan polycarbonate détectors. power laws of the
form Vy = A(Z*/B)6 are used to fit the data. (Z* is the effective
charge of the nucleus; Z* + Z for large B). Since this is not derived
from some physical mode) it is not surprising that & varies from
batch to batch of Lexan, from exposure to exposure, and even as a
function of VT. Even though no firm track formation model exists,
several qualitative features are known. It seems that the primary
mechanism for track formation is electronic excitation and i .«tion
rather than atomic displécement, although the latter may be relevant
at energies of the order 1 keV/amu. It is also known that the size
of the latent track is very smali. Transmission electron microscopy
has been used in the thickness contrast mode to measure a tatent track
diameter of ~60 A for fission fragments in mica. Electrical conduc-
tance measurements of freshly etched cylinders at the time of break-
through give a pore radius of 33 A for fission fragment tracks in
mica and ~50 A for fission fragment tracks in Lexan.

Using these facts we want to make the best guess as to the
nature of the tr-ack formed Sy a monopele_with g =137 e and velocity
Bec. It is not sufficient to replace %:with 137 in the power law fit

mentioned above. This would give an etch rate totally independent of

velocity, a
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result which cannot be correct since as B —* T%? ionization, and hence
radiation damage, must cease (of course, if & = S(f) then VT = VT(B) ).
Rather than do this, we want to find the property which characterizes
a track, to calculate the nature of this property for monopoles, and
to determine the corresponding electric charges which would produce
the same etch rate.

The restricted energy loss model (see Table 1-5 of ref. 9) is
convenient in this regard. This mode! holds that the character of
the track is determined by the energy loss which contributes to deita
vays with energy less than some fixed amount. This model is attractive
because it is consistent with the observed narrow track widths. For
texan the value of the fixed amount is typically taken to be W, o= 350 eV.
(This number comes from empirical fits of accelerator data.)10 The
restricted energy loss model neglects the effects of high energy deita-
rays. Strictly, this is inappropriate. However, a 500 keV electron
deposits only ~2 eV in a typical Lexan track core, whereas a 350 eV
electron will execute a random walk and deposit all of its energy
in the core. These notions are consistent with those involving a
critical dose for track recording. It is wel! known in radiation
chemistry that organic so}ids suffer degradation (chain scission for
polymers, formation of free radicals, etc.) when subjected to intense
doses of radiationwl] Typically, if the dose is less than some criti-
cal value, little change iﬁ material properties is observed, whereas
doses exceeding the critical value lead to extremely rapid deterioration
(this is even true for human beings; there is a fine iine between

apparently mild radiation sickness and almost certain death). If one

-]O-



assumes that latent track formation is determined by the size of the
cylinder in whichk a critical dose is attained, then it seems reasonable
that high energy §-rays can be neglected in evaluating track formation.
There are relatively low numbers of these high energy electrons and
thelr energy is dissipated over much larger volumes than is the energy
of low energy electrons.

We let %5]350 denote the restricted energy loss for a monopole

in Lexan. The impact parameter corresponding to 350 eV i b . ~-Jl-—-

min W
e o
where Wy ™ 350 eV. This is so because if the impact parameter were

smaller than this, the uncertainty principle would imply that we couldn't

" know that the energy transfer was less than W In order that we treat
electric .and magnetic charges consistently with respect to each other
we will take b = l;l}énﬂ.. The factor 1.:23 is introduced to get
min ” Vg

agreement with a quantum mechanici® treatment of restricted energy loss
for electric charges (see ref. 3, p. 442). Since the minimum impact
parameter is determined from quantum mechanical kinematic constraints,
it is the same vor both electric and magnetic charges.

inserting this value for bmin into Tompkins' formula we have for

a monopole in Lexan:

bmin = 0,117 A

3.00 GeV/(gm/em?) [5.90 + In Byl, B < .81

dE
(327350

3.00 GeV/(gm/cm®) [7.68 - .96/8%}, g > .81

For relativistic electric charges we obtain from Fermi's formula:

d, () 2 e
(3;)350 = 1.08 Z* MeV/(gm/cm?)
T REPRODUCIBILITY OF THE
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Thls.result is in agreement with Eq. 13.80 of ref. 3.

We now define the effective electric charge Z by
1.08 Ze2 MeV/{(gm/cm?) = (%59350 (B). Z_ is the atomic number of a
relativistic nucleus whlifr would produce a cone identical to that of
a magnetic monopole of speed B.

Figure 1 gives the functional dependence of Ze on B. In Figure 1
we also plot the restricted and total e;ergy loss rates for monopoles
with g = 137 e in Lexan. It is seen that at £ = 0.0l ionization
reachés a very low level. The precise way in which %E-approaches zero

“is difficult to calculate. Nevertheless, at these low velocities
energy losses due to collisions with nuclear Coulomb potentials and
with the diamagnetic repulsive potentials of the inner core electrons
of atoms dominace. |t is these elastic collisions which rapidly ther-
malize the monopole. The curve for total energy loss may also be in
srror at large 3: at R = .95; b = h/mevy = 0,33 h/mec < h/mec, 50
our treatment of close collisions is suspect if relativistic quantum

efifects are important.

gy

By integrating (dx‘total

we can find range energy curves for

monopeles of various masses:

R(B) = ch I-OI B8 dB
8 (-2 £ (p)

We choose B = 0.01 as the lower limit on velocity since this is the
effective limit for ionization. For any ionization-sensitive instru-
ment, this is the effective end-of-range, since further motion will

not register.

-]2-



In Figure 2 we plot R(B)/Mc? as a Tunction of Y -1. Note the
glight upturn in this function at low velocities due to the decreased
energy loss rate.

iIf one assumes the restricted energy loss model to be acecurate,
then the principal sources of error in our calculations are uncer-
tainties in wo'and e as well as the usual problems with calculating
‘gg-(are close and distant collisions treated properly?). Jackson12
has estimated that tnese model independent errors cause an uncertainty
in Ze of £ 5 charge units at every velocity. Of course, we cannot
place a numerical degree of uncertainty on the model dependent errors,
since we don't know what the true behavior is. Hence, knowledge of

the true track formation mechanism is needed to evaluate the overall

accuracy of our results.

111. Applications to the '"Munopole' Event

Pricz, et a].I3 have recently reported a cosmic ray event which
they interpret as a moving magnetic monopole {8 = .5) traversing their
detectors. Figure 2 of ref.l3 indicates the apparent'atomic number
Ze to be 137. Subsequently, experimental calibrations with fron cosmic
ray nuclei have reduced the measured effective charge to ~121.

Figure 2 of this paper indicates that this iatter value is consistent
with a monopole which has B = .5. .

In Figure 3 we plot the data of Price, et al. with a slight
modification, The scale for the depth has been changed tc agree with
corrections subsequent to ref.13 invelving the construction of the

detectors. Also, we make no distinction between the triangles and

_13_



solid black dots (20 hr. and 20 hr. etch times) since the respective
iron calibrations ary reported to shaw no systematic differences
between the two sets of data.lh

If one assumes that the curve which fits the data best is
smooth (i.e., that the event is not a fragmenting nucleus, which case

has been treated elsewhere)15 then the best fit curve is the straight'

line:
= - x l.‘l...__ ==
Vo {2.91 - .0406 657255) i (X = depth)

The error at 1 standard deviation on the slope is * .0658 E%%%%E
If the event truly was a monopole, one can place limits on the
mass (which are considerably more stringent than that of 200 mp in

ref. 13 by requiring that the slope be within an appropriate con-

fidence interval. We have

dv av

T_%% 4 g
dx d8 dE dx°
1f we assume V dE 2 consistent with power law fits of the
T = ‘dx’350° P

form vy ~ 6%)“ (ref. 13) then: Vp = K(5.9 + In 2Y)? where K is a

constant determinad by the data.

dv

T. dg 1
W 2K(5.9 + 1In BY) d3F = e TRy with
dE _ GeV _
o= "3 557——2 [9.31 + 2 In Byl,

assuming B < .81, which is greater than the limit demanded by the
13

published interpretation of the Cerenkov film evidence.

~14- |
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dv 2
R Y 1 GeV
In 2K(5.9 + In By) B EETE?T‘X 3 557;57‘[9-3! + 2 1In By]

dv -
T _ _, Gev i . _u/hr
et v 8.7'@;5 (9.31 + 2 In Bv) am/cm?

If the event is a monopole, its slope must be less than 0. At

- u/hr
. n -.106 EE?EET'
This means that %&V > g%? (9.31 + 2 In By) at the 84% confidence level.

Some examples are:

the 84% confidence level, its slope cannot be less tha

1200 GeV if B = .4

875 GeV if B = .5

Mc? >
611 GeV if B = .6
396 GaV if b = .7

6

These large masses are consistent with the suggestion by 't Hooft1
that certain gauge theories imply the existence of monopoles with rest
mass on the order of 137 Mw, where Mw is. the mass of the weak intermedi-
ate vector boson.

. vs, X for various

In Figure 3 we sketch approximate curves of VT

masses at § = .E.

IV. Revelancé of Results to Monopole Search Expsriments

The results of this paper have direct bearing on two classes of
monopele experiments: those which loeok for moving magnetic monopoles
with ionization sensitive instruments and those which look for trapped

monopoies by extraction from minerals with magnetic fields (which

_]5...
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invariably use ionization sensitive instruments for the detection

of the monopoles after extractionj. For both types of experiments,
care should be taken that gains and thresholds of the ionization
sensitive detectors are adequate for the conditions of the experiment
(for example, Lexan polycarbonate would not even detect monopoles if
B £ .05, because of the reduction of specific energy loss at low
velocities). One should also consider the effects of the possibly
huge mass of the monopole with regard to an extraction type experi-
ment. |f the mass is large there could be two consequences: 1) The
monopole would not follow field lines if it was rigid enough;

2) extracted velocities might be insufficient to trigger ionization

detectors.
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

Total and restricted energy loss rate for monopole with
charge g = 137 e in Lexan. Ze(B) is the electric charge
with B8 = | which would produce a track identical to that

of a monopole with velocity Bc. |

Range - Energy curve for a magnetic monopole with g = 137 e
in Lexan.

Data of the event observed by Price, et al. Superimposed
are curves of etch rate vs. depth which one would expect

for a monopole with mass 200 GeV, 600 GeV.
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