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Mass dependence of searches for fractional charge in matter using ion-beam techniques
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If free quarks or other fractionally charged particles can exist, they should be present as a low pri-
mordial or cosmic-ray-produced concentration in terrestrial matter. The most sensitive searches
have been dependent on the detection of anomalous ions by silicon-barrier or electron-multiplier
detection systems, in which the dependence of energy transfer on ion velocity results in a decrease
of detection efficiency with increasing mass, leading to a cutoff in observable particle mass for a
given accelerating voltage. The factors governing this mass dependence are discussed, with illustra-
tive calculations for a number of typical experiments. It is shown that the reported concentration
limits are valid up to typically 10—100 proton masses for anomalous particles either in the free state
or attached to low-Z atoms, but with lower sensitivity and reduced mass limits if bound to heavier
atoms. The prospects for improving mass limits in future fractional charge searches are discussed.
It is concluded that the detectable mass range could in principle be extended by several orders of
magnitude in this type of experiment, and that in the case of positive ions of sufficiently high elec-
tron affinity the "potential mechanism" of electron ejection might provide a basis for fully mass-
independent detection (although at the expense of a direct fractional-charge signature). The problem
of pre-enrichment of the sample material is also considered, and a general method of estimating the
mass dependence of electrical extraction techniques is given.

I. INTRODUCTION

The success of the quark model of hadrons continues to
focus attention on the problem of fractional electric
charge. The failure to produce free quarks at current ac-
celerator energies has led to the conjecture that they may
exist only in the confined state, in combinations of in-
tegral total charge. Nevertheless, since the bound quark
charges are in units of ej3, it remains possible that at
some level of substructure or energy it may be possible to
create new types of free particles (e.g., isolated quarks,
quark matter, quark or lepton subconstituents, etc.) which
possess fractional electric-charge values.

Searches for fractionally charged particles in terrestrial
matter are based on the fact that at least one of any such
particles would be absolutely stable, and may therefore ex-
ist (probably in combination with electrons or atomic nu-
clei) as a natural abundance of one or both of the follow-
ing types (a) a small primordial or cosmic-ray-'
produced concentration in at least one of the common ter-
restrial materials (water, air, rocks); (b) a geochemically
concentrated abundance associated with specific elements
having a chemical or crystallographic similarity with, or
affinity for, the anomalous atoms.

The most sensitive matter searches so far reported have
been based on the extraction of any anomalous ions from
the material under investigation and their subsequent ac-
celeration on to silicon-barrier or electron-multiplier
detection systems. In these, the detection efficiency de-
creases with increasing particle mass (decreasing particle
velocity), the signal eventually falling below background
to give an effective cutoff in observable mass at typically
10—10 proton masses. However, it is now apparent that
the mass scales associated with new particles may be very

much higher than this —up to even the "grand unifica-
tion" mass level —10'5 GeV—and that new-particle
searches must thus attempt to cover a much wider mass
range. The purpose of this paper is to discuss the factors
which limit the detectable mass in ion-beam experiments
for different types of fractionally charged ion (including
the effect of attachment to high-Z nuclei) with illustrative
calculations for the most sensitive published experiments,
and to assess the possibilities for future improvements in
the mass range of this type of experiment.

General principles leading to approximate mass limits
for electron release in a detector are discussed in Sec. II,
together with a summary of the principal fractional-
charge searches using ion beams. In Sec. III, the mass
dependence of experiments based on detection with an
electron multiplier is discussed in more detail. There are
two principal mechanisms for electron release: "kinetic"
ejection (which is mass dependent} and "potential" ejec-
tion (which is mass independent}. With the aid of values
of electron affinity for fractionally charged atoms es-
timated by I.ackner and Zweig we show that the latter
mechanism, although not applicable to previous experi-
ments, could make possible mass-independent detection of
a significant proportion of possible fractionally charged
atoms. In Sec; IV, the mass dependence of experiments
based on silicon-barrier detectors is considered. For these,
two types of mass limits are calculated: an ultimate limit
set by the detector noise, and the reduced-mass range
achieved by restricting the search specifically to the ener-

gy region appropriate to —,
' or —', the accelerating voltage

(as a signature for fractional charge).
Our illustrative calculations show that past searches for

fractional charge in ion beams have, in general, been sen-
sitive to anomalous-particle masses up to 10—10 GeV,
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sometimes extending to 10 GeV at reduced sensitivity.
However, there is a significant dependence on the type of
ion assumed, and in some cases fractionally charged parti-
cles attached to high-Z nuclei would not have been ob-
served. We show that experiments designed to operate
down to the detector noise limits could reach masses in
the region 10 GeV for an accelerating voltage V=10 V
(increasing essentially linearly with V), but it would be
difficult to improve significantly on this except in the case
of ions with an electron affinity high enough for the po-
tential electron ejection mechanism to be applicable.

The investigation of low-concentration levels in this
type of experiment may require also the collection of ions
from a large volume of source material, and their concen-
tration on to a small test sample (e.g. , an ion-source fila-
ment). In Sec. V this process is analyzed by means of a
simple model which enables general estimates to be made
of the dependence of collection efficiency on particle mass
and processing rate, assuming the use of extraction
methods based entirely on the interaction of electric fields
with the hypothetical fractional charge. An additional
factor, the probability of release of the anomalous ions
from the source filament, is not discussed in this paper.

The principal alternative method of detecting fraction-
ally charged particles, based on the direct measurement of
residual electric charge on small isolated (e.g., levitated)
samples of bulk matter, is independent of particle mass,
but so far relatively small quantities of material have been
investigated in this way — of order 10 to 10 g for wa-
ter, ' oil, mercury, ' carbon, " iron, "' and niobium. ' '
These are thus relevant to abundances of type (b) above,
but have not yet explored the quantities necessary to test
for abundances of type (a), i.e., typically 1—10 g or more,
assuming the upper limit for anomalous particle produc-
tion in cosmic rays, ' with the resulting ions accumulated
in the sea during the lifetime of the earth. However, in
combination with electrical concentration procedures it
may be possible to apply the levitation technique to reach

these much lower concentration levels, and, in view of the
mass limitations of ion-beam searches discussed in this
paper, this would appear to be a more satisfactory stra-
tegy for future searches for fractionally charged particles.

II. GENERAL PRINCIPLES AND APPROXIMATE
MASS LIMITS

The experimental searches which we consider are those
based on the detection of rare charged particles by concen-
tration and capture on to a small filament, followed by
heating of the filament and acceleration of the emitted
ions by a voltage V on to either an electron-multiplier or
silicon-barrier detector. For convenience, we refer to the
fractionally charged particles, either free or combined
with electrons or atoms, as Q-ions, the total ion mass be-
ing denoted by M~.

For illustration, the techniques used in the most sensi-
tive searches of this type are summarized in Table I, the
first two ' being searches in common terrestrial (and lu-
nar) materials, the second two' ' being specific searches
in niobium and other metals, stimulated by the apparent
positive result reported by the Stanford group. '

One type of experiment (A in Table I) used an electron
multiplier as a detector, which provides a high sensitivity
through the observation of single electrons released from a
detecting surface, but gives no direct information regard-
ing the charge of the incident ion. The other group of ex-
periments (B in Table I) used silicon-barrier detectors, re-
quiring the excitation of several thousand electrons and
therefore of lower inherent sensitivity, but having the ad-
vantage that they register the energy deposited and would
thus provide an identifying signal —,

'
Ve or —', Ve for frac-

tionally charged ions.
In both cases, increasing M~—and hence decreasing

velocity for a given V decreases the energy transfer to
the electrons, leading to an eventual cutoff mass above
which the Q-ion would not be registered by the detector.
The approximate mass ranges for which this would hap-

TABLE I. Summary of detection techniques used in ion beam Q-ion searches.

Authors

Chupka et al.
(Ref. 5)

Accelerating
voltage V

(kV) Detector

Electron
multiplier

Technique

Preconcentration on to
filament. Search for abnormal
negative-ion emission from
heated filament

Material

Sea water
Air
Meteorites
Sediment
Lunar rock

Co
g-ious/g

1
10-'
10
10
10

Cook et al.
(Ref. 16)

Silicon
barrier

Preconcentration on to filament.
Search for negative ions of
anomalous Ve from heated
filament.

Sea water
Rocks

1

10

Schiffer et al.
(Ref. 17)

—1000 Silicon
barrier

Direct heating of sample.
Search for positive ions
of energy —, Ve

Niobium
Tungsten
Iron

10

B3 Kutschera et al.
(Ref. 18)

—700 Silicon
barrier

Direct heating of sample
Search for positive ions
of energy 3 Ve or —, Ve

1 2

Niobium 10
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pen will be calculated in Secs. III and IV for each class of
experiment and for various possible types of Q-ion. Note
that, in the case of the silicon detectors, there may be a
substantial difference between the limiting mass which re-
sults from a restriction of the search to kinetic energies in
the vicinity of —,

'
Ve or —', Ve, and the higher limiting

masses which would be observable if the charge signature
were sacrificed and anomalous signals investigated at all
energies down to the typical 10-keV detector noise level.

Both detection techniques depend on the observation of
electrons promoted across an energy gap by energy
transfer from the accelerated ions, and a general indica-
tion of mass limits can be obtained from simple kinematic
considerations: if we suppose the target electrons to be
free, and the Q-ion mass M~ &&m, (electron mass), then
the maximum energy transfer in a (nonrelativistic) quark-
electron collision is

E=2m, ug (u~+ u, ),
where u~, u, are the velocities of the quark ion and the
electron.

For u& below some threshold velocity uo, E &E~ (the
gap energy) and excitation cannot occur. From (1) we
would have

vo-—,'
[(ue +2Eg/m, )'~ —u, ]

=[(E,+E,)'"—E, '"]/(2m, )'" .

For typical ranges of Fermi kiiietic energy (5—10 eV) and
work function or energy gap (1'—4 eV), (2) suggests values
of uo in the region ( —,

' —2)X10 cms '. Thus for quark
ions of charge q, accelerated by a voltage V to a velocity
u~

——(2q V/M~)'~, the requirement u~ & uo gives a detect-
able mass limit

three main features which are broadly confirmed by ex-
perimental results: the existence (and approximate magni-
tude) of a threshold velocity uo, a linear increase of elec-
tron yield with ion energy near this threshold; and a linear
increase in yield with velocity well above threshold.

Experimentally determined threshold velocities range
from about 3X10 cms ' to ~10 cms ', which corre-
spond to mass limits given by (3) with (for various
ion/target combinations)

10&L, &200.

This rather wide range arises partly from experimental
uncertainties and partly from the dependence of vo on in-
cident and target nuclear charges Z] and Z2. Parilis and
Kishinevskii obtain an approximately constant value for
uo [(6—7)X10 cms '] for —, &Zi/Z2&4; as Zi and Z2
figure symmetrically in their model, one would expect any
Z dependence of uo at more extreme values of Zi/Z2 to
be essentially symmetrical about Zi/Z2 ——1, though for
Z& or Z2 small the underlying Thomas-Fermi statistical
assumptions break down. Baragiola et al. expect uo to
decrease with increasing Zi. The majority of experimen-
tal data is for Zi/Z2 &1, with the lower values o'f vo
(larger L) obtained for Zi -Zz, and higher values of uo
(smaller L) for dissimilar Z, consistent with either of the
above models. We use this approximate trend to indicate
in Table II the resulting mass limits for low-Z Q-ions
(bare Q or Q +e) and for typical ( Q + atom) ions.

Mi is, of course, the mass at which the detection prob-
ability becomes zero; for masses below Mr, the detection
probability is essentially the same as the electron yield y
(for y & 1). From experimental data summarized in Ref.

Mg &Ml =L (q/e) V, (3)

where M~, ML are in GeV, V is in kV, and L is a con-
stant in the approximate range IG

5 &I &50.

III. MASS DEPENDENCE
OF ELECTRON-MULTIPLIER DETECTORS

(4)

A more detailed assessment of the effect of ion mass on
detection efficiency can be based on the results of a num-
ber of theoretical and experimental studies of secondary
electron emission as a function of incident ion veloci-
ty. ' ' These indicate two distinct mechanisms for elec-
tron ejection: kinetic ejection, where the required energy
is provided by the kinetic energy of the incident ion, as as-
sumed in Sec. II; and potential ejection, where the re-
quired energy is obtained from the electron affinity of the
incident ion—and is, therefore, independent of its velocity
and mass.

Parilis and Kishinevskii proposed a model in which
kinetic ejection is dominated by Auger processes involving
bound electrons rather than the direct ejection of quasifree
electrons. More recently, however, Baragiola et a/. have
obtained better agreement with experiment using essential-
ly the simple model of Sec. II. Both models agree on

~ I

~ Gl

~ G[

!v!g /!vI L

FICx. 1. Expected dependence of electron yield y on total ion
mass for kinetic ejection. The approximate lower and upper
limits are based on experimental data for a range. of normal ions
on various surface materials.
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TABLE II. Variation of detection sensitivity with anomalous particle mass for experiment type A of Table I (electron-multiplier
detection). Q denotes fractionally charged particle, Q +e—:positive Q + bound electron, Q +3—:atomic ion containing positive or
negative Q bound to nucleus of charge Ze.

Accelerating
voltage

(kv)
Type of

anomalous ion

Total Q-ion mass (nucleon masses) for relative detection
efficiency y and total (negative-ion) charge —q.

y=0. 1 y=0
(cutoff)

+ 15 Negative ions .
Q or Q+e (10—40)q

(20—80)q

.(60—240)q

(120—480)q

(300—1200)q

(600—2400)q

19 together with the theoretical energy dependence of y
we find, approximately,

y = Cy(MI /Mg —I )/cosa, (6)

where a is the angle of incidence of the ion trajectory, and

C& is a constant which depends on the incident ions and
surface material.

Observed values for Cz are in the range 0.01—0.2, and
the resulting variation of y with M~/ML, given by (6), is
shown in Fig. 1 (for cosa= 1). Since there appears to be
no consistent dependence of Cr on Z& and Z2, we use the
mean of the experimental range to arrive at the likely
variation of sensitivity with mass shown in Table II.

In contrast to the kinetic mechanism, the potential
mechanism for electron ejection results from a distortion
of the atomic potential as the ion approaches the surface.
It is thus effective even at low incident velocities, and
hence -independent of M~, but does require that
E, —2P) 0, where E, is the electron affinity of the in-
cident ion and P is the work function of the target sur-
face. This condition immediately rules out the potential
mechanism for the negatively charged g-ions sought in
experiment A of Table I, since these will, in general, have
negative values of E, .

More generally, the prospects for the mass-independent
detection of heavy positive ions can be assessed from the
discussions of potential ejection by Kishinevskii and
Baragiola et al. ,

' who find that the yield dependence on
E, can be fitted by expressions of the form

y ~ (0.8E, —2P). Thus useful detection efficiencies might
be achieved for E, & 2.5P; for selected materials, P could
be as low as 2—2.5 eV, so that electron affinities greater
than about S—6 eV are needed. The significance of this is
shown in Table III, where we summarize the calculations
of E, by Lackner and Zweig for elements with fractional
charge added to the nucleus. The four cases tabulated
correspond to atoms with modified nuclear charges Z+ —,,
Z+ —', , together with an appropriate number of atomic
electrons to give an overall positive charge + 3 or + 3 .
We see that for the case of an overall charge + —, only a
few elements would have a sufficiently large E„but for
overall charge + 3 about 30—40% of the periodic table
would be expected to have E, & 5—6 eV, including many
of the more common elements such as carbon, nitrogen,
and oxygen. Thus this mechanism may justify further
study as a possible means of detecting some of the likely
fractional-charge combinations in a mass-independent
way. Of course, in all cases there is the option of increas-
ing E, by multiple ionization, but the need to discrim-
inate against the increased background of normal ions
then becomes a significant (although not insoluble) prob-
lem.

IV. MASS DEPENDENCE OF SILICON-BARRIER
DETECTORS

We consider now experiments of the type 8 in Table I,
which were based on the use of solid-state (silicon-barrier)
detectors. In this case E~ is the energy gap between

TABLE III. Distribution of electron affinities in the periodic table, for fractionally charged atoms or ions of overall charge + 3 or

+ 3. The figures are taken from the tables of Lackner and Zweig (Ref. 6), using their interpolated value of electron affinity E, or
ionization potential E; as indicated.

Charge
Atomic

Nucleus electrons

Z+31

Electron affinity
Total obtained from

E, for Z+ —,
1 1

Number of elements with electron affinity (eV) exceeding
3 4 5 6 7 8 9 10

2Z —
3

—(Z —1) +3 E; for Z —
3

Z+32 2+3 E, for Z+3
92 92 23 13

Z ——1

3
—(Z —1) + —, E; for Z ——,

'
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FIG. 3. Energy loss to electrons in Si detector as a function
of mass M for experiment B2 of Table I [Schiffer et al. (Ref.
17); positive ions; accelerating potential + 1 MV]. Notation as
Fig. 2. The three energy intervals for which count values are
recorded in Ref. 17 (0.36—0.42, 0.30—0.36, and 0.24—0.30 MeV)
are indicated by A, 8, and C. Also shown is a hypothetical 10-
keV noise limit.

%02

M(GeV)

I ) I

10 10 10

M
Q 1

3

Q+s+CM 12

10 ——
T(keV)

(a)

FIG. 2. Energy loss to electrons in Si detector as a function
of anomalous mass M for experiment Bl of Table I [Cook et al.
(Ref. 16); negative ions; accelerating potential + 50 kV] for (a)
positively charged and (b) negatively charged Q-ious. (Incident
ion denoted by Q» +Ez, where Ez is the host atom and q is the
fractional charge of Q. )

Q+& +Fe2~s

i I

10 10 10 10 10
M (GeV)

valence and conduction bands (1.1 eV for silicon) so that
the threshold velocity vo might be expected to be rather
lower (and hence ML rather higher) than in the previous
case. However, whereas an electron multiplier can detect
the emission of a single electron (with the background
problem essentially that of discriminating against normal
ions) the solid-state detectors require the excitation of
several thousand electrons to produce a voltage pulse (pro-
portional to the total excitation energy) above their back-
ground electrical noise. Moreover, two of the experiments
(82 and 83) looked specifically for particles whose energy
deposition was in the region of —,

' or —', of the energy of
singly charged ions. This further restricts the detectable
mass range since, as the particle velocity decreases, an in-
creasing proportion of the energy is lost by elastic recoil
of the target nuclei rather than by electron excitation. We
use the standard theory of energy loss by slow ions to es-
timate the observed energy deposition (i.e., that fraction of
the energy lost in electron excitation) as a function of M
( =M12 —A, the extra mass of the atom). Details are given
in the Appendix, and the results are summarized in Figs.
2—4, taking as examples each of the accelerating voltages

Q+gs
QM +C12 =—

+3"

io'g—
I—

T(keV)

10 I-
——

1 I kl . I . I. l l.l~
10 10

M(GeV)

104
I I

10'

FIG. 4. Energy loss to electrons in Si detector as a function
of mass M for experiment B3 of Table I [Irutschera et al. (Ref.
18); positive ious; accelerating potential + 700 kV] for Q charge
(a)+ 3; (b)+ 3. Notation as Fig. 2. The horizontal lines at
200, 100, and 80 keV (experimental cut-off) indicate the as-
sumed energies corresponding to @=1,0.1, and 0 in Table IV.
Also shown is a hypothetical 10-keV noise limit.



1182 J. D. LE%'IN AND P. F. SMITH 32

used in the silicon detector experiments listed in Table I.
For each accelerating voltage, the measured electron ex-

citation energy Em has been estimated in two alternative
ways: (a) a lower limit obtained by calculating the total
energy lost in electron-electron collisions for which the
energy transfer exceeds the l. l-eV energy gap; and (b) an
upper limit obtained by adding to (a) energy transfers
& 1.1 eV to electrons by recoil Si nuclei (assumed quasi-
free).

These two energy limits are computed as a function of
M for several types of possible Q-ion (bare Q,
Q+ electron, Q+ atom) and used to obtain the limiting
mass ranges listed in Table IV. Two types of mass limit
are shown: (1) the mass Mf for which the excitation-
energy E~ is within about 10% of the expected
fractional-charge value Ef, i.e., —, or —, of the full energy
Ve for singly-charged ions; and (2) an ultimate limiting
mass M„ for which E would fall below the inherent
noise level E„of'the detector (of order 10 keV).

Mass limit (2) is, in general, more difficult to achieve
since it involves the identification and exclusion of all
anomalous signals in the range E„&E &Ef. Of the ex-
periments in Table IV, limit (2) applies to the lower-
energy experiment B1, while limit (1) applies to the
higher-energy experiments B2 and 83 which investigated
principally the energy region around Ef. These experi-
ments would also have observed anomalous signals of suf-
ficiently high counting rate in part of the range E &Ef,
extending their mass range at reduced sensitivity as indi-

E~ ( nE~, nM) =nE~ (E~,M) .

It is also clear that the detector response drops to zero in
accordance with (3) (ML —LE~) with, approximately,

I

50&L, &200 . (8)

cated in Table IV.
The results are consistent with the estimated mass lim-

its —10 GeV for the specific case of Q- or (Q+e)-ions
(q = ——,

'
) in Bl (Ref. 5) and —10 GeV for Q-ions

( q = + —, ) in B3 (Ref. 18); no estimates were previously
made for the remaining cases in Table IV, in particular
for the sensitivity to Q+A ions.

Note that the Z dependence of mass limit (2) for
( Q + atom) combinations arises principally from the
200-A gold layer which is added in order to make electri-
cal connection to the detector surface, and which we have
included in the computations. If this could be substantial-
ly reduced in thickness (e.g., by a factor of 10), the figures
given for mass limit (2) in the case of the Q+3 ions
would rise to the same order as those calculated for the Q-
or ( Q +e)-ions.

Experiments using higher accelerating voltages (e.g. ,
3—10 MV) are proposed, and to illustrate the typical in-
crease in detectable mass range for such experiments we
show in Fig. 5 the computed mass dependence of the elec-
tron excitation energy for various Q-ion energies E(2. It is
evident that for accelerating voltages above about 1 MV
the curves scale linearly with E&.

TABLE IV. Variation of detection sensitivity with anomalous particle mass for type 8 experiments of Table I (silicon-barrier
detection). Ion types Q, Q+e, Q+3, as for Table II. Column y=1 gives approximate mass limit for maximum detection sensitivi-
ty. The two limiting mass levels under y =0 correspond to (1) observations at 3 Ve or —, Ve or (2) observations down to detector noise

limit, as discussed in text. NS indicates no signal at this efficiency level.

B1

V

(kv)

+ 50

Type of
anomalous ion

(total charge qe)

q = —
3

—10

Anomalous mass (nucleon-masses)=total mass-atomic mass
for relative detection efficiency y

y =0.1 y =0 (cutoff mass)
Mass limit (1): Mass limit (2):

searches at —, Ve Noise limit

or —Ve
2
3

—16

q = —
3

Q+e
Q+A (Z=l)
Q+A (Z)2)

. Q+e
Q+A (2'=3)
Q+3 (Z&5)

7
3

NS
40—60
50—80
10—30

NS

—12
-6
NS

50—80
70—100
20—40

NS

B2 q=+3 Q
Q+A (Z=6)
Q+3 (Z =26)

20—40
NS
NS

90—120
4—10

NS

100—150
10—20

NS

4X10'—2X104
2X10'—1X10'
5X 10 —6X 10

B3 q=+ 3

q=+ 3

Q+& (Z=6)
Q+A (Z =26)

Q+A (Z=6)
Q+3 (Z=26)

20—50
NS
NS

300—500
50—150

NS

200—400
20—50

NS
800—1500
200—600

0—100

300—600
40—100

NS
1000—2000
300—900

10—200

2X 10 —1X 10
5X10'—3X10'

30—130
6X10'—5X104
3X10 —3X10
1X 10 —2X 10"
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further development of ion-beam search techniques ap-
pears less appropriate for future experiments than im-
provements in sensitivity of direct-charge measurement by
levitation or free-fall techniques.

In either case it is necessary to consider the general
question of the efficiency and mass dependence of any ini-
tial concentration or extraction processes, which may be
included in these experiments both to increase sensitivity
and to transfer the Q-ions to a more suitable ion source
material (e.g., a metal filament). Experiments of type 82
and 83 of Table I require no such processes, since the
samples under investigation are heated directly in the ion
source. The concentration limits in experiments of type A
and 81 however, are calculated on the assumption of
essentially complete (e.g., 80—90%) extraction of Q-ions
from a relatively large initial volume of sample material.

The extraction of hypothetical particles was carried out
in A by ion exchange and other chemical processes, and in
Bl by various arrangements of electric fields. In each
case we can assume an ion extraction rate dn jdt propor-
tional to the instantaneous ion concentration c:

dn/dt =R~c, (9)

Ioz 10 104
M(GeV)

IO' 10e 1O'

FIG. 5. Energy loss to electrons in Si detector as a function
of mass M and Q-ion energy Ett for "nuclear" charge (a) 3; (b)

26+ 3. f =1—c/co=R&l(R&+R&) . (10)

where Rz is a processing constant equivalent to the
volume per second from which ions at the initial concen-
tration co could be fully removed by the extraction pro-
cess. Then, if the material is passed through the system at
a throughput R, (cm s '), the equilibrium extraction ef-
ficiency f, will be given by

Consequently the mass limits of either type (1) or type (2)
above increase linearly with E~.

Figures 5(a) and (b) also show that the Z dependence of
the mass limits decreases as E& increases, becoming negli-
gible above a few MeV—this reflects the decreasing rela-
tive energy loss in the gold layer.

V. ENRICHMENT EFFICIENCY; CONCLUSIONS

We have given a general analysis of the factors govern-
ing the mass dependence of fractional-charge searches
based on direct detection of anomalous particles in ion
beams, illustrating the theory with some specific experi-
rnents of this type. These examples show that quoted con-
centration limits apply to anomalous masses up to typical-
ly 10—100 proton masses, the limit depending on the type
of Q-ion assumed. In the case of (Q+ atom) combina-
tions, the limit, for silicon-barrier detectors, decreases
with increasing Z, and Q-ions formed with heavier atoms
would not have been detectable. We have also found that
ion-beam searches could in principle be designed to reach
masses in the region 10 V (kV) proton masses, but that ful-
ly mass-independent detection (via the "potential ejection"
mechanism) would be possible only in the case of positive-
ly charged Q-ions of sufficiently high electron affinity-
and with the loss of the direct-energy signature for frac-
tional charge. %'ith increasing theoretical interest in the
possibility of very high particle-mass levels, therefore, the

Thus for high efficiency it is necessary to maintain the
condition R, &&R& throughout the mass range covered by
the detection system.

As a specific illustration of this, we can make some ap-
proximate estimates of Rz and its mass dependence for
the electric-field extraction schemes used in experiments
of type 81. Corresponding calculations have not been at-
tempted for the ion-exchange process adopted in A, but
the principles should be somewhat similar. In general, the
electric-extraction techniques used by Chupka et al. in-
volved passing a carrier gas containing the hypothetical
ions through a region of electric field created around a
collection electrode. Details vary with the type of sample:
in the case of solids (rocks, sediment, etc.), the heated
sample was flushed with argon gas which then flowed
through the electric field and past the collecting filament;
water samples were first vaporized, diluted with argon
gas, and then treated similarly, any solid residue being
heated strongly and flushed with argon; air was first
passed through a large volume electric field, the collection
electrodes then being heated and flushed with argon for
transfer to a small collecting filament as before.

In each case the volume extraction rate R~ for M~~0
will be governed simply by the ion velocity u; (given by
the product of ionic mobility p and electric field E) at the
collecting surface of area S:

R& ——U;S =pES .
For simple collision processes, mobility would be propor-
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(Mg/e)x'+(1/p)x =E,
the time constant ~ is given by

(12)

r=pMg/e=10 ' p(Mg/Mp)

=10 ' (Mg/Mz) s for p —1 cm s 'V

tional to charge, whereas in the presence of polarization
and/or clustering effects ionic mobilities in gases become
essentially independent of ion charge. Thus in either
case one would expect mobilities of fractionally charged
ions to be of the same order as those for normal ions
(p & 1 cm s ' V ') giving an ion velocity & 10 cm s
for a typical electric field of 10 V cm ' (Ref. 26). Hence
(assuming a collecting area S-0.01 to 0.1 cm ) typical
values of R~ are in the range 10—10 cm s '. Thus pro-
vided the gas flow rates are kept much lower than this the
criterion R, «R~ for high-extraction efficiency will be
satisfied, at least for low Mg.

To estimate the dependence of Rz on Mg, we note first
that the ionic mobility itself depends principally on atom-
ic or molecular size, and the principal effect of an
anomalously high mass would be to increase the time con-
stant for the attainment of the limiting ion velocity.
From the equation of motion,

mass-limited ion-beam experiment for future high-
sensitivity fractional-charge searches.

APPENDIX

(Al)

i.e., with m, =0.5 MeV and taking E, -5 eV,

T (eV)=2x (x —10' cosO),

where

x =[Eg (keV)/Mg (GeV)]'~

Hence T& 0 for Oo & 8 & m —80, where

(A2)

The illustrative curves of Figs. 2—4 were computed us-
ing a range-energy program based on the theory of Lin-
dhard et al. The total energy lost to electrons is accu-
mulated through the range, with the fraction of this loss
which occurs in collisions transferring more than Ez es-
timated as follows: the energy transfer in a (nonrelativis-
tic) collision between a Q-ion of mass Mg, kinetic energy
Eg, and a (free) electron (m„E, ) with angle 8 between
their initial trajectories is, for M~ &&m„E~ &&E,

MgE,
cosO

m, Eg

(where M~ is the proton mass).
The extraction efficiency (10) is modified by (12) to

f, /(1 f, ) =(R /R, )[—1 r+r exp( ——1/r)]

(13)

(14)
0~—arc cos

x Es/2x—
10'~'

80—arc cos(x/10'~ )

and T & E~ eV for 0] & 0 & ~—0&, where

(A3)

(A4)

with

r =(R, /R~)(~ jt, ) —=rjt„,
where

with, of course, the provisos 80——0 if x & 10; 8~ ——0 if
(x —Es/2x) & 10'~; and 8& ——~ if (x Es/2x) & —10'—~ .

We then assume that the fraction of energy loss to elec-
trons in which more than E is transferred to the electron
1s

the "extraction time" t, =w/pE,

the "residence time" t„=wS/R, ,

and w is the typical dimension (parallel to E) of the ion-
extraction region. For example, with u —1 cm and the
above values for p and E, t, will be of order 10 "—10
s.

fi- I TdO/ I TdO

m. —8~+ 10' sinO&/x

m —80+ 10' sin80/x
(A5)

The quantity r then provides an indication of the mass
dependence of the extraction process. For r «1, (14) is
equivalent to (10) and the efficiency is essentially mass in-
dependent. For R, «Rz, this requires v. & 10 s which,
from (13), will be the case up to about 10 proton masses.
Above about 10 proton masses, ~/t, could become & 1,
making it necessary to reduce R, sufficiently to maintain
r «1 throughout the required mass range. Thus if en-
richment processes are contemplated in conjunction with
fully mass-independent particle searches, it will be neces-
sary to take account of this effect and to assess in greater
detail the dependence of f, on particle mass and extrac-
tion geometry. It is, however, clear from the above that
electrical enrichment procedures can be designed to reach
very high mass levels, so that levitation (or free-fall) mea-
surements with highly enriched samples offer an experi-
mental strategy which appears preferable to the inherently

Te IEsi

0 1

0.Ol
10

. I I I I

10
Es (keV)

10

FIG. 6. Energy loss to electrons by Si ions in Si. Curve A,
total ene'rgy loss; curve 8, energy loss in collisions with energy
transfer & 1.1 eV; curve C, approximation to B used in compu-
tations [Eq. (A6)].
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T, (keV)=[Es; (keV)IIO] (A6)

cutting off at Es; -0.5 keV.
The energy transferred to a (free) Si nucleus of mass

Ms;(=26 GeV) and initially at thermal energy (i.e., essen-
tially at rest) by a g-ion M~, E& is

4MgMs;Es-- Eg, (A7)
(M(2+Ms;)

Taking Es =1.1 eV, we thin obtain the curves (a) in Figs.
2—5. Though the cutoff masses (above which no col-
lisions result in T &Es) depend strongly on the values
taken for E, and Es, through most of the mass range f,
is close to unity for any reasonable assumptions.

To estimate the additiona1 energy lost to electrons by
recoil Si nuclei, we first repeat the above computations for
Si ions in a Si target (Fig. 6), finding that, in the energy
regime of interest, the energy lost to electrons by a Si nu-
cleus of kinetic energy Es; is

and thus the fraction of the nuclear recoil energy loss
which is then transferred to electrons is

' 1/2
T, Es (kev)

f2= =0.1
Es; 10

0. 1
10.4[M~ (GeV)][E~ (keV)]

(Mg+26)

(with f2 ——0 for Es; &0.5 keV), from which we obtain
curves (b) of Figs. 2—5.

Various refinements have been proposed to the origi-
nal Lindhard energy-loss model, but since the latter is
consistent with typical experimental data for a range of
ions to better than a factor of 2, it is therefore adequate
for the estimation of approximate mass limits. Any
modifications which might result from differences in
charge screening for fractionally charged particles should
also be unimportant at the level of accuracy required here.
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