U U o d i 00J 1 4

i

Submitted to Science Magazine : LBL-5399
Preprint ¢

QUARKS WITH UNIT CHARGE: A SEARCH FOR
ANOMALOUS HYDROGEN

Richard A. Muller, Luis W. Alvarez,
William R. Holley, and Edward J. Stephenson

December 1976

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG -48

a )

For Reference

Not to be taken from this room

_/

N

\-J

66€5-TdT



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.



LBL-5399

2 _ QUARKS WITH UNIT CHARGE: A SEARCH FOR ANOMALOUS HYDROGEN

Richard A. Muller, Luis W. Alvarez ,
William R. Holley, and Edward J. Stephenson

ABSTRACT

We have searched. for quarks of charge Z = +1,
and other anomalous hydrogen, by using the 88-
inch cyclotron at Befkéley-as a high-energy.
mass spectrometer, with natural hydrogen and .-
deuterium as -the source of ions: We observed
no quarks, and place limits on their ratio to
protons oh-the‘ea;th that vary from g/p <

2 x 10712

' 10—l3;for the lowest masses (< 1/3 amu).

for high masses (3 to 8.2 amu)-tb,
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QUARKS WITH UNIT CHARGE: A SEARCH FOR ANOMALOUS HYDROGEN

Quarks, the components of the nucleon proposed by Gell-
Mann and Zﬁeig (1); have been the subject of extensive searches
by both elementary—?article and cosmic-ray physicists (2).

In most of these expériments the quark's fractional charge

(1/3 br 2/3 that of‘the proton) was the distinctive signature

" that would have indicated their presence. But fractional charge
is nbt required'by'all quark models; inuparticular,theories
proposed by Lee (3)»and by Han and Nambu (4) have quarks of
integral charge. These theories were more complex, however,

in that they required more than the three quarks of Gell-Mann
and Zweig;‘the Han-Nambu theory, for example, had nihe. When
the élassical.quéfkvtheory was improved by the addition of the new
quantum npmber "cOlqr", the rnumber of fractionally-charged
quarks had to be increased from three to nine (5). The
integrally-charged quarks of Han and Nambu, on the other hand,
accepted color in a very natural way and did not réquire an
increase in number (65. It seems reasonable to sbeculate that
thé guark searcheé failed because they assuﬁed the wrong signa-
ture; perhaps quarks have integral charge.

Experimental limits on the existence of quarks with
integral charge are not nearly as good as the limits for quarks
'with fractional charge. Experiments at acceleratofs_Would have
observed Z = 1 quarks only if they were produced with a cross-

3

section at least 10 ~ of that for pp and if their mass were

no more than 4 GeV/c2 (7,8). If quarks are stable against
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decay, as they are-in;several_versiqns'of_the theories, then

a search in terrestria1 material is potentially more: sensi-
tive than a search at accelerators .since the natural-pro- . .
duction of quarks had literally aeons of time to take place.
Quarks wiph Z = +1 would be equivalent chemically to a new
isotope of hydrogen,;. and would be foundvon'the.earth mixed

with that element. With this in mind, we decided to seérch

in terrestrial hyd#pgen_for-zv= +1 .gquarks using the same. techni-
que £hatlwas used’iﬁ‘the discovery Qf stable_(andfnatural),3He
by Alvarez aﬁd Corhog (9), i.e. to use a cyclotron as a high-
energy mass spectrbméter. After we began this work, we found
that,Zeldovich, Okun and’Pikelne:.(7,10) had shown that if such
particles existed they would be found in natural -hydrogen not

only from cosmic ray production, but also as remnants. of the

Big Bang, 'in much the same way that protons and the cosmic.

miérowave radiation are thought to.be remnants. The ratio q/p
of quarks to protons predicted by Zeldovich et al. depends

somewhat on the assumed values for the quark mass and cross-

—lo.to_lo_lz. They

also célculated_that q/p from cosmic ray production . is = lOfl7.

sections, but is of the order of q/p = 10

The most sensitive’search prior to ours was by Alvager
and Naumaﬁn (11),,whoﬂintroducedvdeute:ium into a mqss separa-
tor and scanned in Z/m to look for new isotopes- of. hydrogen.
Ions with_Z_>_lvwére_éliminated by sending the accelerated
beam through a n;ékel foi1 which stopped molecules and
particles_of_high Z,;;Unfgrtunapely-this technique works: only

for high values of mass‘where background fromiséattered.beams
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is low; for quark masses mq > 6 amu (5.6 GeV/cz), they were
able to set the limit gq/p < 3 x 10718, For the low mess
region, the'besf limit was obtained by KuKavadze, Memelova;
and Suvorov (12), who used a mass spectrometer to find gq/p <
_lO'_8 for mq > 2 amu. Thus previous experiments do notbrule
‘out 2 = +1 quarks with mass mq < 6 amu at the levels predicted
by Zeldovich and Okun.

We used the 88-inch sector-focused cyclotron at the
Lawrence Berkeley Laboratory for our search. Both’hydfogen
and deuterium gaseee'were inﬁroduced as sample materials into
the filament ion source. Only those ions with the appropriate
value of Z/m, given by the cyclotron resonance equatidn,were
accelerated. 1In their original-disc0very of stable:3He,
Alvarez and Cornog seanned in Z/m'by varying the cyciotron's
magnetic field; in our search we kept the megnetic.field con-
stant and scanned in:frequency,

For the 88-ineh cyclotron t6 be "in tune", i.e. for it
tbiaccelerate particles into our detectors, several criteria'
must be met. Thevmaghetic field profile (i.e. the field as
a function of radius) must be appropriete to eompensate the
relativistic increase in mass as the particle is accelerated,
and the voltages applied to the electrostatic deflector and
Dee must be at the cofrect values to assure efficient beam
extraction. In orderetoveliminate the need to chaﬁge the
magnetic-field profile during a scan, we operated the cyclotron
in the third-harmenic hode, where the particle’revolﬁtion

frequency is 1/3 of the oscillator frequency'and the maximum



OO0 6046024494

R. Muller et al. 5

particle velocity ishbnly'0.1~c.'“During scans we’' changed the
deflector and Dee voltages in proportion to- the ¢change in ' -
frequency. The ultimate-proof.that we. were inﬁtuneﬁihvourr'f
scans came from the_observation-of expected beamé}-for exam-
ple, when we set the.cyclotron to accelerate Z/m"= 1/2 (ﬁ+)
and scanned to %Z/m ?nl/3, we found that'DH+'molecuiar ions:
were being»efficiently:accele:ated:and’extraéted;'

The emergingrbeam.from-the,cyclotron'was-focused onto
two silicon detectors: . a thin one (20-60 i) to mééSure the
ionization rate dE/dx,,folleedfby a thick one (1 ﬁm) to
measure the total energy. . By requiring afcoincident signal
between theitwo detgctors,-and'that.the signals in them corres-
pond to a single Z-;'l particle with .the correct energy;-we.
were able . to discriminatevagainst'heavier~particles,'mdle*
cules, and background radiation from the cyclotron.'.Except c
when the cyclotron was tuned neatr -the. resonant fregquency for
known species (inteéral values of Z and m) the number of background
counts was essentialiy-zero;'during"one run we operated for
over an hour with,ho background counts. The rapid fall—bff of
the tails of_the-c?clotron resonance allowed ‘us té search quite
close to values of Z/m for which known particles exist.

Figure 1 shows the beam current vs. frequency for a 2H+ beam.
By the time we had moved off a main.peak by about 1%, the
rate of particles emerging from ‘the:'cyclotron was reduced‘to
less than one per-minﬁté.k

The advantage‘of.the cyclotrion Qver-an‘ordinary m5ss

Spectrometer - Came"notxfromsits-highbresolution‘(séé-Fig.fl)
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or from.its beam cufrent (10-50 pA), but from the>high energy
of the emerging beam: several MeV per nucleon. This high
.enérgy allowed us.to send the beam into the particle- |
identificatibn detectors,iand to get useful information on a
particle-by-particle basis. The cyclotron has, of course,

one additiqnal ad&antage. 'Had we discovered qﬁarks in natural
material, we would have had:a high-energy beam of.them;'and'
study of their propefties would have been straighﬁ—forward.

‘'For quark haéSes above 2 amu, we used deuterium gas in
the cyclotron ion source. The deutefium had been separated
from water at_the SaVannah River HeaVy Water»Plant; using the
' GS process followed by vacuum aistillafion and electrolysis
(13). The effiéiency.fdr each of these concentration processes
incréases as thé,mass of the isotope increases; thus for masses
just above 2 amu‘quafks would havevbeen-concéntrated by‘at least

lH*-to 2H in river water. For

a factor of'6600, the ratio of
masses >> 2 amu we know that the concentration of quarks could
not have been increased by more than a factor of 5 # 6600 =

33 x_103, since 20% of the original deuterium in tﬁe‘water was
recovered,  and obviously no more than 100% of the original
quarks could_have_ﬁeéﬁ'recovered.' Leventhal and Libby (14)
have shown that for électrolytic separation, this transistion
to maximum concentrationsAtakes pléce below mass 3 amu. Thus
by searching in deuterium, the sensitivity is 6600 tiﬁes
greater than a seaﬁch”in hydfogen for quark masses near 2 amu,
and 33,000 times as éénsitivg'forvquark.méssés above 3 amu.

In a typical run a 13 ﬁA depterium beam was observed‘as we

tuned through the.zH+ frequency, corresponding to 8 x_lO13
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ions/sec. The deutérium beam was measured with a Faraday cup,
preceded by collimators which simulated the acceptance geo-
metry of the silicoh_déteCtors.‘ Our typical dwell ‘time for a
s particular value -of Z/m as we manually scanned in frequency
was 2 seConds, during which time we would have recorded as
significant the observation of even a single particle with the
proper signature in the :dE/dx and total E detectors; no quarks were
observed. Thus the ratio of quarks to deuterons was less than

15 -18

6 x 107 °. The ratio of quarks to H is then less than 10

near mass 2, and less than 2 x 10712

for masses > 3 amu.

For quark masses in the range 1-2 amu we used ordinary
hydrogen in the source rather than deuterium; our sensitivity
wasrcdrresponding 6600 times poorer. - We repeated the scan
in the'mass*range"l}S—ZWamu'usiné deuterium, with the thought
that it would give us some additional sensitivity’in the range
just ‘below 2 amu. We saw no quark events in this scan.\ It is
difficult to estimatefthe'senSitivity of this scan without
studying the'detailéd physiCal'éﬁemistry of the isotope separa-
»tion:process;«thus“wérclaim no limit obtained from this scan.
For the mass range 0 Eo 1, wé looked for quark-hydrogen mole-
cules Hg, assuming that théy would havé chemistry similar to

H The mass range was covered in two runs; for quark masses

2
. + _
. 1/3 to 1 amu, the H2 current we obtained was 1.7 pA, and for

the mass range 0 to 1/3 amu, the H; curreﬁtﬁwasrogl6“ﬁA. The
. corresponding sensitivities are in the range q/H = 10_14

-13

to

10
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We have observed no quarks of Z = +1, nor other anoma-
ious isotopes of hydfogen. The iimits from our search and_
preQious experimental results, are plotted in Figuré 2. These
limits correspond to one.standard deviation, i.e. a confidence
level of 67%. For 95% confidence levels, each limit must be
adjusted upward by a factor of three, as is indicated on the
plot. 1In adhition, we have taken the calculations of Zeldovich,
Okun, and Pikelnef, énd, after scaling them»appropriately_with
energy, plotted the predicted quark-to-proton ratios. For
several regions correspondinq to integral values of 2 and m,

- 2H+ 14 2+

2 and N~ ') was

sufficiently high to require the removal of the silicon detec-

the intensity from known ions (such as

tors from the beém. As a result there are regions, generally
less thaﬁ 1% widebin mass, in which ﬁe were unable tq search
for quarks. :These reéions are indicated in Fig. 2 by short
vertical bars. The existence of these beams servea‘the-useful

( -
purpose of proving that the cyclotron was still in tune, and

that if there were quarks at concentrations greater than the

limits we have placed, they would have been observed.

Richard A. Muller
Luis W. Alvarez
William R. Holley
Edward J. Stephensoh

Lawrence Berkeley Laboratory
Berkeley, California 94720
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Figure Captions

. v . + .
Fig. 1. Beam current as a function of frequency for D ions,

Fig. 2.

as measured by a Faraday cup. The smooth curve is a
quide to the~eye. The effective width of a "flattop"
curve with the same area is 4 kHz (0.028%), as shown.
For these measurements, we reduced the beam current
to prevent heat damage to the cyclotron defiector

electrodes. The fine structure at the top of the

resonance curve reflects changes in the number of

turns made by the beam in the cyclotron before ex-

traction.

Quark—to—pfoton ratio as a function of quark mass.
Shown are the experimental limits, as well as pre-
dictions of the levels expected froh\cosmic-ray‘
and Big Bang production if Z = +1 quarks exist.
The predictions were scéled with mass to take into
accouﬁt changing cross-sections and cosmic-ray fluxes.
The shoft vertical bars indicate the.narrow regions .

(generally less than 1% wide) where we could not

. search because of the existence of beams of common

.ions with integral values of Z and m. The experi-

mental limits plotted as solid lines are for 67% con-
fidence leVel,corresponding to approximately one
Standard deviation. Each limit must be raised by a
factor of 3 (as indicated with dashed lines) for a

95% confidence level.
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