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Abstract: 

It is proposed that an experiment be performed to search for quarks 

bound to electrons (i.e., quark-atoms) or to normal atoms (i .e., quarked­

atoms). Quark "traps" made of pulverized ferromagnetic materials would 

be buried at various locations near a beam dump for a period of several 

months at NAL. Quarks would be detected through their fractional charge 

in a Beams magnetic 1evitometer. The 1evitometer will have a sensitivity 

-6
of about one quark per 10 gram granule. Soil samples taken from beam 

dump sites would also be searehe~ for quarks with the levtt6meter. 
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Introduction 

The quest for physical quarks has been in progress for some time 

now, but only few fragmentary bits of evidence have been reported so 

far (Massam 1968, Kim 1970). If these bits of evidence are to be taken 

seriously, one obtains the following picture of quarks: 

(A) 	 Quarks have 6f mess of 6-9 GeV. 

(B) 	 Quarks are 2/3e or 1/3e charged. 

(c) 	 The sea level intensity of the quarks produced in the earth's 

atmosphere is probably less than 10-7/cm2/sec/sr. 

(D) 	 Quarks have a mean interaction length of 400-800 g/cm2 in air. 

(E) 	 Quarks have a mean elasticity of near 100%. 

(F) 	 At least one type of quarks is stable. 

(G) 	 The concentration of quarks in earth-matter is probably less 

-18 -20than 	10 -10 quarks/nucleon. 

So far two proposals (Vllmanouchi et aI, #75,and Adair et aI, #72) for quark 

search at NAL have been accepted by the NAL Director. Both of the proposed 

experiments would look for energetic quarks produced at NAL using a 'single­

quark' dE/dx technique. If quarks are indeed produced at NAL, these experi­

ments should detect them if quarks are produced in sufficient numbers and with 

sufficient energy. 

We feel, however, that in the absence of any definite knowledge of the 

interaction and production properties of quarks, it would be advisable to 

look for quarks using an entirely different detection technique. I f quarks 

are stable and if quarks are produced at NAL, they will be slowed in passing 

through matter and eventually come to rest relatively independent of their pro­
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duct ion and interaction characteristics. 

Positively charged quarks would pick up electrons and form fractionally 

charged quark-atoms, while negatively charged quarks would go into lOW-lying 

Bohr orbit~around atomic nuclei and form fractionally charged quarked-atoms. 

A basic assumption here is that quarks are stable, and if quarks are not stable, 

then no stable quark-matter (i.e., quarked-atoms and/or quark-atoms) would be 

possible. Quark-matter, if it exists, would in general be negatively charged 

and would preferentially form complex molecules. More detailed discussions 

of the properties of quark-matter are given in later sections. 

"Dead" quarks bound in the materials near beam dumps at NAL should be de­

tectab1e in a magnetic levitation electrometer. With a Beams suspension de­

-6vice (Beams et al 1955), a sensitivity of about one quark per 10 gram 'drop' 

should be possible (Stover et al 1967. Braginsky et al 1970). Th i s sens i t iv­

ity refers to an un-enriched drop and a sensitivity of about one quark per 
4

10 grams would, in principle, be possible, if the entire irradiated sample is 

baked for an enrichment of a few drops. 

As discussed in a later section, slow quarks may induce nuclear reactions 

in matter. If these reactions really occur, they would provide an alternative 

means of quark detection. Quarks trapped in the ferromagnetic traps would be 

heated and pulled out in an electric oven, which is filled with LiH and LiD. 

The oven would be surrounded with scintillation counters and the counting 

rates with and without the ferromagnetic sample in the oven would be compared. 
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Range of Qua rks 

The range of quarks will depend on the interaction length and the 

mean elasticity of the quarks. The mean kinetic energy T{x) of a quark 

after passing through x g/cm2 of matter will be given by (neglecting the 

Coulomb energy loss for the time being), 

(t> 

r{x) = T(O)k=o ~n(x/L)nexp(-x/L)/n! ( 1 ) 

where L = the quark interaction length in g/cm2 , n = the mean quark 

elasticity, and L 
q 

= the quark absorption length given by L/(I - n). 

If the additivity hypothesis is assumed to be val id for interactions 

of free quarks, then the quark interaction length would be about three 

times larger than the nucleon interaction length. The nucleon interaction 

length in earth or steel is about 120 g/cm2 in the 200-500 GeV energy range. 

The mean quark elasticity would be about (I - Mn/Mq) ~ 0.99 if quarks 

are assumed to interact mainly through one pion exchange collisions with 

nuc leons. 

Taking L ~ 400 g/cm2 and (I - ~) ~ 10- 2 , one would have Lq ~ 4xl04 

g/cm2. The mean range of quarks with an inftial kinetic energy T(O) is, 

therefore, given by (still neglecting the energy loss due to Coulomb 

interactions), 

R = xmax = Lq log [T(O)/T(x) ] (2) 

where T(x) may be taken to be a few MeV (~ binding energy of quarks in 
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atoms). Thus quarks with an initial energy of 100 GeV, for example, 

would have a mean range of about 106 g/cm2 . 

If we now neglect the energy loss due to strong interactions of 

quarks and consider only the Coulomb energy loss, then the range of quarks 

wi 11 be given by the usual range formula; i.e., 

T (0) 

Rc = 1 [(dT/dx)l-l dT. 

o 

One may obtain an upper 1imit of Rc by assuming IdT/dx! to be constant 

2 2
(~l MeV/g/cm for 2/3e quarks and ~ 0.2 MeV/g/cm for 1/3e quarks). 

For example, the mean range of 100 GeV quarks (2/3e charge) would be less 

than IOSg/cm2, which is an order of magnitude less than the mean range 

obtained for strong interactions only. A mean range of IOSg/cm2 would 

correspond to a distance of about 200 m assuming a mean density of about 

Sg/cm3. 

Some Physico-Chemical Properties of Quark-Matter 

In general, quark-matter would be negatively charged and its chemi­

cal properties would be similar to those of negative ions. The quark-

atom made of a +1/3e quark and an electron would have a low ionization 

energy (about I.S eV) and so it would behave like the alkalis. An atom 

quarked by a -2/3e quark or two -1/3e quarks would have a low ionization 
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potential and thus behave like the alkalis also. 

An atom quarked by a -1/3e quark would have a moderately high ioni­

zation potential but a very small electron affinity and so it should car­

ry a net charge of -1/3e. One may estimate the first ionization energy of 

the quarked-atom by extrapolating the ionization versus Z curve for the 

members of an appropriate isoelectronic sequence. Figure 1 illustrates 

this procedure for low-Z elements. For a given number of electrons, the 

ionization potential varies with Z according to the empirical relation 

(Moiseiwitsch 1965). 

I(Z) = aZ 2 + bZ + C (4) 

where the empirical parameters a, b, and c are constant for a given group 

of sequences. Electron affinities, where available, are included in the 

figure in order to improve the accuracy of the extrapolation for the 

qua rked-atoms. 

Table A gives the ionization potentials and electron affinities for 

a number of low-Z atoms, both quarked (-1/3e) and un-quarked. For the 

+2/3e quark-atom (not included in the table), the first ionization poten­

tial would be about 6 eV and the electron affinity about -0.12 eV (Rank 

1968). 

Free quarkS and quark-matter would be attracted by polar materials 

(such as water) with a binding energy of about 0.4 eV or so. They would 

also be attracted to the surface of metals, glass, etc. (Zel'dovich 

et al 1966). In particular, they would be captured by ferromagnetic 

granules suitable for use in a levitometer. 
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Table A. Some Chemical Properties of Low-Z Normal and Qua .rked-Atoms 

Atom 

H 

He 

L i 

Be 

B 

C 

N 

0 

F 

Ne 

Na 

Mg 

Al 

S i 

p 

S 

Cl 

Z 

1* 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

First Ionization Energy (eV) 

Norma 1 qua rked 

13.53 ",-,6 

24.46 ,...., 15 

5.36 "'-'3 

9.28 ,....,6 

8.26 "-'5 

11 .22 """7 

14.48 "-' 1 0 

13.55 "-' 1 0 

17.34 "-' 1 2 

21.47 - 15 

5. 12 ,,-,3 

7.61 ...... 5 

5.96' "-'3 

8. 12 ..... 5 

15.0 ",7 

10.30 "-'7 

12.95 ,.... 10 

Electron Affinity (eV) 

Norma 1 Quarked 

0.77-1.-1:: 

0.58 

0.30 

1.25-1:-;'> "-'1.0 

-0.27 

1 . 4 7"& ,,-,0.5 

3.45-1;:-1: ,,-,1.0 

0.78 

0.49 

1.39 

0.78 

2.07--H , - 1. 0 

3. 61 "';'rA" -0.5 

* For quarked-atoms Z' = Z + q and q is assumed to be -1/3 in this table. 

-1;:-1, These are experimentally determined values and the rest are theoretical values. 
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Figure (1) 

Ionization energy versus atomic number for some isoelectronic sequences 

of low-Z atoms. The crosses (x) in the figure represent electron affini­

ties and N gives the number of electrons of a given sequence. 
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Some Possible Reactions of Slow Quarks 

As long as the law of the conservation of electric charge remains 

valid, a single stable quark, once created, will not disappear unless 
by

acted upon other quarks. However, a single stable quark may catalyze 

nuclear reactions in normal atoms. Thus, for example, a negatively 

charged quark, if captured in a high-Z atom, may excite the atomic nu­

cleus and cause its fission (Marshall-Libby and Thomas 1968); a nega­

tively charged quark, if captured in a deuteron, may induce a fusion of 

three nucleons into a He3 nucleus in analogy to the muon-catalyzed fu­

sion of three nucleons into a He 3 nucleus (Alvarez et al 1957, Frank 

1947, Zel'dovich et al 1961). 

One may estimate very crudely the radius and the energy of the 

lowest atomic state of a negatively charged quark captured in an atom 

using the formulas: 

(5) 


(6) 


where Ro = 5xl04 fermi, Eo = 13.5 eV, Me and M are, respectively, the 
q 

reduced masses for an electron and a quark charge q) for an atomic 

nucleus of charge Z. Since Rq is of the order of nuclear dimen­

sion~ one should include the effects of the quark-nucleus correlation 

for more realistic values of Rq and E .q 

The fusion of quarks into normal matter may be possible at low tern­

peratures, if p and n quarks are stable. If the p quark is the only 

member of the quark triplet that is stable against decay and if both 
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n and A quarks decay into a p quark with relatively short mean life­

times, then only p quarks would constitute stable negatively charged 

quarks. However, p quarks may react with quarks, bound or otherwise, 

quite strongly even at low temperatures and thus be unstable with re­

spect to strong interactions. Under these circumstances the fusion 

of p quarks into normal matter would not be possible at low temperatures. 

A. Fusion of Quarks 

If a quark of charge -q (q = 1/3e or 2/3e) is captured in an atom 

with a low ionization energy (e.g., the alkali metals), the atom may 

lose an electron and become positively charged. The atom may then at­

tract and capture another negatively charged quark and thus bring two 

quarks together in a short distance from each other. If two n quarks 

are brought together in this way, the following reactions may occur: 

n + n = (np) + ~- + V (7) 

n + n = neutron + p + Y (8) 

In reaction (7), which is a weak interaction, (np) may be a Coulomb 

bound state with a positive charge and may be emitted from the nucleus. 

The emitted (np) "particle" may attract and capture an n quark and thus 

become a neutron. This chain of reaction would proceed at a rate pro­

portional to the cubic power of the concentration of n quarks (c). In 

reaction (8), which is an electromagnetic-strong interaction, the anti­

quark p would presumably fuse with a quark into a meson and other par­

2ticles. The rate of this reaction would be proportional to c . 
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Another possible chain of reactions may be: 

p + e 	= (pe) + y 

(pe) 	+ p = (pep) + y 

(pep) + n = proton + e 

In this chain of reaction; two p quarks would be held together at a 

large separation until an n quark comes along and pulls the two p quarks 

together. 

B. 	 Quark-Induced Nuclear Reactions 


It has been suggested that negative quarks should be very effec­

tive catalysts of Coulomb fission in heavy metals (e.g., U235 ). Marsha11­

Libby and Thomas (1968) estimate that each quark (assuming mass = 5 GeV 

and charge = 1/3e) should induce on the average more than 6xl09 fissions 

U235when stopped in a block of and produce more than 0.4 curie of neu­

trons in a short time period of about one msec. This estimate is based 

on the assumption that n quarks are stable. If p quarks do not inter­

act with bound nucleons, they would also break up heavy nuclei. 

Negatively charged quarks may be captured in deuterium atoms. The 

ionization energy of a deuterium atom would be reduced to about 6 eV if 

it is quarked by a -1/3e charge quark and to about 1 eV if it is quark­

ed by a -2/3e charge quark; and it is possible that the electron is 

stripped off the dQ- (Q-= a negatively charged quark) bound state. The 

dQ- bound state may then capture a proton and form a dQ-P molecule. 

The radius of the dQ- state would be of the order of 10 fermi and the 

potential barrier between d and P would be correspondingly high. 
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However, the barrier penetration factor, which depends on the square-

root of the height V of the barrier but ~linearly' on the radius 

{i ,e" penetration factor ~ expG ~!2MqV Rq»,ma y be very large and 

the fusion of d and P into a He 3 nucleus may occur. Presumably, nega­

tive1y charged quarks stopping in matter oontaining cold hydrogen and 

deuterium atoms, may induce nuclear fusion reactions at low temperatures, 
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The Irradiation Time and Statistics 

Our 'educated' guess is that we would need at least 10 18 protons 

10 12stopping in the beam dump. At a mean beam intensity of about 

protons per pulse, the irradiation would require a few months. We es­

18timate the total number of quarks produced by 10 protons using the 

following formula: 

18
Nq = 10 • t . a . 6xl023 ~ 2xlO l7 (quarks) (10) 

where we have taken 

t ~ 300 g/cm2 (the effective thickness of the beam 

stopper), and 

10-27 2cm (the total cross section for quark 

production at NAL energies). 

We further assume that quarks are emitted at forward angles given 

by <Pt>/Pq ~ 0.5/100 = 5 mrad (half-angle) and that quarks are stopped 

uniformly within a cylinder of ab~ut one meter in length and about one 

meter in diameter. Here it is assumed that the range of quarks is about 

200 meters with about one meter straggling. The density of the 'dead' 

quarks would, therefore, be about 2xlO l7 quarks/l06cm3 , or about lOll 

quarks/cm3• This density corresponds to a quark concentration of about 

10- 13 quarks/nucleon, whi£h is some five orders of magnitude larger than 

the sensitivity of the levitometer. 

In reality, it may turn out that the quark production cross section 

. the b 
I S much sma 11er than one mb assumed above or~ the dead quarks may e scet­
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tered over a larger region than that assumed above. The range of 

quarks is of course uncertain at present, but burying s~veral traps 

at various distances from beam dumps should compensate for this un­

certainty. For the same reason, we would like to have the soil sam­

pIes taken from as many locations as possi~le at about 1 kg per sample. 

We should be able to detect quarks as long as their concentration 

is not any smaller than about IO~18per nucleon, which is some five 

orders of magnitude smaller than the 'optimistic' estimate given above. 

In principle we sh~uld be able to detect a quark concentration as small 


4 
as one quark per 10 grams if we studied all granules or if we were to 

extract all quark-matter from our entire sample onto a few granules. 

Since it would take at least two hours to process a granule, only a 

few thousand granules will be individually processed and the remainder 

of the samples will be put through an enrichment process in an electric 

oven (Rank 1968, Chupka et al 1966). 

Even if no quark is found in this experiment, a new upper limit would 

be established for the cross section of quark production in p-p colli~ 

sions and for quark masses less than 15 GeV. The new upper limit would 

be about 10-40_10-41 cm2 assuming a 100% detection efficiency. 
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Description of the Experiment 

(1) Several quark "trapsll made with pulverized ferromagnetic materials 

would be buried at points some 104_10 6 g/cm2 behind a beam dump. Ideal­

ly, the traps would be cyl inders of about one meter in diameter and about 

one or two meters in length. The exact size and shape of the traps will, 

however, be fixed by the NAL requirements (if any). 

(2) The traps would be left buried for several months and then exhumed. 

We do not anticipate any serious radiation problem, but the health physi­

cists at NAL and at the Ohio State University would be consulted on this 

problem. 

(3) 	 The traps would be flown to our institutions inside heavily insulated 

-8 -6boxes. The ferromagnetic granules, pulverized to sizes of 10 -10 grams 

each before the irradiation, would be studied with our levitometer. 

(4) Some soil samples from the NAL beam dump sites would also be studied 

for possible quark-contamination. 
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Equipment and NAL Requirement 

We would expect the NAL to handle the burial and retrieval of our 

quark traps (4-5 planned), and also to provide some soil samples from 

the beam dump sites for us. 

As soon as the NAL Director approves our proposal, we will proceed 

with the construction of the quark traps. Our traps should be ready 

for the burial within two months. We expect to have our 1evitometer 

operational within eight months from the date of the approval. Our 

levitometer will be an improved version of the type used by Stover et 81 

(1967) and by Braglnsky et 81 (1970). 
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