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THE POSSIBILITY OF QUARK PRODUCTION eY'MUlTtSTAGE EXCtTATtON tN COLLISIONS 
BETWEEN HEAVY NUCLEI 

P F Sml th 

1. BASIC IDEAS 

In discussing posstble future particle accelerator fac tltttes, it I,s of 

Interest to enquIre whether collisIons between heavy nuclei mIght be used 

to produce high energy events with a centre of mass energy greater than 

the maximum avaIlable In a normal two nucleon collIsIon. 

Perhaps the simplest possIbIlity of this type Is that a gIven nucleon in the 

target nucleus might be hit In rapid successIon by two or more nucleons In 

the incident nucleus. There would then appear to be a fInite probabIlIty of 

some of the nucleons being excited, in two or more stages, to very hIgh 

mass states. In particular a nucleon might in this way be split into its 
component quarks. 

As an example of the kind of energy gain which might be achieved, consider the 

case of particle beams produced by a 300 GeV synchrotron. The normal proton 

beam incident on a stationary target would give a maxImum centre of mass 

energy of about 24 GeV. In the same accelerator, fully strIpped heavy nuclei 

could be accelerated to about 120 GeV per nucleon, correspondIng to a centre 

of mass energy of about 15 GeV. Consider now a target nucleon (In, for example, 

a uranium target nucleus) whIch experiences two successive Inelastic collisions: 

suppose the first collision forms an excited state of mass, say, 12 GeV which 

lives long enough to be slowed down by transferring its momentum to neighbouring 

nucleons; it then presents a target of mass ~ 12 GeV, so that the available 

centre of mass energy for the second collision is over 50 GeV. 

Thus in this example, even assuming only two successive excitations, the maximum 

effective energy is twice as great as that avai1able wfth 300 GeV protons. 

Thus in searching for new high energy phenomenon such as quark production, 

heavy nucleus collisions might be an alternative to the ISR technique for 

increasing centre of mass energy, particularly since a suitable heavy ton injector 

might be provided at a substantia11y lower cost than a corresponding storage 

ring faci 1i ty. 
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2. ASSUMPTIONS 

In order to make preliminary attempts at numerical estimates we fix our attention 

on the specific process of quark production. Although the various quark models 

themselves make no specific prediction of the quark mass, there is at least some, 

admittedly speculative, theoretical indication that new types of particle 

phenomena could exist at a mass level of order mp2/me ~ 22 GeV; If we suppose 

this to be the quark mass we would then expect that an excltatton energy of 

45-50 GeV would be required to split nucleons or mesons tnto quarks. ThIs 

figure will be used for Illustratton purposes tn subsequent calculations, although 


the principles Involved do not in fact depend tn any way on the parttcular mass 


assumed. 


We now wish to compare the possible quark production rate tn heavy nucleus 

collisions, with the corresponding rate in a normal two~nucleon colllsion, (assuming 

sufficient energy available in each case). We can proceed tn two dlsttnct ways: 

(a) Ignore the internal quark structure of the nucleons, assume they 

interact as a whole, and use existing data on production cross sections 

for 1-2 GeV mass states to extrapolate to higher energies. 

~) Recognise the internal quark structure, and treat InelastIc nucleon­

nucleon collisions as elastic collisions between their component quarks. 

The latter is probably the only realistic way to proceed, as discussed in section 7, 
and this will be the direction for subsequent work. It is of interest, however, to 

see what indications are given by approach (a), and these wtll now be discussed. 

3. CROSS SECTION ESTIMATES 

The number of excited states increases rapidly with energy, the mass spectrum 

becoming effectively a smooth continuum above a few GeV. We can therefore constder 

the particle production cross section to be a conttnuous functton of mass. Suppose 

the cross section for the production of a state between mass m and m + Qm 

is dcr{m)dm urm t hen t he cross section for the production of state wf'tn mass greater 

than some value m is oem). Since the total cross section is approximately 


independent of energy (~ 40 mb), we may write cr(m) as ~ 40 mb x Pe(m} where 


o < Pe(m) < 1. 
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For heavy nucleus collisions we assume a nucleon density ~ (2.10-13 cm)-3 within 

the nucleus, with all nucleons assumed to act independently and incoherently. 

At this density every nucleon has a probability of order untty of experIencing 

two or more Inelastic collisions of some kind. The approximate production rate 

for creating a state of mass mf in two stages is thus the product NA (number of 

accelerated nuclei per second x atomic number), for which we can assume 

1011 - lOl2/sec to be technically feasible, multiplied by the separate 

probabilities for excitation ,to Intermediate mass ml' slowing down In distance x 

without decaying, and further excitation to mass mf; and finally Integrating 

over the intermediate variables mi and x :_ 

R e (/0" ~o 10'2.) i L. 
where a.. Ps()() Is the probability of 'slowing down' (I.e. losing 

cbc more than say 70-80% of Its momentum) In a 

distance x. 

is the probability of the Intermediate state 

surviving a distance x without decaying. Thus, for 

a resonance of width w(MeV)~-

(1) 

and we have a 1 so assumed the same func t ion Pe (m) to be va 11 d for the further 

excitation of an excited state, provided m represents the mass increase. 

For rough estimates it will be sufficient to use the following approximation 

to expression (1): 

(3) 

We now wish to know the form of P (m). Us i n9 the CERN data comp t 1 a.t ions e 
(CERN/HERA 70-2 to 70-7) for the processes pp ~ excited nucleon states, also 

~p, Kp ~ excited meson states, we sum the various partial cross sectrons for 

which the final state contains a particle of given mass mt assisted by the 



further assumption that (above threshold) the cross section for the production 

of a given particle is approximately independent of energy. Most of the data 

is for the production of particles up to mass 2 GeV, and at this level the 

discrete nature of the spectrum, together with the incompleteness of the data, 

makes it difficult to plot a continuous function. However, by grouping 

together the states in mass intervals of 500 MeV we arrIve at the trend shown 

in fig. 1; from this it is seen that if the differential cross section Is plotted 

against the difference 6m between the excited and ground state masses, then the 

trend is roughly the same for pp, np and Kp processes. 

Allowing for the increasing sparseness of the data with Increasing mass, which 

may misleadingly steepen the downward slope of the curve, the trend is not 

inconsistent with a power law decrease, of perhaps (6M)-3 - although it must 

also be admitted that an exponential decrease is not ruled out. We can thus 

provisionally adopt the expression 

P(m) = P(6m) ~ 1/(~m)2 (4) 

(which correctly becomes ~ 1 for the lowest possible mass increment ~ 0.3 GeV) 

Note that this probability includes all events for which the increase in 

mass exceeds 6m. 

We have also studied the estimates made by Hagedorn (e.g. Nuovo ctmento lV1A, 

1968, 1027-1056; CERN Th/851, 1967; Nuovo Cimento Supplement Vol VI, 1968, 

p 311-354, etc.) These assume that all possible particles are formed statistically 

from the ball of hadronic matter produced by a high energy collisIon; the number 

of available states is then predicted to grow as (m-S/2)exp(+ m/0.16 GeV) with the 

production probability for a given state decreasing as exp{- m/0.16 GeV}. Thus 

the cross section for producing any state in a given mass range is apparently 
5/2predicted to decrease as m- - approximately similar to the above empirical 

conclusion. However the assumptions of this model appear quite different from 

the single particle excitation process which we have assumed; moreover,the 

simple three quark model itself, together with the shape of the observed 

excitation spectrum up to 3 GeV, gives a maximum allowable number of states per 

MeV which increases much more slowly with energy (see fig. 2) than predicted by 

Hagedorn1s formula (unless, perhaps, the multitude of possible deuteron, etc., 

states can be regarded as independent single particles - which seems unlikely at 

very high energies). 
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FIG. 1. 	 General trend of cross section data for the production 
of (a) excited nucleon states, (b) excited meson 
states, and (c) excited strange meson states, estimated 
by grouping states tnto tntervals oM - 500 MeV. 

Only those reactIons are fncluded whfch can be reasonably 
Interpreted as a sImple excftatlon of the parttcle In 
collIsion with the nucleon. Tnus fonmatton processes 
such as ""p -+ N*, are not tncluded tn (6'1 and (cI, wfitcf\ 
represent exc t tat I'on of the meson ground state lJy tf\e 
nucleon. 

The dashed lines show a slope 1/(dM}3. 
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FIG. 2: 	 Comparison of density of particle states/MeV as suggested 
by Hagedorn's exponential formula, with the number allowed 
by a simple three quark and quark-anti'quark model of baryons 
and mesons, assuming proportionality between total quantum 
number and Cmass)2, as observed, up to 3-4 GeV. The two 
estimates agre~ with one another (and with experiment) 
at ~ J GeV but diverge at larger mass. 

Note that est i'mates of a product i,on cross sect i'on wfHch 
decreases exponent iaI ly wi'tll quark mass resul t fro1(} tne vi'ew 
that the Hagedorn curve continues to indefinitely Jarge masses. 
The alternative, and more optimistic, viewpoint is that 
above a certain mass aJJ states become ionised into free 
quarks (see fig. 3). 
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In view of thIs, It seems more approprIate to proceed Independently of the 
statistical predictIon. for the present. 

4. OTHER EXCITATION CHAINS 

Before proceeding to estimates of the possIble quark productton rate, It Is 

necessary to note that quarks co~ld also be produced by a number of other 

processes analogous to the multi-stage nucleon excrtatron already drscussed. 

In fIg. 3 these are shown as routes on a sImple map of the baryon and meson 

spectra. All partIcle states are contaIned wrthln the area bounded &y the x-axIs 

(zero Internal angular momentum) the upper curve (maxImum angular momentum) and 

the vertical lIne at 2m • (Note ,that the shapes of the mel curves are In factq
very sImIlar for mesons and baryons In the observed range up to ~ 3 GeV). The 

extra dimensIons assocIated wIth strangeness and Intrtnslc quark spIn are not 

shown explicitly - any poInt would In fact represent a 56 or 70 multIplet In 

the case of the baryons, or a 36 multIplet In the case of the mesons. (There 

Is also a second internal degree of freedom of the three quark system which 

further Increases the density of available states.) 

The routes shown are as follows: 
(a) Direct single-stage excItation Into quarks, e.g. by a simple 

nvcleon-nucleon collision. 

(b) Two stage excitation, as previously discussed. 

(c) Production of a 'stable' strange baryon, such as a E, followed 
by two stage excItation. (Since the strange partIcles tend to have smaller 

widths, the IntermedIate mass states may have a longer lIfetime; thl's 

gatn however, may be offset by the relatIvely small number of strange 

baryons produced}. 

(d) ProductIon of a heavy meson, followed by stngle-stage excttatlon 

Into quarks. 

(el Production of ·stable' K or w mesons, followed by two stage excItatIon 

into quarks. Meson states are observed to have smaller average wtdths 
than baryon excItations, and, rn contrast to (c), the longer ll'fetlme factor 

Is not offset by the Initial w or K productIon probabIlIty, stnce at high 
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FIG. 3: TypIcal routes for sIngle-stage and multI-stage
excitatIon rnto free quarks 

Note that tn general we are plcturfng the processes 
In tenms of quarks wfth fnstantaneous tntegral 
charges, the apparent fractronal charge arfsfng from 
a rapId fnternal charge sharlng process. Thus we also 
envlsage the fr.ee quark states to have charge I or 
zero, although the prl'ncJples under dtscusston would 
probably be slmflar for fractIonally charged models. 
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energies the number of n or K mesons pr.oduced per Incident nucleon is 

known to be of order un f ty or greater. One disadvantage of th I·s route 

is that a meson target has a lower mass than the nucleon so that the 

maximum centre of mass energy In the ffrst stage wIll be less. Thus the 
K meson route should be more useful than the n meson route. 

The total production rate is, of course, the sum of the rates for each of these 
routes. 

5. QUARK PRODUCTION RATES 

A major uncertaInty whIch remains Is the process of slowIng down the Intermediate 

state withIn the target nucleus. Thts Is, of course, essenttal to the idea, 

otherwise it cannot absorb a sIgnificant amount of energy from the second IncIdent 
nucleon. 

The relativistic kinematics of this has been examined in some detail, from whIch 

It Is concluded that even a single subsequent collisIon (in which the excited 

state could lose up to half its forward momentum) would allow a reasonable mass 

Increment to be achIeved in the second excitation. 

In practice, of course, the slowing down will occur primarily vIa Inelastic 

collisions, so that the excited state will In general become either de-excited 

or further exci ted. For the sake of mak i ng some kind of es t fmate we wf1l assume 

(a) that the mass is unchanged, on average, by the slowing down 


collision(s) 


(b) that the slowing down coll islon(s) occur withIn a dtstance 2.10- 13 cm, 

giving a decay factor ~ exp(- width/100 MeV) 

(c) that the s lowi ng down probab i 1 i ty. (s i nce rna In ly i ne 1ast Ic energy 

transfer processes are Involved) Is given roughly by a function sImilar 

to the excitation probability. For example we can put ps(x) = Pe(ml). 

which should be an underestimate, since it ignores processes In which the 

momentum is carried away by low mass particles. 
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On this basis, and assuming Pe(m) given by equation (4), the order of magnitude 

for the production of a 45 GeV fInal state, by the various routes listed in the 

preceding section, would be as follows (assuming average wtdths of 500-1000 MeV 

for high mass baryon resonances, and 100-300 MeV for high mass meson resonances): 
30

(a) 	Single stage (i .e. at ISR, assuming lumtnostty IV 3.10 ) 
Ro. 105 ( m~"-) 10 I see'V'" 	 V""\ 

(b) Two stage: 	 l -2. -2. -5 _'0) V"\ 10° to ro'" see'Rb 10''- (Yf\(!/2)- ("tr\f!:J.) 	 (W\f/'-) (e Co e.V"'" 

(c) 	Two stage excItatIon of E, etc. 
F<c~ depends on strange particle multiplicities and widths but 

o I. 	 I 2. -.
probably similar to (b) ""'" 10 ,"0 0 se.e 

(d) 	 Excitation of heavy meson state 
. 'e.g. parr production) not coveredThis involves an initial production process ~ 

by the above discussion. Empirically such processes appear to decrease much 

more rapidly wIth mass than the excitation processes. Thus 

Rei.. 	 V"l (not calculated but probably negl igible) 

(e) 	 Exc i tat I on of K mesons -2. -1 l 2. 3 
Re IO'~ ('rt\vl hri,c,ry V't 1)( ~~/l.) (mf/'-.) (m~/,.5 (i' to e.') ~ 10 to 10 9!£1V'\ 

(however, in comparison with (b), about 50% more incident energy per nucleon 

is required in this case, to compensate for the lower initial mass of the K 

meson ta rgets) . 

If one is content simply with a comparison of production rates for heavy ion 

collisions, and for p-p collisions in an ISR, then the possible validity of these 

rough estimates improves somewhat, since the uncertainty in cross section behaviour 

occurs in each. Thus li quarks were to be observed in 25 GeV ISR proton collisions 

(as apparently suggested by the above estimate - but see section 7, final paragraph, 

for a contrary viewpoint) then it Is also possible that quark beams of significant 

intensity might be obtainable by means of 100-200 GeV heavy ion beams (even though 

100-200 GeV proton beams would have insufficient centre of mass energy). 

6. COLLIDING BEAMS OF HEAVY NUCLEI 


It is also of interest to note that If one considers the multistage excitation 


process in colliding heavy ion beams, the problem of estimating the effectiveness 


of slowing down the intermediate state is no longer encountered; any excited 


state formed within the collidIng nuclei is immediately bombarded from both sides 


by further nucleons, so that any motion it has In the original centre of mass 


system will, in one direction, increase the available energy for the second 


collision, so that no slowing down process Is necessary. 
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However. for the same total beam currents. the effectIve luminoslty)( cross sectIon 
for co III s Ions between nuc Ie lis a factor", A4/3 ('" I 02 to I 03) lower than for the 

usual p-p collisions. This In turn means that the factor multiplying the two-stage 
probability factors In equation (3) Is only about 104 - 105 compared with the 

technically possible'" 10 12 for a heavy ion beam fully Interacting In a solid 

target. One recovers a factor", 104 from the PSPd term. so that we are left with 

predicted two-stage quark production rates 103 - 104 lower than the figures gIven
in section 5. 

Thus although the estimate for colliding heavy nucleus beams Is substantially lower. 

It Is nevertheless stilI sIgnificant. and free from one of the maIn uncertaIntIes 

(the slowing down process) of the beam + target estimate. Horeover. the predIcted 

two-stage events would Occur in addition to the normal two-nucleon fnteractions _ 

for which the effective luminosity would be essentially unchanged. It seems 

worthwhile, therefore, considering further the possib1e implications of collidIng 

heavy nuclei. 


7. A MORE REALISTIC APPROACH - THE INDIVIDUAL QUARK COLLIS rON PICTURE 

The precedIng rough estimates, a1though apparently encouraging, cannot of course 

be regarded as predictions at this stage. They simply show that, using the 

simplest (and not necessarily realistic) description of a heavy nucleus collision, 

and making some moderately optimistic extrapolations of existing data, appreciable 

rates can be obtained for two stage excitation to particle states of a few tens 
of GeV. 

In fact, as indicated in section 2, the above calculations are almost certainly 

based on a rather unrealistic picture. On the basis of the simplest quark 

models - which account fairly convincingly for the quantum numbers and the ordering 

of states in the observed multiplets of baryons and mesons - we can make the 

following observations:­

(a) it is possible to infer from the shape of the mass spectrum that the 

d oIng shape of the inter-quark potential appears rather open,correspon . 
i e. apparently varying as a rather low power of the quark separation.. 

• ° i id and in fact from the observed approximateThe sys tern I s thus not very r g.., h t 
proportionality between (mass )2 and angu Iar momentum , one can estimate t a 

the mean quark separation increases roughly linearly with energy. Thu~ 

for excited states of mass ~ IO to 20 GeV the internal quark wavefunctlon 
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~ 1012extends over a distance cm ~ larger than the colliding nucleil 

Thus it Is not consistent to treat the excited state as a single entity 
ucleons of the target nucleus.the nformed within, and moving amongst, 

(b) By similar reasoning we can estimate the characteristic perlodlctty 

associated with the oscillatory or rotational internal mo~on of the_ 22 
excited state. For states of mass ~ 10 to 20 GeV we ftndjto be 	~ 10 sec,


0- 23 d

which is to be compared with the assumed 'slowlng down' time ~ 1 sec an 


the decay time constant of ~ 2.10- 24 sec. This further illustrates the 


acquiring some additional internal
althoughpoint that the quark system, 
energy, does not settle into a well defined excited state before being 

subject to further collisions. 

(c) Perhaps the most obvious point of all is that at sufficiently high 

energies we should describe a collision between two nucleons In 	 terms of 

collisions between the Individual quarks of each nucleon. Thus, Just 

as it is the energy per nucleon which Is relevant in the case of a high 

energy heavy nucleus (rather than the total energy of the assembly), then also 

we would expect that tn a nucleon of sufficiently high energy the quantity of 

importance in an interaction will become the energy per quark. 	 In general, 

this situation will always arise in a compound system when the energies 

involved become comparable with the binding energy, or when the collision time 

becomes short compared with the internal response time (I.e. the characteristic 

bound state period) and, as we have seen, both of these criteria are easily 

satisfied in the nucleon-splitting reactions under discussion. 

One could, of course, imagine the possibility of types of Interaction in which 

more than one component of a compound system participates coherently; this 

remark applies not only to the collision of a pair of three-quark systems, but 

also to our original discussion of heavy ion collisions (where only a series of 

independent incoherent single nucleon collisions was assumed). However, It seems 

likely that such coherent many-particle interactions would be of relatively 

low probability. 

It should be noted that a description of nucleon collisions as the sum of 

Individual quark collisions is believed to be appropriate even at energies of 

only a few GeV, since, it provides a natural explanation of, among other things, 

the approximate ratio 2/3 for ~p and pp total cross sections. 
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The preceding remarks IndIcate-that, for further studies of the phenomena 

which might occur in high energy heavy nucleus collisions, It should be 

reasonably realistic to adopt a model in which the nucleons transfer or absorb 

energy by collisions initially between single quark components, subsequently 

shared with the spectator quarks via the binding potential. (The model should 

if possible take Into account the presence of virtual quark-antiquark pairs, 

contInually interacting with the permanent quark components). The elementary 

collisions can, of course, be regarded as purely elastic following the usual 

pr?cedure throughout physIcs of eventually describing any Inelastic process in 

terms of purely elastic processes at a more macroscopic level; although the 

nature of this elastic Interaction Is at present unknown, it should nevertheless 

be possible to reduce considerably the uncertainties and empirIcal assumptions, 

and therefore to predict the various processes with greater confidence. * 

Such calculations would also be of relevance to present attempts to produce quarks 

by normal proton collisions, either on stationary targets or wIth colliding 

beams. If, as suggested by the above preliminary discussion, the maximum 

available energy becomes dependent on the energy per quark rather than the full 

proton energy, then extension of the experimentally available energy range becomes 

even more difficult. For production of new particles on the CERN ISR, for example, 

the maximum effective centre of mass energy might be only ~ (9 + 9) GeV rather 

than ~ (27 + 27) GeV. 
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. erest from this picture is that the 
*One prediction of Immediate Int h n upper lImit 


"dths of hlgh masS states should perhaps ave a ' 

decay WI 11 d by the component quark 
. h n distance trave e
corresponding to t e mea .. b f e it encounters an antiquark 

which has absorbed momentum in a colliSion, e or 


from the QQ cloud. •d or from the 'zitterbewegung 
. of the n-meson c1OU , 

From general considerations lting in the effective magnetic ~ment) of the 

(. position fluctuation, resu I. 0-1~ for 
,.e. free path to be 'V ~.1 cm 


bound quarks, we might expect this mean 

d L to a width ~ 500 MeV.baryons, correspon ,ng 
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