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Abstract: Measurements of the differential cross section of 20 GeV protons scattered elastically 
and quasi-elastically by a series of nuclei, ranging from Li to U, are presented. The total and 
the elastic cross sections are also given. 

The light nuclei show, at the smallest angles, the characteristic central diffraction peak 
produced by an absorbing disc; at larger angles the quasi-elastic scattering produced by single 
nucleons predominates. The heavy nuclei exhibit diffraction rings up to the largest angles 
explored (~  20 mrad). 

The diffraction patterns are interpreted with an optical model that takes into account the 
contribution of both the nuclear and the Coulomb interactions. The radii of the heaviest nuclei 
turn out to be consistently larger than those deduced from electron scattering experiments. 
The opacity is found to be nearly complete only in the heaviest nuclei. 

Results at the largest angles measured show that only a small fraction of the nucleons in 
the nuclei can act as effectively independent scattering centres. 

E I NUCLEAR REACTIONS eLi, 7Li, 9Be, AI, Cu, Pb, U(p, p), E = 19.2 GeV, 12C(p, p), 

I E = 21.5 GeV; measured a(0), ap, t, Deduced trp, el, trp, ab 8, nuclear radii. 

1. Introduction 

The elastic scattering of  pro tons  by nuclei  has been studied since the operat ion 

of the earliest accelerators. At  energies above some hundreds  of MeV, i.e., above 

the threshold for meson product ion,  it has been found  that the most  convenient  

interpretat ions of the data are based on optical models as at these energies diffraction 

phenomena  become predominant  as a consequence of  the strong absorpt ion  of the 

pro tons  by nuclear  matter.  On general  grounds,  optical models  should be better  the 

higher the energy of the protons,  as the approximat ions  in t roduced in  the calcula- 

t ions are better fulfilled the smaller the wave length. At  3 GeV, the highest energy at 

which systematic experiments were so far performed 1), an  optical model  was ap- 

plied quite satisfactorily I. 

The results of  the experiments presented here for 19.3 GeV/c pro tons  on  6Li, 
7Li, 9Be, 27A1, 63"6Cu, 2°7'2pb and  23S'°U and  for 21.5 GeV/c p ro tons  on  ~2C 

t Present address: University of Bergen, Bergen, Norway. 
tt On leave of absence from Istituto Superiore di Sanit/t, Rome, Italy. 

ttt Present address: AERE Harwell, Didcot, Berks., England. 
In ref. 1), the earlier literature is also quoted. 
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emphasize the importance of diffraction phenomena. At such energies, provided the 
angular resolution is sufficiently good, the scattering produced coherently by the 
whole nucleus and the incoherent scattering of the protons on the individual nucleons 
of  the nuclei, the so-called quasi-elastic scattering, can be neatly separated. The 
coherent scattering predominates at the smallest angles, the incoherent scattering 
at the largest. 

In sect. 2, the kinematics and the sensitivity of the experiment to elastic, quasi- 
elastic and inelastic scattering processes are discussed. The experimental apparatus 
is described in sect. 3, and the results obtained with light and with heavy nuclei are 
presented in sect. 4 and 5, respectively. Finally, the values for the total and the elastic 
cross sections which can be deduced from the measurements are discussed in sect. 6. 

2. Discussion of  the Method 

Let Po be the momentum of the incoming proton in the lab system and p the 
momentum of the outgoing proton scattered elastically at an angle O by a particle 
of mass M. At highly relativistic energies and at angles O << 1, the squared four- 
momentum transfer t is given to a very good approximation by the expression 

Itl ~ p2 = p202 ~ p2192 ' (1) 

where p .  is the transverse momentum of the scattered proton. 
The kinetic energy of the recoiling particle is 

T Itl (2) 
2M 

and the momentum lost by the proton, in the same approximation, is 

A p  = p o - p -  - 7" (3) 
2 M c  c 

When the target is excited to a level of energy A E  << mc 2 (m is the proton mass), 
the proton four-momentum transfer is still given at highly relativistic energies by 
eq. (1). The momentum loss becomes however 

zlp~ Itl +hE. (4) 
2 M c  c 

In the present experiment the momenta p and Po were measured with an accuracy 
of _ 50 MeV/c; the recoiling particle was not detected at all. Thus, while scattering 
events in which mesons were produced were excluded, as in that case Ap would have 
differed by more than 140 MeV/c from the values expected for elastic events, the 
events where the target nucleus was left in an excited state were not resolved from the 
true elastic events, nor from those in which a single nucleon was knocked off the 
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nucleus. For example, when a 20 GeV/c proton is scattered at an angle of 15 mrad 
by a medium size nucleus, its momentum changes by 1 MeV/c if the nucleus recoils 
and by 50 MeV/c if only one nucleon recoils; still the resolution of the present 
experiment was not sufficient to distinguish the two cases. 

On the other hand, it is expected that the scattering events with O < 7 mrad 
(Itl < 0.02 (GeV/c) 2) are predominantly those in which the nucleus remains close 
to its fundamental state (coherent-elastic scattering) because in this case the single 
nucleons cannot recoil with enough energy to leave the nucleus. The events at larger 
angles, instead, can also be due to cases in which one of the nucleons present in the 
nucleus recoils violently enough to break the nuclear bond of ~ 8 MeV (incoherent 
elastic or quasi-elastic scattering). Thus the results of this experiment at the smallest 
angles give information about nuclear form factors, while those at the largest angles 
can give information about the probability that proton-nucleon elastic collisions 
take place in the nucleus. 

3. The Experimental Technique 

The experimental apparatus is shown in fig. 1 and is the same as that used for the 
measurement of proton-proton small-angle scattering 2). A system of quadrupoles 
and bending magnets (not shown in the figure) transported a well collimated and 
rather monochromatic beam of protons (average momentum 19.3 GeV/c) from the 
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Fig. 1. Exper imenta l  layout.  

CERN proton synchrotron to the experimental area. "[he incident proton beam, 
5 mm in diam and generally containing about 1000 particles per pulse (the duration 
of each pulse was 0.2 see and the repetition rate was Jr sec-1), was defined by scintil- 
lation counters C1, C2 and C 3 and the scattered protons were detected by counters 
C4 and C 5 . The scintillator C 4, which defined the solid angle accepted by the system, 
had a hole allowing unscattered particles to pass through without detection. The 
minimum scattering angle defined by this counter was usually 1.5 mrad; however, 
for the study of Cu and Pb scattering at angles above 5 mrad, it was increased to 4 
mrad. The maximum scattering angle accepted was ~ 20 mrad. The background 
trigger rate from unscattered particles was reduced by a small anticoincidence counter 
C6 directly in the path of the beam. The coincidence signature used to trigger the 
spark chambers in the scattering runs was 1 2 3 4 5 6. 
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Multiple scattering and background throughout the system were reduced to a very 
low level by transporting the beam in vacuum and by minimizing the thickness of 
scintillators, vacuum windows and spark chamber plates. 

The positions of the incident and scattered protons were measured to about +0.3 
mm by sonic spark chambers 3), St to Ss. Each spark chamber had two gaps, four 
piezo-eleetric transducers detecting the sound signals in each gap. 1"he forty sonic 
times-of-flight, digitized in units of 0.5/~s, were first registered in a magnetic core 
memory and subsequently transferred to a SDS 920 computer connected on-line a. 4), 
together with other data such as the number of beam particles leading up to a spark 
chamber trigger. Up to 12 events per synchrotron pulse could be collected; between 
pulses the computer performed simple tests to check the operation of the electronics 
and of the spark chambers. The accepted data were recorded on magnetic tape for 
the subsequent complete analysis with the CERN IBM 7090 computer. 

Calibration runs, using the coincidence trigger 1 2 3 5 and no target, giving the 
mean positions of the unscattered beam in the spark chambers, were made at regular 
intervals and the scattering angles and momenta were obtained with reference to 
these mean positions. 

As a result of the care taken in reducing multiple scattering and of the good spatial 
resolution in the spark chambers, the angular resolution function of the system for 
unscattered protons was found to fall to 10 % at 0.15 mrad and the full width at half 
height of the distribution of the momentum difference between incoming and out- 
going protons was about 0.4 ~o. 

Absolute differential elastic scattering cross sections were obtained from the number 
of particles included within the elastic peaks in the momentum distribution of the 
scattered protons and the total number of beam particles. Uncertainties created by 
the inclusion within our limits of events with meson production were always less 
than 1%. 

The high precision in angle determination made it possible to compute the point 
of interaction for scattering events to about + 10 cm in longitudinal position. The 
events associated with scattering in the scintillator and spark chamber material at 
each end of the target were removed by rejecting events having interaction points 
clearly outside the space occupied by the target. Background measurements using 
no target were also performed. The residual background to be subtracted, e.g. for 
the C target, was about 0.3 ~o for elastic events between 2 and 3 mrad and remained 
small at larger angles. 

4. Results of Measurements with Light and Medium Nuclei 

In this section the results with 6Li, 7Li, 9Be, 12C and 27A1 are discussed. The 
measurements on C were done with 21.5 GeV/c protons; the others with 19.3 GeV/c 
protons. The thickness of the targets (e.g. 4 g • cm -2 for Li) were such that, within 
the smallest angular interval (2 to 3 mrad), the contribution of the plural Coulomb 
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scattering was less than 10~o of that due to single scattering. At larger angles the 
relative importance of plural scattering decreased rapidly and became smaller than 
1 ~o at O > 5 mrad. Multiple and plural scatterings were evaluated with the Moli6re 
theory, using the formulae given by Bethe and Ashkin s). The data presented below 
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Fig. 2. Differential cross sections plot ted as a funct ion o f  the four -momentum transfer squared; 
Black dots:  experimental  results; open circles: experimental  cross sections after subtraction o f  
the Coulomb contr ibut ion;  O.T.: optical theorem cross section evaluated using total  cross sections 
o f  table 1. For  each element the steep line fitting the first points  gives the nuclear form factor. The 
lines through the points  with the largest values o f  It[ all have the slope, (10 (GeV/c)=), exhibited 

by the p ro ton-p ro ton  differential cross section. 
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are corrected for plural and multiple scatterings, as well as for other small effects, 
like self-absorption of the protons in the target and no target background, but not 
for single Coulomb scattering. For each nucleus from 10 000 to 40 000 elastic scat- 
tering events were measured. 

In fig. 2 the differential cross sections are plotted as functions of the four-momentum 
transfer squared. The errors quoted are only statistical. The most striking feature 
for all elements is the sudden decrease of the cross section as Itl varies from zero to 
,~ 0.03 (GeV/c) 2. This is due to the strong angular dependence of both the Coulomb 
and the diffraction differential cross sections for coherent nuclear scattering. A more 
gentle decrease follows this rapid variation and is to be attributed to the incoherent 
scattering of the protons from the single nucleons of the nuclei. 

A rather simplified and approximate analysis of the data will now be given, which 
has the advantage of allowing an immediate physical interpretation and of being 
sufficiently accurate for analysing the results on light and medium nuclei. In sect. 5 
a more elaborate optical model will be used for the heavy nuclei. 

Within the region of Itl < 0.03 (GeV/c) 2, the contributions of the Coulomb and 
of the coherent diffraction scattering are given by the equations: 

where 

dtr = C2 + 12 -I- R 2 + 2 C R ,  (5) 
do9 

C 2 = Z 2 (2r~pmc)2 F~(A, t) 
t 2 

is the Rutherford formula multiplied by the square of the Coulomb form factor 
Fc(A,  t). It represents the contribution of the Coulomb scattering of the protons by 
a nucleus of charge Z and atomic number A, and in this approximation it is considered 
completely real. The quantity 

o" 2 
P° ' t ° t  F 2 A 

I 2 = ( 4 r c h )  n ( , t )  

is the square of the imaginary part of the coherent nuclear scattering amplitude. 
Here F2(A ,  t) is the strong interaction nuclear form factor, which is to be deduced, 
and ~tot the total cross section due to nuclear interaction, excluding the Coulomb 
contribution. It is assumed that this separation can be carried out. Finally, R is the 
real part of the coherent nuclear scattering amplitude that may be expected to be 
different from zero, since at these energies the proton-proton elastic scattering in- 
dicates the existence of a sizeable real amplitude 2). However, utilizing the values 
of the total nuclear cross sections o'to t measured in this experiment (see sect. 6) for 
deriving the value of I at the forward direction, it was found that the experimental 
differential cross sections on light and medium nuclei can be interpreted assuming 
that the quantity R is small in comparison to I and C; consequently, the data will 
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be analysed with the assumption that R = 0, thus dropping the last two terms of 
eq. (5). With the reduced form of eq. (5) 

- -  [2repmc~ [ ~ptrt°t 2F2 A d° = z2 ~----~]2F~(A, t)+ ~ 41rh ] ~( , t), (6) 
dco 

the Coulomb and the nuclear contributions can be separated. 
For the elements under discussion, a Gaussian form factor 

/ a2 Itl) F~(A, t) = exp , -  
\ 

(7) 

was used for the Coulomb form factor, and the values for a were taken from the 
work of Herman and Hofstadter 6). The main criticism that can be made of this 
choice is that the Herman and Hofstadter form factors are valid for electron-nuclear 
scattering, i.e. for particles that can penetrate undisturbed into nuclear matter, 
while high-energy protons cannot. This effect will make the proton-nucleus form 
factor smaller, and the more so the larger is t, and for equal t, the heavier is the 
element. However, as will be discussed in the following section, the approximation 
adopted here is acceptable for light and medium nuclei and for the angular ranges 
explored in the present experiment. 

In fig. 2 the open circles were obtained by subtracting from the experimental points 
(the black dots) the contribution of the Coulomb scattering evaluated according 
to eqs. (6) and (7). After this correction is applied, the experimental points at the 
smallest t values are well fitted (see fig. 2) by a straight line, and in all cases these 
lines intersect the t = 0 ordinate at a point which is compatible with the optical 
theorem value 

 4-ff/. (8) 

This means, as was mentioned earlier, that there is no indication of a sizeable real 
part in the amplitude of the coherent nuclear diffraction scattering. In addition these 
straight lines show that, at least for Itl < 0.03 GeV/c) 2, the nuclear form factor is 
given by the expression 

F~(A, t) = e -nl'l. (9) 

Eq. (9) with B = R2/4h 2 is the small argument expansion of the form factor expected 
for the diffraction by a spherical black body of radius R, which is the familiar optical 
model expression 

(10) 
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• The correctness of this interpretation is confirmed both by the reasonable values 
of the nuclear radii obtained and by the fact that, when other diffraction maxima 
besides that at O = 0 begin to appear in the curves of fig. 2, these maxima occur at 
the positions predicted by eq. (10), that is for 

R ~ / ~  = k R O  = 0; 5.14; 8.42; 11.62, etc., (11) 
h 

where 
k = p /h  = 5.06 p (fm)-2, (p in GeV/c). 

TABLE 1 

Cross sections 

R O.to t (Tel I) alba N ( A )  N ( A ) / A  ~rab s 
(fro) (b) (b) (b) 1 - -  z~R--- q 

eLi 3.404-0.10 0.232-4-0.005 0.038 0.194 3.0 0.50 0.47 

VLi 3.404-0.10 0.2504-0.005 0.042 0.208 3.0 0.43 0.43 

tile 3.474-0.15 0.2784-0.004 0.051 0.227 3.5 0.39 0.41 

12C 3.244-0.10 0.3354-0.005 0.081 0.254 3.4 0.28 0.25 

27A1 4.154-0.10 0.6874-0.010 0 .215  0.472 4.6 0.17 0.15 

6a.6Cu 5.604-0.10 1.36 4-0.02 0.51 0.85 6.7 0.10 0.16 

l°v.2Pb 7.504-0.25 3.29 4-0.10 1.54 1.75 (9.5) (0.046) 0.00 

~ss.°U 7.504-0.40 (10) 

,) Nuclear coherent only. The errors on ae~ are about 4-5 Yo. 

The nuclear radii that can be deduced by means of a least-squares fit to the slopes 
of the primary maxima are listed in table 1, column 1. A comparison with the values 
given by Herman and Hofstadter 6) for the "equivalent uniform model" shows good 
agreement for light elements. 

The steep decrease at small angles produced by the nuclear diffraction scattering 
is followed at large angles by a continuous and much less steep decrease of the dif- 
ferential cross sections. This behaviour indicates that the incoherent elastic scattering 
from the individual nucleons in the nuclei (quasi-elastic scattering) replaces the 
coherent nuclear scattering at large angles; indeed the large angle slope is about that 
characteristic of free nucleon-nucleon scattering. 

Fig. 2 shows that the contribution of quasi-elastic scattering increases very little 
when going from the lighter to the heavier elements. This is the fact that makes it 
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possible to observe the appearance of the secondary diffraction rings in the heavier 
elements. The reason is that a secondary ring becomes visible only when, with in- 
creasing mass number, the coherent cross section rises enough to bring the secondary 
maxima above the nearly constant level of the incoherent background. 

For the scattering at the largest angles, which is attributed to the incoherent 
proton-nucleon scattering, the following procedure was applied. On the basis of 
what is known about proton-proton scattering 2) and assuming that proton-proton 
and proton-neutron scatterings are the same and neglecting the real part of the 
scattering amplitude, it can be expected that the incoherent scattering cross section 
has the form 

_ -  \ ~ -  / exp ( -  Cltl), (12) 

where C is a constant independent of A. Here the term ptrtot(pp)/41rh expresses the 
proton-proton forward scattering amplitude, the exponential describes the behaviour 
of the proton-proton differential cross section, and N(A) is the number of free 
nucleons that at large angles produce the same scattering produced incoherently 
by the nucleus of mass number A. In other words, the scattering observed outside 
the coherence region is made equal to the scattering produced by N(A) nucleons, 
each one operating independently. Using for the forward scattering amplitude and for 
C the numerical values 2) found for the proton-proton scattering at Po = 19.3 GeV/c, 
and expressing t in (GeV/c) 2, eq. (12) reads 

dcr = N(A)11.0 e -'°lit b/sr. (13) 
do 

In fig. 2, straight lines having the slope given by (13) were fitted to the cross sections 
measured at the largest It], and from those fits the values of N(A) of column 5 of 
table 1 were deduced. 

A satisfactory description of the dependence of N(A) on A is given by the expression 

N(A) = 1.6 a *. (14) 

This relation shows that the number of equivalent free nucleons increases, at least 
in litst approximation, as the circumference of the nucleus. This result has a simple 
geometrical interpretation; namely that the proton can emerge with full energy only 
when it hits a nucleon situated on the rim of the nucleus. 

It is also possible to look at the incoherent diffraction scattering from a different 
point of view. Since all nucleons present in a target of atomic number A are condensed 
in nuclei, and since in large momentum transfer elastic scattering events each nucleon 
can be considered as free from nuclear bonds, the quantity N(A)/A represents the 
fraction of cases in which the proton of momentum P0 crosses the nucleus without 
being absorbed by inelastic interactions. Thus N(A)/A is the quantity which in an 
optical model is called the transparency of the nucleus, i.e. the quantity 1 - (a, bs/rrR2). 
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In columns 6 and 7 of table 1 the values of these two quantities are given and are 
evaluated using the numbers of  the other columns of the same table. The good 
consistency between the two sets of  values gives credit to this interpretation. Actually, 
in our opinion the transparency given by N ( A ) / A  is a better determined quantity 
than that defined otherwise. 

The comparison between the cross sections measured for eLi and 7Li is also in- 
teresting. The extra neutron present in 7Li affects the coherent elastic scattering but, 
consistent with eq. (14), does not appreciably affect the incoherent scattering. 

5. Heavy Nuclei 

The results obtained for targets of ~3"~Cu, 2°7"2pb and 23S'°U are given in fig. 3, 
after correction for multiple scattering and self-absorption. The secondary diffraction 
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using eqs. (15)-(19) and the numerical values presented in table 1. 

rings are clearly visible. From the values of O at which the maxima occur and from 
relations (11) the nuclear radii given in table 1 fo r  Pb and U were obtained. 



PROTON-NUCLEI CROSS SECTIONS 619 

In order to explain the magnitude of the cross sections observed it is necessary 
to take into account the absorption of  the protons in the nucleus, in the evaluation 
o f  the Coulomb and of the nuclear form factors. 

In describing the calculations that have been performed, we follow the presentation 
o f  Clementel and Coen 7) and use their notations. The general expression for the 
elastic scattering differential cross section of a charged particle of  momentum 
p = hk is 

da = i f (O)l  z _- 1 ~ (2/+l){exp [2i(rh+t~t)]-l}P,(cos O) 2, (15) 
do.) 2 - ~  1=0 

where r/1 are the phase shifts due to the Coulomb field and 6~ those due to the nuclear 
field. 

I f  it is assumed that the nuclear matter is distributed within a sphere of radius 
R = lc/k, the terms present in eq. (15) can be divided in two groups, one containing 
the term with l > I c and the other those with l < lc. The contribution coming from 
the terms with l > lc was calculated by Clementel and Coen by putting 

( Ze2~ (16) 
r h = n l o g l ,  ~t = 0 n = hflc] 

and is given by the expression 

(~9) = kO 21 {2n exp Ei(2t/o-2n lg ½0)3 + leo exp [i(2n Ig lc-½n)]Jt(lcO) 

} - 2 .  exp [ - i 2 .  lg o3 y 'nSl(y)dy , (17) 
dO 

where t/o = - n C  and C = 0.5772 is Euler's constant. For 19.3 GeWc protons on, 
e.g. Pb, / c -- 670. 

In order to evaluate the waves with l < lc, eq. (15) was used, taking into account 
also the nuclear transparency. The nuclear charge distribution, following Bethe s), 
was assumed to be Gaussian. The Coulomb phase shifts are then given by the expres- 
sion 

r h =  n l o g l +  (18) /ka (X 2 -- 12/k2a2) ~ {1 - erf (x , 

where x/~ a is the r.m.s, radius of  the nuclear charge distribution as given by Herman 
and Hofstadter 6). The nuclear phase shifts inside the nucleus were taken as complex 

I f  there is a real scattering amplitude, ~ # 0. The imaginary part fl~ is related to the 
transparency of  the nuclear matter for the incoming proton. We have used the 
classical relation (straight line approximention in uniform nuclear matter) 

2fl, -- ~/ig - -  1 2 (19) 
k2 
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The mean free path, 2, of the incoming protons in nuclear matter was chosen by 
requiring that, at the end of the computation, the absorption cross section of the 
nucleus be equal to that measured and listed in table 1. The numerical calculations 
were carried out using the CERN IBM 7090 computer. 

In heavy nuclei it is difficult to extract information on the real part of the scattering 
amplitude by extrapolating the differential cross section to zero angle because the 
steep dependence of the nuclear form factor on the angle makes the interpretation 
of the data strongly model-dependent. For Cu, however, the analysis is still valid. 
The cross sections measured from 2.5 to 5.5 mrad, after correction for the Coulomb 
contribution, were evaluated by means of eqs. (15)-(19) assuming zero real scattering 
amplitude. When fitted with a Gaussian form factor (eq. (9)), these corrected cross 
sections gave for Cu the radius quoted in table 1, and an intersection with the t = 0 
axis coinciding, within the errors, with the optical theorem point. The value of R 
found for Cu in this way is in agreement with that deduced from the location of the 
first diffraction ring, at about 10 mrad. 

Among the heavier nuclei, most attention was given to lead. It was found that, 
once 2 was chosen to give the correct value of aab s, as explained before, the height of  
the secondary maxima could be matched only when the real parts of the nuclear 
phase shifts inside the nucleus 0q were taken equal to zero. However, with ~t = 0 
the calculated minima are much deeper than the observed ones, as shown by the 
curve plotted in fig. 3. To be sure that the diffraction minima were not filled up as a 
result of multiple scattering in the target, a measurement was done with a target o f  
only 0.3 mm. No modification of the diffraction pattern was found. The partial 
filling of  the first diffraction minimum is due to the Coulomb contribution to the 
scattering amplitude (17). With ~ ~ 0, and proportional to //t, i.e. with a not  
negligible real part in the nuclear scattering amplitude, the minima can be filled up, 
but at the expense of making the calculated cross sections at the maxima substantially 
greater than the observed ones. The filling of the minima is most probably due to 
the contribution of events with associated nuclear excitation 9), which in our measure- 
ments could not be separated from the true elastic events. A discussion of the inelastic 
scattering is not attempted here. 

It is conceivable that, still with a purely elastic model, a better fitting could be 
achieved with a distribution of nuclear matter that at R does not drop suddenly 
to zero. However, the improvement could not be great, because as it can be seen from 
equation (19), even a uniform density distribution already gives rise to a transparent 
edge ~ 22/8R thick ( ~  0.1 fm for Pb). 

Another cause of deformation of the scattering patterns is the non-sphericity of" 
the nuclei. The difference between the pattern presented by 2°7"2pb, a mixture o f  
isotopes either magic-magic or nearly so, a n d  that presented by 238"°U, whose 
numbers of protons and neutrons are far from the magic ones, is striking. 

The incoherent scattering in heavy nuclei is relatively so small, in comparison with 
the coherent scattering, that it cannot be noticed even at the largest angles observed 
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in the present experiment, except perhaps in the case of Cu, where N(A) is found to 
be ~ 6.7. The values of N(A) quoted in parentheses in table 1 for Pb and U are 
those deduced from the empirical eq. (14) and do not appear to be in contradiction 
with the data of  fig. 3. 

6. Total  Cross Sections 

The strong interaction total cross sections of protons on nuclei were measured with 
the same beam and the same apparatus used for the measurement of the differential 
cross sections. 

The transmission total cross section determined by the geometry of the trigger 
system (coincidences 1 2 3 4 5, see fig. 1) were obtained by replacing the scintillator 
C4 by one without the hole and measuring the ratio of the counting rates 1 2 3 4 5 
to 1 2 3, both with the targets in place and without them. The contribution to o'to t 
measured in these condition was, e.g., for A1 at 19.3 GeV/c, 0.517 b out of 0.687 b. 
The contributions for inelastic and elastic events included within the normal trig- 
gering counter system were obtained from the counting rates measured in the dif- 
ferential cross section runs. 

To deduce the strong interaction total cross sections from these data, it is necessary 
to eliminate the contributions from electromagnetic interaction. For the light and 
medium elements, this was done by taking advantage of the separation between 
Coulomb and nuclear elastic scattering discussed in sect. 4. Of course, it was assumed 
that no contribution comes from a real nuclear scattering amplitude, i.e. that between 
Coulomb and nuclear scattering there is no interference. The total cross sections found 
after removal of  this contribution are given in table 1, column 2. 

The small angle contributions for the total cross sections of Cu and Pb (no trans- 
mission measurements were made with U) were obtained by assuming that at the 
smallest angles the nuclear differential cross section is that produced by a body of 
radius R, normalized to the optical theorem point (see eqs. (8) and (9)), the total 
cross section being obtained by iteration. 

From the elastic differential cross sections, it was also possible to obtain the total 
elastic cross section ael and consequently the absorption cross section trab s = O'to t -  gel 
(columns 3 and 4 of  table 1). The elastic cross sections (nuclear coherent only) were 
evaluated by integrating over the solid angle the differential cross sections given by 
eqs. (8) and (9) for the light and medium nuclei and by eqs. (15)-(19) for the heavy 
nuclei, with the numerical values for the nuclear radii and the total cross sections 
given in table 1, but eliminating the Coulomb contributions. The numerical values of  
tr, l obtained in this way are given in table 1. They should be reliable within __+ 5 ~o. 

It is gratifying to find that for Pb the elastic and the absorption cross sections are 
about equal, as expected for a nearly black body, and that the total cross section, 
when equated to 2nR 2 gives R -- 7.3 fm, in reasonable agreement with the value 
quoted in table 1. 
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,The total and the elastic cross sections, as measured in the present experiment, 
are plotted in fig. 4 as functions of  the mass number A. The absorption cross sections 
are also shown for completeness. On comparing with the oc A ~ slope, it is evident 
that both trto t and trab s are about proportional to the areas covered by the nuclei. 
The steeper slope of trel shows that the nuclear transparency is rapidly decreasing 
with increasing A, the nuclei becoming opaque only for A ~ 200. 
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Fig. 4. The total, the elastic and the absorption cross sections measured in this experiment plotted 
as functions of the mass number A. 

7 .  C o n c l u s i o n s  

The validity of  the optical model in interpreting the interaction of 20 GeV protons 
with nuclei is well proved by the results presented. However, the quantitative agree- 
ment between the predictions of  the model and the experimental values is limited 
to the region within the first minimum, where slightly inelastic and quasi-elastic 
scattering are absent. 

The values of  the nuclear radii measured by proton scattering Rp can be compared 
with those measured 6) by electron scattering Re. For the lightest elements Rv ~ Re, 
for the heaviest Rp - Re ~ 0.5 fm. These radii do not fit very well a formula Rp = roA ~. 
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It is also interesting to see that the differential cross sections at small angles are 
compatible with a real nuclear scattering amplitude equal to zero, though in the 
present case, this statement means only that at the smallest angles the contribution 
to the differential cross section of a real part of the nuclear scattering amplitude is 
not greater than 5-10 ~ of the contribution of the imaginary part. 

The existence of the quasi-elastic scattering cannot be described by an optical 
model. The knowledge of its dependence on the atomic number of the target can be 
put to use for the solution of practical problems. For instance, one might ask what 
is the advantage of using a target made with a light element in obtaining (i) mono- 
chromatic beams of scattered protons and (ii) secondaries not disturbed by further 
interactions within the nucleus in which they are produced. 

In the first case, at angles with respect to the beam for which Itl > 0.05 (GeV/c) 2, 
the efficiency of a target is proportional to 

(d0"/do)qua~i elastic ~ A ¢ _ 1 

O~b~ A ~ A ~ " 

Thus, a Be target is about three times more efficient than a Pb target. In the second 
case, the probability that a secondary does not suffer an interaction in the same nucleus 
is proportional to the transparency, i.e. to N(A)/A/oc 1/A ~, and the Be target is 
about nine times better than the Pb target. 

Finally, the discussion of sect. 6 about total cross sections shows that reliable 
measurements of total and of absorption nuclear cross sections demand a detailed 
knowledge of the differential elastic cross sections. 

The differences existing between the present values for the absorption cross sec- 
tions of table 1 and those obtained earlier lo) with a "bad geometry" absorption 
method, at 24 GeV, must be ascribed to a poor knowledge of the angular distributions 
of the elastic scattering. In fact the discrepancy between old and new data is greatest 
(up to 25 ~o for Be) for the light elements, where the elastic scattering extends to 
larger angles, and becomes zero for Pb, where the elastic events are confined within 
angles so small that, in the previous experiment, they were never excluded by the 
counters defining the scattered beam. 
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