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We compare o, (E) for nucleus-nucleus systems (obtained from existing direct measurements and derived from
elastic scattering data) with nucleon-nucleon and nucleon-nucleus data. The energy dependence of o, (E) for
nucleus-nucleus systems is found to be quite rapid; there appears to be no evidence for an energy independent,
geometric o, . Simple parameter free microscopic calculations are able to quantitatively reproduce the data and
thus, emphasize the dominance of nucleon-nucleon interactions in medium energy nucleus-nucleus collisions.

NUCLEAR REACTIONS Total reaction cross section theory, comparison to data
for d,sl{e,oH-“C, 4°Ca, 07y, 28py and 12c+12C. Predictions for 40Ca+4'°Ca,
40ca+ 28pp, *%ph+ 28ph, Energy range 3<E; ,,< 1000 MeV.

I. INTRODUCTION

Medium and high energy heavy-ion beams are
beginning to become available to experimentalists.
It is important to understand the basic gross fea-
tures of nucleus-nucleus (9-M) collisions, e.g.,
elastic scattering and total reaction cross sections
(0g). It is commonly assumed that 0x(E) for
N-9 collisions is constant and equal to the geo-
metric limit at medium energies. In this paper
we address the question of 0z(E) for 91- 91 collisions
on the basis of experimental data and basic the-
oretical considerations.

We start illustrating by and discussing nucleon-
nucleon (N-N) and nucleon-nucleus (N-91) systems,
The basic behavior of these systems is found to
extend to the 91-N case. Therefore, microscopic
calculations based on 0%Y(E) seem to be called
for. Specifically the optical limit of Glauber
theory is applied. We show that such calculations
are capable of quantitatively reproducing all of the
available data. This agreement strongly em-
phasizes the dominance of the N-N interaction for
AN -N collisions at medium energies.

II. NUCLEON-NUCLEON AND NUCLEON-NUCLEUS
SYSTEM

The behavior of the N-N total cross section
(0,"") is well known. Figure 1 displays o ¥(E)
for incident (laboratory) energies up to 1 GeV.!
Notice the rapid decrease in 0,¥" with increasing
energy up to about 300 MeV at which point 7 pro-
duction causes the cross section to rise. This
pronounced dip in 6§¥(E) can be traced to the
behavior of the scattering phase shifts (in parti-
cular, the !S; phase shift crosses zero in the
region of the dip). The dip should be a char-
acteristic feature of any heavier system which
is dominated by the nucleon-nucleon interaction.
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Indeed proton-nucleus total reaction cross
sections? display an energy dependence, which
tracks o} (E) (see Fig. 2) (from Ref. 3). Of
course low energy effects due to the Coulomb
barrier and resonances are also observed. The
fact that 0 climbs and then levels out in the en-
ergy region E; <20 MeV suggesst that a geometric
limit is reached. The fact that 0x(E) falls off
sharply at higher energies means that this geo-
metric limit is not maintained, i.e., some trans-
parency occurs in the nucleon-nucleus interaction
at these energies. The data may be parametrized
with the formula?
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where R is the effective nuclear radius, X is the
reduced wave length of the incident particle, Z and
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FIG. 1. Nucleon-nucleon total cross sections as a
function of incident lab. energy (rom Ref. 6).
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FIG. 2. Examples of proton ogx(E) (from Ref. 3). The
dashed lines are drawn to guide the eye and the solid
lines are fits using Eq. (1) with 7=0. The parameters
of these fits are listed in Table I.

z refer to the target and projectile, respectively,
E is the center-of-mass energy, and 7T is the -
transparency, which may be related to the mean-
free path of the nucleon in nuclear matter. Thus
transparency as defined in this equation represents
the difference between the geometric cross sec-
tion and the experimentally smaller values which
are obtained at intermediate energies. This
transparency is apparently related to the behavior
of o¥¥(E). (Microscopic theoretical calculations
of op™ will be presented in Sec, IV.)

Figure 2 shows the application of Eq. (1) to
existing proton 0, data. The radius in Eq. (1)
is determined by fitting the low energy data (with

T=0). Equation (1) is then extrapolated to the
medium energy region. This 7=0 prediction,
as shown in Fig. 2, definitely overestimates the
medium energy data, hence a nonzero value of

T is required to describe the medium energy
data. The derived radii and T values are listed
in Table I. The derived radii are fairly close to
electron scattering radii which seems to justify
the assumption that 7=0 at the peak of oz (E).
The derived values of 7" are in reasonable accord
with the work of Renberg ef al.?

III. NUCLEUS-NUCLEUS SYSTEMS

Very little 0z(E) data have been measured for
N-N systems. However, the fact that composite
projectiles and heavy ions are known to be strongly
absorbed (at low incident energies) has encouraged
the assumption that 0z(E) simply levels off, above
the Coulomb barrier, at the geometric limit and
stays at that value at intermediate and high inci-
dent energies.

As we shall see, elastic scattering data are
very useful in studying the energy dependence of
the 91- ot interaction. It is well established that
elastic scattering data can be reasonably well
described with a diffraction model? in which the
minima of the angular distribution are given by
the zeros of J;%(kR6). We have compared a +4Ca
data with this diffraction model at E_ , /N (i.e.,
the center of mass energy divided by the number
of nucleons in the projectile) =32.2 (Ref. 5) and
306.7 MeV (Ref. 6) incident energies. At both
energies the first four minima are closely re-
produced with this description. However, the
radius required to fit the data changes from 6.40
fm at 32.2 MeV/N to about 4.9 fm at 306.7 MeV/
N. This simple analysis suggests that the geo-
metry seen in composite projectile-nucleus col-
lisions changes as a function of incident energy.
Thus the value of the geometrical limit for o
may be quite different between these two energies.

Quantitatively, 0 may be deduced from elastic
scattering data using the optical model. The
consistency between direct (e.g., beam atten-
uation) and elastic scattering-optical model values
of 03 to the level of a few percent is well es-
tablished for low and medium energy N-91 sys-
tems. We have verified this agreement for pro-
ton-nucleus scattering at energies up to 1 GeV by
comparing direct attenuation 0 measurements
with values deduced from elastic scattering.

The equivalence between the two techniques has
also been shown to hold for composite projectiles
at low energies.” A comparison at medium en-
ergies seems to be possible for only one system
(@+'2C), since so few direct measurements have
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TABLE I. Parameters used in Eq. (1).

Analysis parameters

Radius in Electron T Geometric
System Eq. (1)(fm) scattering radius ? (fm) (in minimum) ok (mb)®?

p+12C 2.98 3.16 36% 314

p+1%0 3.39 3.49 32% 382

p+4Ca 4.95 4.45 32% 623

d+1%c 5.45 5.87 64% © 1082
SHe +12C 5.70 5.58 977

a+12c 5.10 5.36 54% 902

d+*ca 6.85 7.16 1610
SHe +4'Ca 7.50 6.87 1482
a+%Ca 7.00 6.65 40% 1389
d+*7zr 8.70 8.22 2121
He + Vzr 9.00 7.93 1974
a+%zr 8.50 7.71 1866
d+2%pp 10.6 9.81 38% 3020
o +28pp 10.6 ' 9.30 2714
2o+ 12¢ 6.82 6.33 36% 1257
40Ca +40Ca 8.91 2493
40Ca +208pp 11.55 4194
208p, + 208pp, 14.20 6336

2 @12 times R s (from Ref. 11). Rims is the sum of the projectile and target radius except
for the proton systems where only the target size is included.

b 7R? where R is from column 3.

been performed for 91- 91 systems. Figure 3 dis-
plays 0z(E) for d +!2C, derived from elastic scat-
tering data,® along with three direct (beam atten-
uation measurements). ! The overall agreement
is reasonably clear and suggests that elastic
scattering data can be used to obtain 91-91 0, val-
ues to an accuracy of about + 5%.

Figure 3 also displays 0z(E) data for the p
+12C system, which can be compared with the
d+12C data. It is very clear that the d +12C sys-
tem displays a dramatic energy dependence. If
we apply Eq. (1) to the data, normalizing to the
large number of data points in the 4-6 MeV/N
region, we obtain the solid curve shown in Fig.
3 and the parameters given in Table I. This curve
represents the 7=0 (i.e., geometric) limit,
Another way of establishing the geometric value
for oy is to use the electron scattering values!!
for the rms radii to calculate m(R, + R12¢)? [where
R=@®)Y?R,,.]. This technique (see Table I)
yields a value of 1082 mb. Thus, the notion that
0r simply reaches and maintaines its geometric
limit for 91-9 collisions appears to be completely

incorrect for the d + !*C system.

The d + 1*C data set contains a reasonable num-
ber of data points; it is impossible to map out
0z(E) as well for other projectile-target combi-
nations; however, enough data!? exist to see if
the same qualitative effects exist for other cases.
Figure 3 also displays data for 3He and a pro-
jectiles on a !*C target. Data for d, *He, and o
projectiles are shown in Fig. 4 for a *°Ca target,
and in Fig. 5 for a ®*Zr target. Figure 6 dis-
plays d and o data on 2%Pb (very little *He data
exists). Notice that even for d+2%pb, 0x(E)
does not stay constant at medium energies.

We apply Eq. (1) to these data to produce the
curves shown in Fig. 3 through 6, with param-
eters given in Table I. The derived radii are
in reasonable agreement with the electron scat-
tering values,!! although there is a tendency for
R/Rg . to increase as the mass of the target
increases. The values of T which can be derived
from the available medium energy 91-91 data are
larger than for the proton data on the same target
[e.g., *C: T,=36%, T,=64%, T,=52%; **Pb: T,
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FIG. 3. Total reaction cross section data for a ?C
target. All of the proton points were measured directly.
For the d, *He, and @ data, the elastic scattering de-
rived values are indicated with no error bars while di-
rect measurements are indicated with error bars. The
sources of the data are indicated in the text. The solid
lines represent the use of Eq. (1) (with 7'=0) while the
dashed lines present the predictions of the microscopic
calculations [Egs. (5) and (6)].

=10% (Ref. 2), T,=38%]. These larger T values
simply reflect the strong energy dependence found
in 91- 04(E).

It is interesting to compare the effective radii
derived for the three projectiles on a given tar-
get. Notice that in all cases (12C,*°Ca, *°Zr) the -
effective radius for the 3He + target system is
larger than for the 4 or a projectiles. Since the
’He radius'! (R, =1.87 fm) is intermediate be-
tween the o radius (R,,,=1.70 fm) and the d ra-
dius (R,ms =2.1 fm) we can only conclude that o
apparently does nol scale with projectile radius.
Since the differences in oy for the three cases
are relatively small (compared with the energy
dependence, for example) it is particularly impor-
tant to measure 0gx(E) for these composite pro-
jectiles at low incident energies to check this re-
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FIG. 4. Total reaction cross sections for a 4'Ca tar-
get (see figure caption 4).

'

sult.

The heaviest system for which data can be
gathered is the %C +!*C case. Figure 7 dis-
plays elastic scattering based o values'® at low
energy along with two medium energy direct mea-
surements. ! A curve drawn using Eq. (1) is also
shown with parameters listed in Table I.

It is clear that even for *C projectiles, og(E)
does not simply stay constant at the geometric
limit in the medium energy region. As we have
seen, this energy dependence can be interpreted
as due to an energy dependent radius or trans-
parency. All of these 91-91 systems appear to
display a 0x(E) behavior strongly reminiscent of
of¥(E). It seems obvious, therefore, to attempt
to fit these data with a microscopic model based
on 0%¥(E) as input.

1V. MICROSCOPIC CALCULATIONS

We will attempt to fit the 04(E) data using the
simplest physical concepts. Consider, first of
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FIG. 5. Total reaction cross sections for a %9Zr tar-
get (see figure caption 4).

all, a chargeless point projectile, incident on a
nucleus with some impact parameter 6. The
probability of transmission through the nucleus
is simply

T=exp(-2z/A), A=(po )1, @)

where z is the path length through the nucleus and
is related geometrically to b and p is the nuclear .
density of the target. The total reaction cross
section is then given by

0R=21T_f bdb [1 - exp(- z/)x)]: (3)

Equation (3) has been used by Ernst! to fit pro-
ton ox(E).

Equation (3) is not very useful for projectiles
other than single nucleons. However, it is pos-
sible to generalize to the case of a finite projectile
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FIG. 6. Total reaction cross sections for a 2%8pp tar-
get (see figure caption 4).
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FIG. 7. Total reaction cross sections for the 2C+!2C
system (see figure caption 4).
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by writing

Og=2T f bdb[1 — exp(— o¥¥x(b)] (4)

x(5) :f ar? U dzy 37y = B+ 2,)

XJ- dz1p1(71+z1)], (5)

where z; and z, are internal coordinates. This
simple formulation of 0, can also be derived from
Glauber theory (e.g., the optical limit of Glauber
theory).® We can apply a first order correction
for Coulomb effects to these calculations by first
calculating the classical distance of closest ap-
proach (b’) for each asymptotic impact parameter
(b). InEq. (4) we then use the x(b’) which cor-
responds to the b value at each integration step.
These Coulomb affects are important below about
E, »./N=100 MeV.

We are now ready to make predictions for the
9N-9 0x(E). These predictions are parameter free
because electron scattering data!! are used for
p(r) and the experimental values, properly av-
eraged over o,** and o," are used for of¥. Since
the electron scattering charge distributions are
not available for deuterons, we have used the
analytical formulation of Humberston and Wallace!®
for the deuteron cases. The parameters for the
density distributions of various nuclei used in the
calculations are listed in Table II.

In Fig. 3, we display predictions for the ex-
perimental data on a !?C target discussed earlier.
The predictions for all the projectiles on a e
target are in rather impressive agreement with
the experimental data at all energies even down
to 10 MeV/N. As a check on our calculations we
can compare our results, at the highest incident *
energies (where 0¥ is essentially constant) with
the similar calculations of Barshay et al.!? for
the system o +!2C. Both calculation yield the
same 0,(560 mb). It should be noted that Chou
and Yang!® have used a similar concept to study
high energy N-N elastic scattering.

The agreement below 100 MeV/N is surprising,
since Glauber theory is usually thought to break
down at such low energies.!® We note, however,
that we have included Coulomb effects (to first
order), and that previous, rather similar cal-
culations by Bertini,?® have successfully fitted
proton-nucleus 0 data down to 30 MeV.

Figures 4 through 6 display predictions for ‘°Ca,
0zr, and 28Pb targets. Again excellent quan-
titative agreement is obtained for all but the
lowest incident energies. Our predictions for
2¢ +12¢C are shown in Fig. 7. Once again, good
quantitative agreement is obtained with the (limited)
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TABLE II. Nuclear densities.

Nucleus c kfm) 2z (fm) w Model
‘He 1.008 0.327 0.445 3pPF?
2¢ 2.355 0.5224 —0.149 3PF
40ca 3.669 0.5839 —0.1017 3PF
Nz p 4.434  2.528 0.35 spGP
W8épp 6.624 0.549 0 3PF
d C
3Hed

20 (1) =po(1 +wr?/cH /{1 +expllr—c) /zl}.
55 (1) =pg(1 +wr?/c?) /{1 +explis? = B /2°1}.
o () =pp{[w?(27) +w*(21)]/7*} where

4
u(r) =g—ar(1_e—é(r—ro))zcie—(i—l)”y' ,
i=1
3. 3 \%
— - =p(r=rg) 9 —(i-
wlr) =e ¥ (1—e P '°)<1+ W+W);d,-e (i=dpr

©£=0.7084 fm™, 7;=0.4842 fm, «@=0.2317 fm,
6=3.8 fm~1, p=0.8 fm™!, ¢;=0.8838 fm~1/2

€9=—0.0111 fm~1/2, ¢y=-1.245 fm™1/2,

€4=0.3496 fm™1/2,
dy=0.02303 fm~1/2, 4,=-0.026605 fm~1/2,
40 (1) =p4 (1) +pylr),

2 2 2
o) exp(—rz/4b2>]
. 2 2,2
pa(7) =Apy(0) [—s-l—r;%ﬂJffgg cos(qor)] exp (—- P 4T )

a=0.675 fm, 5=0.836 fm, C=0.366 fm,

p1(#) =pq [-a;r exp(—72/4a?) —

A=-0.14,p=0.90 fm~!, 4,=3.98 fm™1,

data.

The agreement between our calculations and the
available experimental data strongly suggests that
composite projectile and heavy-ion (at least 2¢
+12C) collisions are dominated, at medium en-
ergies, by the simple N-N interaction. The large
energy dependence of the experimental 0(E)
data for these systems suggests that heavy-ion
collisions (or at least !2C +12C) may not be
dominated by bulk (e.g., collective, hydrody-
namic) effects, which would yield a geometric
Or. Such bulk effects might become more im-
portant with heavier projectiles. Thus 0z(E)
measurements may be capable of answering a
fundamental question about heavy-ion collisions,
i.e., to what extent are they dominated by N-N
collisions as opposed to hydrodynamic behavior.
Furthermore, the fact that o; falls below geo-
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metric in the medium energy region might allow
the observation of the onset of exotic effects in
9l- N collisions, through a careful measurement
of 0,(E). This possibility would not exist if oy
were constant and geometric.

Equation (4) contains the quantity

1-exp(X) where X=- 0% x(b). (6)

This quantity may be thought of as-one minus the
transparency for a given impact parameter.
Figures 8 and 9 plot this quantity as a function of
impact parameter for the d +!2C and '2C +12C
systems. At low incident energies (large o¥")
there is no transparency until large distances are
reached, thus the radius of the system is quite
large justifying the notion that nucleus-nucleus
collisions are strongly absorbing. However, at
medium energies (small G’}”) the transparency

is non-negligible at much smaller impact pa-
rameters. This leaves a considerable radial
region, which is “translucent.” This explains
why nonzero T values are required at medium
energies when the data are analyzed using Eq. (1).
These results suggest that different radial regions
are probed in low and medium energy 9- 9 col-
lisions. The ability to probe the 9t- 9l system to
markedly lower radii may have important impli-
cations for nuclear structure studies.

Our microscopic calculations allow us to
realistically study density distributions in 91-3
collisions. For a given impact parameter (b) we
may plot the (electron scattering) densities, dis-
placed from each other by b, and add them at the
corresponding radii to obtain the resulting sum
density along the line connecting the two centers.
The probability of having both ions intact and un-
excited at given b may be estimated using a plot
like those shown in Figs. 8 and 9. This pro-
cedure is illustrated for a +!*C with ¥ =30
mb (E;/N=200-300 MeV) for two different impact
parameters in Figs. 10 and 11. Notice that only
low sum densities are achieved, at 0 =3.5 fm.

17""' =900 mb

f-exp(X)

1 1 1 L
70 20 30 40 B0 60 70 80 90
R (fm)

FIG. 8. The quantity 1 - exp(X) vs impact parameter
for the d+12C system:
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FIG. 9. The quantity 1 - exp(X) vs impact parameter
for the 2c+1!%C system.

At b=2.5 fm, densities are obtained which are
significantly higher than normal. Since 1 - exp(x)
is still 6.5%, there is a reasonable chance of
reaching these conditions. It is not clear, how-

I T 1 T
a+'2c
o."=30mb
exp (X)=37%
b=3.5fm
SUM
Co
=
(2]
P-4
w a
o
|2°
1 | 1 I
(o] | 2 3 4

r (fm)

FIG. 10. Densities for the a+!%C system for an im-
pact parameter of 3.5 fm. The 12¢ jon is centered at
7=0 while the @ nucleus is centered at »=3.5 fm @.e.,
the impact parameter).
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FIG. 11. Same as Fig. 12 except »=2.5 fm.

ever, that such low o%” values are conducive
to exotic compressional effects, but our cal-
culations, at least, serve as believable indi-
cators of how/when higher than normal densities
can be achieved.

We can extend our microscopic predictions
to even heavier 91- 9t systems for which there is
currently no experimental data. Figure 12 dis-
plays predictions for 4°Ca+4%Ca, *°Ca+ 2%pb,
and 2%pp +2%8pp systems. Notice that the char-
acteristic N-N dip is still predicted even for these
very heavy systems. The overall shape is some-
what different than for lighter systems because
of the higher Coulomb barrier. Table I lists the
geometric cross sections for these cases. The
medium energy 0; values predicted by our micro-
scopic calculations exceed the geometric values
at energies above 50 MeV/N, even in the dip
region. The origin of this effect is easy to under-
stand. The tail of the nuclear density sticks out
beyond the equivalent sharp cutoff radius. Thus
the large size of the nuclei involved yields a con-
siderable path length as the projectile moves past

T — T T
7600 — —
208, 208
7400} Pb +“““Pb -
7200 -
4800~
o 4600~ —
£
[ 4
b 4400 40cq + 208pp —
4200 —
3000 —
40cq +40Ca
2800 —
2600 —
2400~ . —
ol P I P P IR
7 10 30 50 70 100 300 500700
Ecm. /N(MeV)

FIG. 12. Microscopic predictions for heavier N-N
systems.

the target through this nuclear density tail.
Therefore, 0y can exceed the value given by the
geometrical limit obtained from the (electron
scattering derived) sharp cutoff radius. This
result suggests that for heavy M-9t systems, as
well as for composite projectile 91-91 systems,
the concept of a geometrical 0y is not very mean-
ingful.

Finally we discuss some of the effects which
are neglected in our microscopic calculations.
Equations (4) and (5) predict 0 assuming that
there exist no internal interaction or motion of
the nucleions in either the target or projectile.
One should, however, include Fermi motion and
Pauli blocking in the calculations. These effects
have been shown?? to effectively reduce o%” at
low energies. Thus 0, would decrease if Fermi
motion and Pauli blocking were included. We are
also neglecting the influence of the 91- 9t nuclear
interaction on the trajectories of the projectile.
At low energies the real 91- 9t interaction is suf-
ficiently strong to appreciably pull the projectile
and target together. This would cause o to
increase. These two effects are probably the
largest corrections to be applied to Eqs. (4) and
(5), but would be expected to be most important
at the lower energies (E/N< 50 MeV). Notice
that the signs of the two effects are opposite,
which may explain why our simple predictions fit
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the experimental data so well, even at low en-
ergies. Another effect which is not explicitly
included in our calculations is the coherent exci-
tation of collective states by the Coulomb or real
nuclear potentials.

V. CONCLUSIONS

Using the rather limited amount of available
experimental data, we find that o4(E) for com-
posite projectiles displays an energy dependence,
which is as strong or stronger than that for pro-
tons. Specifically, 05 is not geometric in the
energy region 50<E;/N<600 MeV. These ef-
fects apparently stem from the strong energy
dependence of o5 7. Microscopic (based only on

T and electron scattering densities) model cal-
culations are capable of reproducing all the fea-
tures of the data including quantitative agreement
in the energy region E,/N>20 MeV. These re-
sults emphasize the dominance of the N-N inter-

action in all of the 91-9 collisions for which we
have data. These results are rather unexpected
and are likely to have important implications for
medium energy composite projectile and heavy-
ion physics. For example, the excellent agree-
ment between our (parameter free) microscopic
calculations and the available experimental data
suggests that medium energy heavy-ion projectiles
behave like bags of noninteracting nucleons. Thus
collective or hydrodynamic effects are highly
suppressed. Because of the present sparsity of
data, our results are rather controversial sug-
gesting that a larger number of experimental mea-
surements are needed.
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