
PHYSICAL REVIEW C VOLUME 15, NUMBER 4 APRIL 1977

Recoil momenta of fragments from relativistic nuclear heavy ions
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It is shown that the recoil momenta of isotopes produced by fragmentation of relativistic "C and "0
projectiles can be understood from kinematics and a two-fragment approximation.

NUCLEAR REACTIONS Recoil momenta of fragments from relativistic ~ C and
l60 projectiles. Kinematics and two-fragment model. Linear dependence on

interfragment binding energy and target independence.

In another work' we present an analysis of
partial cross sections' and of momentum distri-
butions' for the isotopes produced by fragmenta-
tion of "C and "0beams at 2.1 GeV/nucleon using
a double-nova model. 4 The correlation between
partial cross sections and di-fragment binding en-
ergies was clearly seen, and the momentum width
distribution of fragments was also understood with
di-fragment decay of nova. We here extend the
model to calculate the recoil momenta of frag-
ments' which appear in the momentum distribution
as the shifts of the centers of Gaussian distribu-
tions in the projectile rest frame.

The model is a two step process: first the pro-
duction of nova, and then the decay of the nova
into fragments. Upon collision, the beam nuclei
B and the target nuclei A acquire their internal
energies characteristic to the individual nucleus
and become novas with masses m~ and m~, re-
spectively. The nova B*, whose decay products
we are concerned with, is considered as a super-
position of many two-fragment states. It decays
directly into various pairs of nuclei C,. and D,.
(i=1, 2, . . .}. As we assume that no quantum num-
ber is exchanged in the formation of the novas,
baryon and charge quantum numbers are con-
served in the transition from B to B~.

We denote the momentum of B by P~ and that of
A* by q' in the laboratory frame. The energy-
momentum conservation in the laboratory frame
can be written as

(m ~'+ P~')' /'+ m„

m~+ (m, „'+P„'}'/'

[gzg2+ (P q)2]1/2+ (~+2+ q2}1/2 (2)

For small recoil momentum and recoil angle, the
longitudinal component qs (measured along the
beam direction) of recoil momentum of B* is re-
lated to the excitation energy E =m~ -m~ of B*by

(m '+P ')'/'
A A,

SZ gms —ms+, 2 2)~/2(m~ —m )
Vl~ +I~

where the second order term in q is neglected.
The momentum of the target A in the beam rest
frame can be expressed in terms of the incident
kinetic energy per nucleon T in the laboratory
frame and a, nucleon mass m„as P„=(T'+ 2m „T)'/'.
n„where n„ is the nucleon number of the nucleus A.

We now apply Eq. (2) for the case where. a nu-
cleus C is observed as a fragment from B*. For
this process to occur, the excitation energy E
=m~ —m~ of B*has to be greater than the di-
fragment binding energy 5~, which is the binding
energy between C and (B —C) nuclei to form the
nucleus B. For instance, in the case of "0beam,
if C =~He, d, 'Li, etc. , then (B —C) ="C,' N,

' B,
etc., respectively. Let us denote the recoil mo-
mentum of the nova B*which decays into C and

(B —C) as qsc, then we obtain the following ex-
pression

= (m„*'+q")'/'+ [ms~'+ (P~ —q)']'/'-. (1) qc =—[V,+ q, + (1 - v2)'/' Z„],c 1
(4)

It is more convenient to write it in the beam rest
frame for treatment of beam fragmentation reac-
tion. Denoting the corresponding momentum of A

by P~ and that of B*by q, we get

where Q, is the total kinetic energy of the decay
fragments C and (B —C) and v =P„/(m„'+P„')'/2.
We have replaced m„*-nz„with the average exci-
tation energy E„of the target nova A*. The third

1598



RECOIL MOMENTA OF FRAGMENTS FROM RELATIVISTIC. . . &599

term in Eq. (4) is the contribution from the target
nova. The velocity v is the velocity of the target
4 in the beam rest frame, and it is also equal to
the velocity vB of the beam nucleus in the labora-
tory frame. Thus, the incident '6Q or ' C beam
velocity vB=0.95 in the laboratory frame" means
v = 0.95 for the target in the beam rest frame. The
kinematical factor (1 —v')'~'/v in Eq. (4) implies
no target dependence of recoil momenta of beam
fragments in the asymptotic energy region, which-
theoretically confirms the experimental observa-
tion. s The energy transfer function (excitation
energy spectrum) of nova of carbon has been ex-
tracted from the experimental data' and can be
fitted with the form p(E) = P exp(-P/E)/&', which
has the maximum at —,'P. It was also shown that
the magnitude of —,'P is of the order of the energy
required to excite a nucleus into its lower lying
states. ' We here assume that these features
of p(E) remain the same for any nucleus as long
as the nova is produced within a small angle.
Using the excitation energy spectrum p(&) with a
cutoff at & =m„we obtain E~ = 15 MeV. Thus, the
contribution from the target term (1 —v')'~' E„/v
at vs=v=0. 95 is about 5 MeV/c.

Taking into account the mass dependence of
recoil momentum of each fragment, we obtain the
desired recoil momentum of fragment C in terms
of gB as

Q, = 2 o. = 11.55 MeV.

From Eqs. (5) and (8), we obtain a linear rela-
tionship between -(Pc,) and 6, as

m 1(Pc) c [5 +11 55+15(1 —v')'~'].
VlB V

(8)

In Fig. 1, we plot the experimental data of recoil
momenta of fragments from "0beam with exper-
imental errors against di-fragment binding ener-
gy. As is seen from our earlier work, the two
body fragmentation model of the beam nucleus for
Smaller maSS fragment rnc - 2nzB iS nOt aS gOOd

as for the case of larger mass fragment because
the multiple production of smaller fragment is in
most eases possible. (See Ref. 9 of our earlier
work. ) For this reason we divide the data into
two cases: one with the data with fragment mass
number larger than 8, and the other with those
with mass number less than or equal to 8. For
the former, we assume an average mass number
Re=12, and for the latter we assume me=6.
With these assumptions we get

(Pc) =0-.795,+12.87 for m, =12

mc(ms -mc)
C PlB

where n("0) =7.7 MeV. This value is obtained by
fitting Eq. (7}to the momentum width distribution.
Using Eqs. (6) and (7), we get

c -[6 + Q + (1 —v')' ~' Z ].C C A
B

Since the total kinetic energy Q, of fragments C
and (B —C) can be obtained from the data on the
momentum width distribution o, through

(5) (P») =0.396-, +6.43 for m, =6. (10b)

Similarly for the fragments from "C beam, we
divide the data into two classes, one with frag-
ments with mass number larger than 6, and the

, (P„') (P„')
2@1c 2ms c

m BOC2

2 ~c(ma mc)
(6)

' 0 beam

0 Fragment with mass number A&8

~ Fragment with mass number A 8

we can compute the recoil momentum of each
fragment in terms of di-fragment binding energy
6, and the experimental data, on cc from Etl. (5).

However, since the experimental data on (Pf, )
have large errors, it is more useful to see the
general behavior of -(PP,) as a function of c, by
fixing Q, to the average value Q,. In order to ob-
tain the average total kinetic energy Q„we utilize
the results of the analysis of momentum distribu-
tion. The momentum distribution is Gaussian
with a width o„which can approximately be ex-
pressed in terms of its mass mc and projectile
mass ~B as
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FIG. 1. Plot of the experimental data of recoil mo-
mentum of fragment C from ~ 0 against the di-fragment
binding energy t5c. The straight lines represent Eqs.
O-o).
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'2C beam
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these theoretical predictions along with Eqs. (10a)
and (lla) for larger mass fragments in Figs. 1 and
2.
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other with the rest of fragments. And assuming
that m, =10 for the former and m, =4 for the
latter, we obtain

and

(P c ) = 0.886,+ 14.30 for m, = 10 (1la)

-(Pc,) =0.355,+ V. V2 for m, =4. (lib)

Even though we do not expect good fits to the data
for smaller mass fragments with Eqs. (10.2) and

(11.2) as is explained above, we nevertheless plot

I I I
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FIG. 2. The same as in Fig 1 with ' C projectile. The
straight lines represent Eqs. (11).

Considering larger' experimental errors, our fit
to the data for the larger mass fragments from
both "0 and "C seems quite reasonable. As is
expected, the fit to the data for the smaller mass
fragments is not as good as that for the larger
mass fragments.

In conclusion, the gross feature of the data of
recoil momenta of isotopes produced by the frag-
mentation of relativistic "0 and "C projectiles
can be understood by only the kinematics and the
di-fragment model. Together with the results of
our earlier work one can draw a consistent pic-
ture of mechanism of fragmentation of relativistic
nuclea. r heavy ions, namely, the formation of
nova by diffraction and the structural effect of the
nucleus in the deca,y process.

A possible connection of the beam fragmentation
by diffraction with the cluster substructure of
nuclei has already been explained in our earlier
paper. '
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