Lawrence Berkeley National Laboratory
Recent Work

Title
FINAL STATE INTERACTIONS IN THE PRODUCTION OF HYDROGEN and HELIUM ISOTOPES BY
RELATIVISTIC HEAVY IONS ON URANIUM

Permalink

https://escholarship.org/uc/item/81t0z32\

Author
Gutbrod, H.H.

Publication Date
1976-07-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/81t0z32v
https://escholarship.org
http://www.cdlib.org/

’00:,‘?94‘51)«4473

Submitted to Physical Review Letters LBL-5039
Preprint €-

FINAL STATE INTERACTIONS IN THE PRODUCTION OF
HYDROGEN AND HELIUM ISOTOPES BY
RELATIVISTIC HEAVY IONS ON URANIUM

RECEIVED
....... ‘N‘zth‘c‘L
H. H. Gutbrod, A. Sandoval, P. J. Johansen, BERKIEY LABORATGRY
A. M. Poskanzer, J. Gosset, W. G. Meyer Al G -
“G. D. Westfall, and R. Stock Yo 8 1975
LIBRARY AND
DOCUMENTS SECTION
July 1976

Prepared for the U. S. Energy Research and
Development Administration under Contract W 7405-ENG-48

o —
For Reference

Not to be taken frbm this room

N '

6€09-"1dT

\?




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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ERRATA .

Lance Wilson has pointed out to us that factors of and Yy are

1
N!
missing from eq. 1. None of the conclusions are affected. However,

the corrected equations are:

o ' 2 N-1 ‘
d2n 1 dznv dn 4w 3 (1)
I TH 203 o '
p~apdf - p apdQ \p dpaf
2 2 : xX+y -
d“o(x,y) _ (d o(prot)) : K(x,y) (2)
3 B 9] o Xty :
4EAQ dEdi . fm /E(E + 2m)']x y-1
sip3 VY1 N +n VY
Kix,y) = [—2) =3 et} (3)
! - o oxly! Z + Z . '
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The po at the bottom of pége S'becomes, 140 MeV/c. Table I is corrected

to:

‘Table I. Radius p - (MeV/c) of the momentum s heie
o P

for coalescence.

0Ne + U 4 t . 3He 4He
250 MeV/nucleon 126 . 140 - 135 147
400 MeV/nucleon 129 129 129 142
2.1 GeV/nucleon 106 116 © 106 118
4He + U

400 MeV/nucleon 126 - 127 | 127 132
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ABSTRACT
Double differential cross sections have been measured for high energy
3 . 4 . . L . .
p, 4, t, He, and He particles emitted from uranium targets irradiated
. 20 . 4 .

with Ne ions at 250, 400, . and 2100 MeV/nucleon and He ions at
400 MeV/nucleon. By using the shape and yield of the proton energy

: : 3 4 ’
spectra, the shape and yield of the 4, t, "He, and He energy spectra can
be deduced at all measured angles for all incident projectile énergies
assuming that they are formed by coalescence of cascade nucleons using a-
model analogous to that of Butler and Peéfson, and Schwarzschild and

o
Zupancic.
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Recently, we presented energy spectra and angular distributions for
He and 4He fragments from uranium and silﬁer targets bomb;rded with

relativistic héavy ions;l The cross section for these high énergy
products were two and three orders of magnitude higher than those
found for proton induced reactions at comparable ihcident velocity.
The larger yield of high energy 3He than 4}e raised doubts whether thére
was a common reaction mechanism thch could explain the production
of both. 1In hiéh energy proton inducgd reactibns, the ébservation
of deuterons was explained by Butler and Pearson2 as the coalescence
of céscade‘nucleons. This model, which was modified by Schwar;sghild
and Zupanéié? assumes that among'thé many knock-on cascade nucleons
there will be pairs that have small relative momenta. These hucleons
can form a deuteron by interacting with each other and the nuclear
field to which the_excess momentum and energy are pransferred. The
model thus relates the energy spectra of the emitted compléx particles
to the proton and neutfon spectra. We propose a slightly modified
version of this model to explain ouf'data on high energy light fragments
emitted in relativisﬁic heavy ionbreactions. It is found that the
energy spectra and angular distributions of the emitted composite
particles fall off more steeply than those of the nucleoné; Thus
we conclude that calcuiations of nuclear matter ejected in relativistic
heavy ion collisions should only be comparéd directly .to data fof the
emissioﬁ of nucleons.

Experimentally, we have measured.the'ehergy spectra from 30 to
120 MeV/nucleon at several laboratory angles for protons, deuterons,
tritons, 3He, and 4He emitted from uranium bombarded with 250, 400,

2 4
and 2100 MeV/nucleon ONe beams and a 400 MeV/nucleon He beam from
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the Bevalac. The hydrogen and helium isotopes were identified as to their
charge and mass in a AE-E telescope consisting of.a 2-mm thick’siiicon AE
counter (300 mm2) and a 10-cm long plastic scintillator (Pilot B,
coupled to a 2.5 cm diameter phototube) as anE detector. The natural
uranium target had a thickness of 240 mg/cm2 and iﬁs normalIWas'55° to
the beam. The energy of each particle was determined frbm ité énergy
loss in the silicon AE counter after the particle charge and maSS'weie
determined using a two dimensional contour display of theé analogue
particle.identifiéation function vs. the energy loss‘in the plaétic
scintillator. Thé relative cross sections, which are accurate to within
20%, were obtained by normalizing to a monitor telescope fi*ed at 90°
with respect to'fhe beam. The absolute cross sections were obtained by
normaliging to previously measured data.

Double diffé?ential;cross sectioné for the various emitted particlésv
are présentéd in Figs. 1 and 2. Althéugh many more angles héve been
measured, only some of the spectra are shown. Similar to the 4He and 16O

. . 1
induced reactions,  the energy spectra of all products are smooth and

show no peaks. The slopes of the energy spectra become steeper with

 increasing angle and also with increasing mass of the emitted particle.

Schwarzschild and Zupanéié3 predict ﬁhat the deuteron‘densiﬁy in
momentum space is proportional to the proton density times the probability
of finding a neutron Qithin a small sphére'of radius P, around tﬁe proton
momentum. A straightforward generalizétion to more complex parﬁicles

leads to:

d2n dzn dznv 4T 3 N-1 :
——— (N) = : = P, - ()

p dpdQ p dpdQ p2dde
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N is the mass number of the emitted fragments, p is the momentum per

2
dn

is the number of nucleons per event per élement of
p~dpdQ 2 | - o
- n . : - :
momentum space, and —— (N) is the number of coalesced clusters with

nucleon,

pzdde

N nucleons per event per element of momentumlspace.

We apply this formalism to heavy ion ind#ced réactions assuming that
the proténsvand néutrons have the sanme momentuﬁ.distribution_and'Ehétlfheir
reiative yield ié equal to the neutron-to-proton ratio in.the projectile

plus'ta:get, We get:

2
d o(x,y) _ (d?'o(prot))x+y Kix,y)

aEds dEag (2

. k+y—l
[VE(E + o) (B * mprot)]

4Trp3 x+y-1 x4y N +.N£ Y
o X p 0t

where E is the laboratory kinetic energy per nucleon, X is the number of
protons and y is the number of neutrons in_the_clustér, Np and‘Zp aré*
respectively the neutron and proton number of the projectile, and N,
and'Zt are respectively the neutron and proton number of the target. . The’
quantity OO is the nucleus-nucleus total reaction cross section calculated-
: . 20 4 '
in Ref. 5 as 4.1 b for Ne + U and 2.6 b for He + U.
In Fig. 3 we show measured double differential cross sé¢tions for .
3 4 . | B
d, t, He, and He compared to calculations based on Eg. (2)..and the
measured proton spectra shown in Fig. 2. For each projectile, incident
. .
energy, and fragment we extract one value for Po’ the radius of the
momentum sphere for coalescence. These values are listed in Table I.

The_values are much smaller than those found in Ref. 3 and are of

reasonable magnitude as they are a fraction of the Fermi QOenta of the
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clusters;ﬂ fﬁis simplevph;se—space calculation of coalescence involvés
only oné adjustable parameter for each fragment, thervalue of P for
éalculating absolute cross sections, enefgy spectra, ahd'angulaf"disF
tributioné.'nThe po values are remarkably uniform eveﬁ though ébsbfbed
into tﬁis éaréﬁeter aré the maﬁy“féctors, including correlations, not
expliciti; ;ccounted‘for in this véfy-giméle'mOAel.

In conclusion we have found‘strong evidence for final state inter-
actions in the producfion of high energy fragments (30 to 120 MeV/nucleon)
in relativistic heavy ion induced reactions. This result coula suggest
that future work concerning the possible detection of density effects in
thesé collisions should concentrate on the nucieon and meson épectra
since the energ& specfra of the Fomposite particles.éan be obtained from
Eg. (2) and are shifted in energy and angle relative to the nucleons.

On the other hand, we have data showing that the particle multiplicity
increases with the size of the fragment. Thus the observation of the
larger composit particles might be a way of selecting central collisions,
and may be a sensitive probe of density effects. We do not, however,
have an understanding of the detailed mechanism leading to coalescence.
Equétion (2) leads to a different fragment energy dependénce than that
found in the original work of Butler and Peérson,2 and further
theoretical work is needed to understand the difference between the two
models. Earlier exberimental results of Crawford et a1.6'dn high energy
boron to oxygen fragments are also consistent with this model. The |
high—énergy tails in the energy spectra of helium to beryllium fragments
from uranium irradiated by 5 GeV protons7 can now be uhdefstood'by this'
mechanism with the reasoﬁabie value of P, of about 90 MeV/cf Tﬁis

eliminates the previously postulated apparent temperatures of 20 MeV



needed to explain these tails. This model could also aid in the
understanding of the scaling effect seen in the production of 4, t,
3 4 . .
He, and He by high energy pions and protons.

We are grateful to H.“Grunder and the Bevalac staff for their
support and to W. Swiatecki and W. D. Myers to helpful discussions. -
One of us (P.J.J.) gratefully acknowledges a scholarship from the Danish

Research Council.
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Table I. Radius P (MeV/c) of the momentum sphere

for coalescence.

20 .
Ne + U d t 3He 4He
250 MeV/nucleon 99 104 100 -103
400 MeV/nucleon 102 96 - 96 100
2.1 GeV/nucleon 84 86 79 83
4
He + U

400 MeV/nucleon 100 24 91 93




Fig. 1.
| Fig. 2.
Fig. 3.

FIGURE CAPTIONS
Double differential cross sections for fragments from the
. o . ‘ 20
irradiation of uranium by 400 MeV/nucleon Ne ions.
Double differential cross sections for protons emitted from
. . . 20, . . '
the irradiation of uranium by Ne ions at 250 and 400 MeV/nucleon. -

Experimental points and calculated lines for the double

~differential cross sections of fragments from the irradiaticn

. 5 :
of uranium by QNe ions at 250 and 400 MeV/nucleon.
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