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Nuclear Collisions of Uranium Nuclei up to ~1 GeV/Nuc]eon

. -E.M. Friedlander, H.H. Heckman, and Y.J. Karant

- Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

‘Summary
We report observat1ons of 1ne1ast1e 1nteract1ons of uranium nuc1e1 with
energ1es up to ~1 GeV/nuc1eon in nuclear emu]swons exposed on the occas1on of
the‘f1rst successfu] acceleration of relativistic uranium ions at the LBL -
Bevalac. About one-half of the interactions 1ead to b1nary f1ss1on With
1ncrea51ng pr1mary energy, the re]at1ve frequency of v1olent nuc]ear |

interactions increases at the expense of binary f1551ons.

"NUCLEAR REACTIONS Emulsion exp., 238y at E/A < 1 Gev/nucleon.
Energy dependences of meén_free path length and frequencies of event

topologies.

oo

Th1s work was supported by the’ D1rector Off1ce of Energy Research
Division of Nuclear Physics of the Off1ce of High Energy and Nuclear Physics

of the U.S. Department of Energy under-Contract DE-ACO3-76$FOOO98.
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On September 25, 1982, the Lawrence Berkeley Laboratory Bevalac
accelerated for the first time uranium ions of charge 68+ to a nominal kinetic
“energy of 956 MeV/nucleon.

As soon as acceleration was achieved, we exposed several pabkets of
I1ford G-5 nuclear emulsions to the uranium beam, viz.: a) two paékets of 12
: g]ass—baékéd pellicles, 50 microns thick, b) two packets of 12 glass-backed
pellicles, 200 microns thick, and c) two stacks of 600-micron thick stripped
emulsion pellicles of 20 §e11ic1es each. In all cases the incident flux was

~1000 beam nuclei per cm2

at the entrance edge of the stacks.

After traversing the 0.5 mm Al exit window of the vacuum tank, ~30 cm of
air and ~10 mg/cm2 of plastic tape, thé uranium ions were essentially
stripped of their electrons and entered the emulsions at Z = 92.

The résu]ts reported heré represénf.a first, exp]oratory, séan of the

2 The beam entered the plates

glass-backed emulsions, of size 2.5 x 7.5 cm
normal to the 7.5 cm edge andlpara11e1 to the Sufface‘of the emulsions. Thé
alignment of the emulsions with the beam was.sufficient1y accuraté to allow a
large fraction of beam nuclei to traVé}se the entire 2.5 cm width of one
emulsion plate. Enefgy loss by 5onization is such (at Z a=92!)‘tha£ uranium
nuclei enteringvthe emulsions at ~960 MeV/nucleon would emerge from the 2.5 cm
wide emu]sion With a residual kinetic ehergy of ~350 MeV/nucleon or,
equivalently, with a residual range of ;6 mm of emulsion.

All feso]vab]e uranium tkacks entering the edge of the pe11ic1és were
followed uhder (200-500) x magnification until they either inferacted with
nuclei in the composition of the emulsion or left the bel]icle. The uranium
tracks (also visible by naked eye, see Fig. 1) were identified by fheir

characteristic delta-ray halo, as well as by the large frequency of binary

fissions (see Fig. 2a and Table I, below).



-3-
A total of 22.8 m of U-track were scanned for interactions. Detectable

interactions (charge change and/or target fragment emission) were collected

| throughout the full width of the pellicles (2.5 cm), hence throughout the

interval of kinetic energy mentioned above. In particular, 13.1 m of track
belonged to the region where the kinetic energy of the uranium nuclei exceeded

800 MeV/nucleon. Over the whole energy range 603 interactions were observed:

the analysis of these -interactions constitutes the basic topic of this repOrf.

4 The energy rangé was divided into four regions having comparab]g
pobuiations bf events with meaﬁ energies close to 900, 800, 700, and 500
MeV/nuc]eon; respectively. |

v_ The 1ﬁeTastic reaction mean free path (MFP) averaged over the whole
énergy rénge was-obtafned and found to be 3.78 £ 0.15 cm. No significant

2 eor

variation of the MFP with energy was obsérved (see Tab]e II);vthe X
consistency wifh-é single mean is 4.0 with 3 degrees: of freedom.

Thé observed vaiue of the MFP is to be compared_tO'the value of |
3.1‘t'0.6 cm meésured in our ear]ier-investfgation of uranium interactions at
~100 MeV/nucleon® and to a value of 3.6 cm expected from geometrical |
cross-section considerations.?

.As a preliminary classification of the nuc]éar events induced by uraniuum
nuclei and detectab1e under our experimental conditions,3 we disfinguish

1) Fission-like events, characterized by thelemissidn of two heavy -

projectile fragments of comparable charges (as estimated-from their track

widths and delta-ray densities). These can be subdivided: into "clean"

fissions (Fig. 2a), unaccompanied by anyrcharged partié]e“tfacks, and "dirty"

fissions (Fig. 2b), where light projééti]e and/or target'fragments are present.
2) Events with jet-like structure, having no target-related

fragments, i.e., N = 0 (Fig. 2c and 2d).

h
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3) "Star-like" events characterized by visible target fragments,
dee, N> 1 (Fig. 2e). Events of classes 2) and 3) are either composed
only of light projectile fragments (Fig. 2d) or include one heavy projectile
fragment, comparable in Z to fission. fragments or heavier (Fig. 2c).

Table I shows the percentages of events in the different subclasses,
along with the actual numbers of events observed. As can be seen, ~1/2 of the
events lead to binary fission. Of the 12% of events without target-related.
fragments, (7 * 1)% 1ack‘a heavy projectile fragment and appear as narrow jets
of, typically, ~15 projectile fragments of Z > 1 accompanied by a wider.shpwgr
:of Z = 1 tracks.

The eﬁergy dependence of two selected topologies, viz. "clean fissions".
‘and "stars" with at least one target-related prong (1.e., Nh > 1) are gjven.
in Table II. The statistics gathered in this preliminary scan are still
insufficient fo allow definite conclusions; however, there appears to be a
trend (at a 2-standard-deviation confidence level) for the frequency of.
"clean" binary fissions to decrease with energy, whereas the frequency of
"stars" (mostly relatively "violent" éb]]isions with the heavy Ag-Br component
of the emulsion) appears to increase with energy (see the ratio of the event
rates in the last column of Table II).

We also observed one event that can be ascribed to the ternary fission of
a uranium nucleus into three fragments of comparab1e sizes, without any-

additional charged paftic]e emission. This event is shown in Fig. 2f. The
charges of the fragments, roughly evaluated from delta-ray counts, are in the
ratio of 1:3:2.5: using charge conservation they are compatible with a terhary
fission

92 —> 14 + 43 + 35

—
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Assuming approximate conservation of primary velocity (the event occurred

- at a location corresponding to ~900 MeV/nucleon) the emission angles'of the

three fragments are, within errors,‘eompatib1e with momentum balance in the
transverse plane.

Measurements of the angu]ar distributions of fragments from the d1fferent
event topo]og1es are in progress and will be reported separate]y B

_We\are very indebted to the Beya}ac frew for help in the ;uceessfu]
exposure and to R. Gimpel, M. Heekman,'and-H Yee for help in the scanning of
the events. We give spec1a1 cred1t to Howel Pugh Sc1ent1f1c D1rector of the
Bevalac, for his active interest and encouragement in this work.

This work was supported by the Director, Office of Energy Research,

Division of Nuclear Physics of the Office of High Energy and Nuclear Physics

of the U.S. Department ofignergy under-Contract DE-AC03-76SF00098.
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3. Uranium-proton elastic Coulomb interactions would lead to recoil protons-

having. ranges <10 microns, hardly observable in the 1arge delta-ray
 background} Cou]omb-induced'binary fissions have been calculated to

contribute to, at most, ~3% of the inelastic reaction cross section.
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Table I: Event Topologies

FISSION-LIKE JETS : STARS

- " Clean Dirty Nh =0 : Nh.Z 1
1)  Percent 191 33 %1 121 36 * 2 ]

2)  Number om0 200 2 Y-

Table II: Enefgy Dépéndence of Event Rates

<E>/A v MFP Event rates (number/meter)

(GéV) - (cm) vcdeAn fissians l Stars R Ratio
0.9 4.2 £ 0.3 3.9 £ 0.7 S 101 #1.1 0 2.6 £ 0.5
0.8 3.4 + 0.3 5.5 1.0 9.9+1.4 = 1.8%0.4
0.7 3.6+ 0.3 5.3 £1.1 8.9 % 1.5 1.7 = 0.5
0.5  3.7%0.3  5.7%1.0 8.4+1.3  1.5%0.4

0.1* 3.1 £ 0.6 7.5 %2.8 . 6.4 £ 2.6 0.9 £ 0.5

o

*Data from Ref. 1 included for comparison.



Fig. 1.

Fig. 2.
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Figure Captions

Contact print of a 600 ym emulsion pe11ic1e:exposed to the

0.96-GeV/nuc1eon uranium beam. The uranium tracks are visible by

the naked eye, as is the clean-cut, 3.1 cm_range‘of the monokinetic

beam. Tracks of fission and other heavy projectile fragments can

also be seen, extending to much longer ranges.

Micro-projection drawings of ~0.9 GeV/nucleon uranium interactions

in nuclear emulsion.

a)

b)

c)

"Clean" fission.

"Dirty" fission (with both target and additional

projectile fragments).

N 0 event with one heavy projectile fragment.

h

N, = 0 event with only light projectile fragments.

h

“Star" induced in a (Ag-Br) target nucleus.

"Ternary" fission.
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