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Abstract:
The parallel and transverse momentum distributions have

been measured for fragments of Z = 3 prodﬁced by the fragmentation

of 16O at 90 and 120 MeV/nucleon. A strong anisotropy is observed

with op 2 200 MeV/c for all fragments, which can be explained by
1 : .

considering the dispersion due to orbital deflection of the

projéctiie prior to breakup.
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The questions of ieacﬁion mechanism in projédtiie fragmentation .
' has been long standing. At.relativistic_éneréies with 12C and,160 pro- -
jectiles, both the"abrésion%ablation calculationé and models of projectile
excitatidn followed by statiSticél decay adequétely.déscribevthe isotope
distributiéns.l’2 'Further, it has been pointed»out that there_ié an
exact formal degenérécy between such models with regards to thevfragment v
momentum distxibutiéns.3'.Rééent.déta for a heaVier projectile énd 1o&er-
ene;gyv(4oAr; 213 Mev/ﬁucleon) howe§er, seem to févor a.fast abrasion |
stage from relative isotopic and‘elemental yields.4 We.feport here in the
first Heavy fragmeht-studies in the 100 MeV/nuCléon»région, an appareht
anisotropy between Py andvp". 'Incorporatiﬁgvthe dispérsiqn.due'to orbital
deflection of the_leé projectile by the combiﬁed'éoulomb—nﬁclear fieid
of the target with the usual dispersion due to the Fermi motion, ﬁe‘fiﬁd '
good agreement with the'p_L distributions; Although the present data aléo
support éither the abrasion-ablation model or the assumption of projectile
excitation followéd by statistical decay far»from the target nuéleus,
betfer measufements at smallgr P| could discriminate betwéen them and
potentially érove to Be a néw tool for probing the interaction potential'
in the.nuclear interior.

The 16o beam was extracted from the Bevalac with an energy of
"typically 150 MeV/A and an intensity = lOg/éulse} After paésing through
a carbon degrader and subsequent moﬁentum analysis and cleanup, the
average intensities énd midtargét'energies were:(for 156 MeV/A eXtraction)
~ 5 X 107/pulse at 92.5£2 MeV/A and = 108/phlse at 117.5%2 MeV/A. Targets of
thicknesses up to 235 mg/ciﬁ2 Al and 500 mg/cm2 Au were bbmbardea, and frag—

ments of Z = 3-9, A = 6-17 were detected in a multi-element silicon-
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germanium telescope, the AE stack consisting of two 5 mm Si detectors
‘at 120 MeV/A and two 1 mm Si detectors at 90 MeV/A. The residual E,
detector was a 1.3 cm Ge cryétal. A silicon veto detector behind the
telescope proved reasonably effective in eliminating events which
underwent'secondary fragmentation in the germanium crystal itself; this
effect however was never greater than 10%. A circular lead collimator
subtended 0.9° full width at 1.6 m, ana a helium bag was placed between
the target and detector. At each angle, the "targét outﬁ spectrum was
measured and corrected for.

Double differential cross sections d20/deE were measued for
each isotope at each angle (2.56, 4%, 6°, 8° at 92.5 MeV/A; 2.5°, 4°, 7°
at 117.5 MeV)A.) The energy spectra were narrow, essentially Gaussian,
with a mean energy downshifted by ~ 10 MeV/A from the beam velocity.5
We fit the energy spectra and angular distributions assuming a Gaussian
distribution in both Py and Py in the projectile frame of reference:

2 2
L (&N

-5
P(p) = exp -

The distributions of Opﬁ as a function of'fragment mass F are in
good agreement with the parabqlic form Op" = Oi F(A—F)/(A;l) expected
from momentum conservation and experimentally observed at higher energies.
A and F are the projectile and fragment atomic numbers respectively.

At 92.5 MeV/A we find Oo = 80 MeV/c for the Au target, and 86 MeV/c for

the Al, in good agreement with the value of 86 MeV/c found at 2.1 GeV/A,

‘ 6
averaged over many targets.

’
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The situation with the distributions of Op is rather different.
: L
An inspection of the angular distributions (see Fig. 1) reveals that they
are significantly broader than expected from the Fermi motion alone.

The solid curves are the best fits in o from Eg. (1); the dashed curves

. _ Py
pertain to Oo = 86 Mev/c. Figure 2 shows the’ensemble of_gll transverse
momentum widths, which are_nearly all in excess of 200 MeV/c with an
overall,systéﬁatic increase with fragment mass;_'?his behaviqﬁr is in
sharp contrast with that at 1.05 and 2.1 Gev/A where Op"='cplto within 10%.
The'origin'of these surprisingly large widths may be understood if
. one notes that the projectile is subject to an orbital deflection due to
its interaction withvthe target hucleus before fragmentation takes place.
The large fragmentation cross section implies that a wide range of impact
- parameters éontribute torthis>proce§s, and as differént_impact.parameter
will lead.to,diffefent deflecﬁion_angles{ the orbital deflectionvgives an
additional dispersion of the transverse momentum. Clearly the additional
contribution to'the width of opl_becomes m&re.important the lower the

energy of the projectile;- Upon extending the derivations of Ref. 3 to

include orbital.deflectidn, we find.

F(a-F) 2 F(F-1) 2 - = ' (2)

2 .
F - —— + —_—
% F) =T 91t EED %2
2 1 =2 2 . _ ' T
where Ol = §'-p11_>'= 00 is the usual term due to the intrinsic nucleon
. 2 _1_-2 o, .. , _
motion, and 02 = 5-<:pAl_>'1s the variance of transverse momentum of the

projectile at the time of fragmentétion.
The quality of the two-parameter fits according to Eq. (2) is
evidently good. Table I contains the summary of the fitted and calcula-’

5" Fittihgrthe'experiméntal Gp (F) according to Eq. 2,
_ 1 ‘

vtéd values of o
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we fix Ol'=.80, 86 MeV/c. However when 01 is also allowed to be a free
parameter, its value is equal within errors to OP ,convincing evidence
that the functional form of Eg. (2) contains the essential physics. 1In

Fig. 3, panels (a)-(c) show the best two parameter fit (0, not constrained;

1
values in Table I); panel (d) shows the family of curves corresponding to
one value of Ol, and values of 02 ranging from 0 to 300 MeV/c.

Having thus understood the average behavior. of thé widths, we
seek a more detailed description of the angular distributions. We consider'
a simple model in which the projectile is first deflected thfough the
Coulomb-nuclear potential and subéequently fragments.. The angular distri-
bution of any fragment is ébtained by foldiﬁg the;mbjectile angular dis-
tribution from the classical deflection function with the fragment momentum .
distribution due to the Fermi motion. The nuclear potential is taken to
be of the Woods-Saxon form with radius parameter r, = 1.2 fm, diffusivity
a = 0.6 fm, and the well depth to be determined; The behaviour of 0 (b)
for small b is certainly not very reliable owing to the uncertainty in the
Coulomb potential inside the nucleus. Both point charge and parabolic
Coulomb potentials were used andAthe.main difference appears to be at
small angles for which no expérimental data points are available. The
only other input to the calculation is the fraction of the total cross
7

section which appears as fragmentation, f = Ofrag

(o .  This value
tot v !

0.6 * 0.1 for both targets,7 defines the range in impact parameter (bl'R)

over which the deflection function operates in a sharp cutoff representa-

tion (insert, Fig. 3). Here R is the sum of target and projectile radii,

1/3,..1/3 . 2
R = ro(Al/ +A2/ ). In terms of the deflection function the variance 02
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L 2 1 2 R . 2 - | 2 2. .
is given by o, =3 P, f N(b) sin @(b)db -and N(b) = 2b/(R —bl) is
. b . : -
l . .
the weighting factor for impact parameter. Implicit in that calculation

is.the assumption that the dispersion is principally refractive, or dyhamic,
rather than quantal; in the 100 MeV/A region, this can bevshown to be
reasonably satisfied.

The comparison of the experimental angular distributions with
those resulting from the foldiné procedure (dottedrline, Fig. 1). indicate
that the éhape 6f the angular distribution can be well reproduced by
chbosing a potential well depth of 65 MeV for the Al target and 85 MeV
for Au, which aie Qithin the range of depths determined from optical model
analyses. Two aspects of these‘caiculations aeserve comment. The first
is that for the larger fragment masses, the angular distributions are
predicted to peak at a non-zero angle. .Second, wé'obéerve that while our
éhoice of potentials reproduce the average falloff of thé data with angle,
the calculéted angular distributions aré slightivaider:for the lighter
fragments and narrower to the heavier‘fragménts.: |

‘'To examine to whaf degree this behavior ma?.be_due to an impact
parameter depehdence‘of the final fragment mass, we have alternatively
performed these calculations assuming an abrasion-ablation‘mechanism.

Thus instead of the entire range of impact parametérs (bl,R) contributing
equally to.the calculated dispersion, for all F weighted only by N(b), we now
posit that the production of a fragment of mass F is associated with a

mean impact parameter bF; The bF are calculated in the "clean-cut"
geometry, and for each F the integration over impact‘parameters.is

weighted further by a realistic sméaring"function,1 of Gaussian form

"with full width 2 fm and mean bF' These calculations for‘the Au target
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are depiéted by the fine line in Fig. 1; thé pafabolic contipuation of
the Coulombrpotential inside the nucléar interior_has been employed.
'_Aithough_several difficult questions are left unaddresséd in this simple
approach, it is clear that such an impact parameter dependeﬁce would
manifest itself most strikingly near O°; On -the other hand both the
abrasion-ablation ﬁodel and that of projectile excitation followed by
decéy far from the nuclear field of the target seem not to differ sub-
j-stantially,in the tails of the angular distribution.

' . » . 16
In summary, the large © observed in the fragmentation of o)

Pl
in the vicinity of 100 MeV/A are well.deséribed by incofporating.the
dispersion due to orbital defiection of the projectile prior to fragmen-
tation along with Fermi motion. The orbital dispersion is largef at
92.5 MeV/A than at 117.5 MeV/A as expected, and both experiment and thebry
diminish by the same ratio. The calculations (nﬁn—relativistic) for the

case of 16O + Au at 400 MeV/A predict 0, = B9 MeV/c, suggesting -that by

2
1.05 Gev/Aa the orbitai dispersion term will have vanished entirely, and
isotropy recovered. With.regards to data from the reaction 16O + 208Pb

at 20 MevV/A, it seems that this analysis qﬁalitatively.accounts for

similar discrepangies between ¢ | and ORL’ althéugh the orbital dispersion
at tha£ energy should be predominantiy quantal.father than dynamic.

While preéent data cannot distinguish between éxcitation followed by

decay far from the target, and abrasion—ablation mechanisms, measurements
into 0° will be of greatest utility for reaction dynamics. Such measurements

may prove to be a useful tool in prbbing the nucleus-nucleus potential for

deep incursions of the target and projectile.
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fll;

of Eq.
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(2) to the experi-

b) V determined to reproduce the angular dlstrlbutlons at 92.5 MeV/A.

1

Summary of the fitted parameters ors O,
mental Op‘ ‘These are compared with our calculated values of 0 for f = 0.6
13 . _1/3, -
~and R = r, (A + A2 ),_ro = 1.2 fim; a = 0.6 fm and V tabulated.
TARGET - E (160) o] o o] v
lab 1 2 exp 2 th.
(Mev/An) (Mev/c) (MeV)
Al : 92.5 80 248.6%2.3°
86 241.4+2.4 o
_ . b
84. 4+2. 2a_- 243.4%3.5 197.2 60
Au i 92.5 80 227.3%3.8
86 219.9+3.9
83.7£3.52 222.845.8 193.6 85P
Al 117.5 80 227.242.6
\ 86 . 219.3+2.7
92.1+2.3% 210.614.4 174.9 60
Au 117.5 80 214.2%4.0
' 86 206.4%4.1
84.0+3.8% 209.1+6.5 169.6. 85
a) two parameter fit; o unconstralned
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FIGURE CAPTIONS

Fig. 1. Typical angular distributions for 16O+Al, 16O+Au at 92.5 MeV/A.

The solid curves are the best fit from Eq. (1); the dashed curves for

Op = 86 MeV/c. The dotted curves result from folding the deflection
oFl

. function with the momentum distribution due to the intrinsic nucleon ’

motion; the fine lines similarly, but under the abrasion-ablation

assumption.
Fig. 2. Observed Op for each isotope for (a) l60+Al, 117.5 Mev/A, (b)
: 1 :
- 16 16 le

O+Au, 117.5 MeV/A, (c) O+Al, 92.5 MeV/A; (4Q) O+Au, 92.5 MeV/A.
. For panels (a)-(c), the fitted curves are the best two-parameter fit

(0l and 02 both unconstrained; values fround in Table I); curves in

panel (d) are for o, = 83.7 MeV/c; values of 0, from O to 300 MeV/c to

1 2

show the presumed evolution of Op as one goes from the extreme rela-
1
tivistic case to lower energies where the orbital dispersion of the

projectile becomes significant.

Fig. 3. Calcualted deflection functions, ® (b) for 16O+Al, 160+Au at 92.5

MeV/A. Insert shows the relevant range in impact parameter for frag-
mentation, as determined from a sharp cutoff model, subject to the

condition that o /

frag = 0.6.

o
tot
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