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Muclear Science Division, Lawrence Berkslsy Laboratory,

When one or two neutrons are lost in the collision

of a neubron—rich projectile with a ftarget nuclsus

T

1

transverse momentum distribution of the Fragment
thus produced can be fit with a double Baussian curve
Wwith widely different widiths for the two.componentsf
It ié SHDWH that this phenomenon is not confinsed to
projectiles with more neutrons than protons. It
should appear for,aﬁy fragment for which the momantum
arises mainly from a single isobropic source whose

value varies Trom one coellision event to anocther.
FACS numbers: 25. 7@.Mn,. 25, 75. +r

In experiments using 738 HMs=VU/nucleon neutron—rich
orojectiles interaéting with & C tawgét, it was found that tﬁe
transverses momentum distribution of ®Li fragments from a 1.1L_i
projectile qould'be fit with a doubls Gaussian cuvvé in whiﬂh'the
components had widthe, é’,‘cf 8@ and 21 MeVU/c. (The transverse momendtum

=

is defined as thse momentum of Ffraoment

i

P = - L e
v bo e
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n

bending plane of the analyzinp magnet 'in the projectile frame <22),
Fragments of “He and ®He from ©He and ®He projectiles resp—

ectively were reported to have only a single broad Gaussian trans—
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verse momentum distributisn <>, Later work showed that the momentum

W

distribution of “He fragments.from &He projectiles does iﬁ fact have
double Banssian distvibution ‘&>, The case 0f>&He fragmenta from ®He
is still under study <=2,

In other experiments, (*“Re from 113&, 1E’E\e-_f'ﬁr*cmf1"‘1—_“%-3-).,

the transverses momentum shows clear evidence of a double Baussian

cf

shape S»4>, In all th

(1]

se CAsSes, the-mﬁmentum distribution Was
.»méaéuved with a bin size of 2@ MeV/c. The widths of the broad :dmponent
.range from.Bm MeV/o (®Li) to. 11@ MeV/c (4Hed, %ﬁd of the narrow
bcompohent from Ei Mel/c (éLi) to 43 MeU/é (“He). The ratios of the
number of events in the broad peak‘(B) to those in the narrow peak
(N) rvange from 1.13+@.83 (%He) to 1'5®i@735 (éLiﬁg all with a C target.
Thus they are ali about the same WithiQ error bars.
| | The parallel and transverse momentum distributions of

mény fragments from 1=C projectiles at 1;®5 and E.l GeV/nucleon
have also been.measuwed. The hamentum-distwibutions were found to
be isotropic in the projectile rest frame ‘5’; They were fit with
" single, Gaussians using.an average biﬁ size of about 53 MeV/c.

In the present work, the collisioné between 1EC projectile
and *&C taﬁget nucleons were éimulated by a Monte Carlo éalculation
¢&. 7> tp ghtain the yields and appﬂoximate‘exciatatibn energies of
primary fwagments.‘The target ﬁucleus was given & radial Fewmi density
distribution of ﬁrotons.and neut%ons with & half-density tadius c of
2. 282 fm oand é'diffusivity =) of.m.SEi fm. The effect of varying these
parameters for the pwcjectile'nucleus was investigated.

A fragment that lost a nucleon was sssumed to recoil
with the Fermi momentiim of the knocked-out nucleon. The Fermi

momentum in the center region was taken to be 279 MeV/c, decr-



easing towards the surface the ocuwibe root of the local density

m
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m

at the radius of the struck nucleon. It was also decﬁeasedAby

a fa r F when the local proton and neuatron den

bl
n
o
o
n

ities were not

equal <®2:

M
i

1 - B.48 {Eyn(r*)—yp(r*)lf‘-’/[ ?,n(r")"'_? p(rﬂ)le} . (1)
- Thus the loceal Fermi mementum of a nucleon at radius r becomes:
Fele) = 270xF {'E 33..,(1;*) -9 p('r)J/E?n(O)' + P p{0Y1} 273 MeV/c (&)

It was assumed to be isotropic.

For pvbjeétiles such as 11Livthat have a long and dilute
neutron "tail" in the density distribution, the calculated probability
of knock-out of two neutrons is only about ?% of the probability of
one neutron. The detecfed fraghent (e.g.VQLi)vis tﬁerefore farmedvalmast.
enfirely by decay of the neutfon—xnbound (Ngyos—1) primary fragment.

| The pwimawy fragments, 1if excited by recapture of the
struck nuecleon, by secondary reactions between that_nucieon.andvthe

-

projectile remnant, or by formation of a hole in the

lu‘i )

-shell, were
then allowed to decay by emission of nucleons or of heavier '
fragments. Dafticle apission :Dpﬁributed to the momentum of the
final fPagmenfz it too was assumed to be isatropié. These :aic—
ulations are described in detail in Refs. €,7.

It was found that 23:C fﬂagments from *=C projectiles
shawea & double Gaussian trans§érse momentum distribution,'similar

to those measured‘With the neutron-rich pvojeétile nuclei. The

result of the calculation, using a momentum bin size of 2B MeV/o,



a

Wo Baussians are 26 and 35 MeV/o,

ot

is shown in Fig. 1. The widthse of the
and the ratioc of the number of events in the broad peak to that

in the narrow peak is 2.37. These values are similar to those

[11]

projsctile

tn

a
-

obtained with the neﬁtrnn—ex:es
When a single Gau%sian fit to the séme caléulation wa5 made
with a momesntum bin éize of SR MEU/D; the reéuit sﬁpwn in Fig.ZR was
obtained. DOmitting the nafrnw Gaussian produces & yather poor fit
with two.high points near zero momentum. The width, though, is
88 MeV/c, not very different from that of the bfnad cumponent from
the double Gaussian fit. |
Fig. 2B shows the.vesult ofifitting the experimental
parallel momentum distribution <> in exactly the same way. The
simiiarity betﬁeen Figs. 2A and EEvig guite striking. (As already

mentioned, the exﬁewiment showed that the momentum distribution

-
(i1}
=
4]
]

tﬁcpic: thus parallel and Lransverse distributions are

the same). The experimental paralleil momentum width is 1@%11@ Mel /o '
for **C projectiles of 1.85 MeV/nucleon ¢, The deviation from the
Eaussian'CUﬁve shown in'Fig. =B stwoﬁgly sugpests that the exper-—
imental distwibution migﬁ£ well be a’double BGaussian if measured with

a small enough bin sire. The parallel momentum distribution of **B

]
fragments from *®C has exactly the zame deviation from & single

Baussian it

(N

17, bub in both cases there ares too few data'point;
to allow a meaningful double Gaussian fit to be made. The experimental
results for 10 fragmentati&n are no longer avéilable. ,

It is perhaps sigrificant that the publiéhed momentum distr-
ibutioﬁ of ©He Fragmenfi fyrom eHe projectiles shows thres sxperimental
points near zeré momentum that 1ié higheﬁ than tﬁe fitted sihgle

-

Gaussian curve, while the peints at about +1@@ MeV/c are low (Ref.



e

probon/neutron density gatio (

) .
1, Fig. 1A).

If the fragment total momentum F in the projectile frame

[t

comes from a single isobropic source, then the fransverse momen-—
tum distribution perpendicular to the bending plane of the magnet is

-
l__l

W

in @ cos ¢ s wheve cos f is randomly chosen in the range +1 to -1
and ¢ is randomly chosen between @ and 2% . For any value of P, the

distribution will therefore range from +F to —-P.

If % value of P is the game for all events, the momentum

o
i

distribution is flat between —-F and +F. In the present caleculatians,

though, the main source of momentum is ths Fermai momesnitum of a struck

14}

-neutron which varies with the local matter demnsity and the local

T

g.- ). The local valus of Fe therefore

variss between 272 MeV/o (the Fermi momentum in fhe Full—density

¥ the mabtter distribution. The

@

Pegion) and nearly zerso in the tail
twansveféé.ow-pafallel mbmentum‘diétvibution’thefefore depends on
the radial densify'distributions of neutrons and ptotons in the
projectile. That it can b= quite.wéll fit with aAdouble Gaussian
is puwely'ﬁoin:idenﬁal. | |

Thus. the two components of tﬁe doqble Baussian évé not‘
dirvectly Peiated to the binding Enefgies.of nucieons in tﬁe_

projectile center and surface, as has been zugpested <>, Howewver, these

D -

inding

L

nergies do, of course, influence the radial density

'distributioﬁ. Weakly bound nucleons are ekpe:ted'to produce a 1oﬁg

"tail" in the density distribution <22,

The effect of the radial density distributions of procktons

- and neukrons in =C projectiles was investigated by changing the |

half—density fadius ¢ and diffusivify a while keeping the volume

integral equal to 12 nucleons. The target nucleus retained the wsual
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values of Q,C
Table 1.

All thé,quantities listed in the Table are quité éengitive
to the shaps of the_pﬂojéctile nucleus. The values in Line 3

{(the wsual values for ¥=2CY give the best agreement with the exper—

imental cross sections (93@ and 46.5 mby. Inm Line 1, the projectile has
diffuse surface for protons and neutrons: the cwross sscticons are too

large énd the width of the broad component is much smaller than the
experimental value of 125 MeV/c. s

In Line &, the projectile has a diffuse neutron "tail"

lﬂ

that ﬂxtcnoq well beyo nnd the pruﬂ Thus the shape resembles

aunssian widths are

NE

that of neutron—excess nuclei such as *Li. The I
close to those of ®Li from 22Li orojectiles (BR and &1 MeVU/ci. The rati
B/N, though; is much smaller than faor 9Li‘(1.5@ia.5m). This i¢ because

the proton distribution in *=C (& protons)»ektends t2 larges radiil

than that of 21Li (3 protons). The broad component comes from interactions

in which =a singlé'neutron at a smxll radius is knocked oubt. The pr

e

of a high proton density at that radius makes this proce
In Line 4, the shape for both prqtnﬁs'and neytrons is close
to a sharp cuteff in the density distribution. The cross sections,

e

Ui

pecially G}” are toc small and the widith of the broad component

N .
is *ﬁn large. The narrow compponent has completely disappeared. Only

=N
=
L]

Line 3 are all the calculated values in’ goad agrs mmnnt with

experimental resulis.

A gul

[

If there are additianal 3 = of momentum, such as the

w

formation of the detected fragment from decay of cxc1tnn aoraojectiles,

the width of the Baussian components is slo wly 1ncreased In the

=3

s less probable.

formation oﬁ 110 from *2C, though, the contribution fron decay of *=C is



e

small becauss excited *=C nearly always decays by emission of “He

rather Lthan by nsubron emission to *1C.

Fragments 1ightér than the projeﬁtile nucleus by 3 or mos
massAunits are mainly formed by decay of heavier excited
precurscrs <7, The addition of several sources of uncorrelated

isatropic momenta to the initial Fermi momentum broadsns the

distribution. Thus @Li fragments from *Li projechtiles stil

doubile BGaussian momentum distribation, but tihe widbths of the compon

Ny

are 143 and 42 MeU/:.‘1>; substantially larger than for 2Li (82 and
21 MeV/c respectively).

Thus it seemz very likely that double Gaussian momentum
distributions aré ot confined to,hEutran—egcesg nunlei. They shoul
be observeq.Fow fragments thét are formed.ny “nock-out of either &
o a neutron from any projectile that

density distributioen. The reaction crose section is sensitive only

the matter distribution of bthe projectile unisss thi

maasurenenhte

i

are made at low and high projectile energies with different ratics

the nuclecn-nucleon scattering cross sections nn/ np. Tha

b

i

inclusive cross sections for one neutron {(proton) loss
sensitive to the neubtron (proton? density distributions. The

widths of the ftwo Gaussian components and th

ratic B/N are also

]

tributions.

in

sensitive to both the neubtron and prston density di
akern together, measurements of the inclusive cross sections and %h

momantum distributions persit the accurats determination of the rad

[5(]
o

proton and neuvtron densities.

The author expressee sincere thanks to P. J. Lindstrom and
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"Standard" values for both protons and neutrons, giving the

best agreem=snt with experimental values of 0n, s and .

‘TQBLE 1. Efﬁegtiaf-:hangiﬁg the shape>af_the'proje:tile nucleus
the reaction 1EC'+‘C, lope MeU/nu:leon..g and & awé the assumed
half-density radius and the diffusivity HESSE:tlvEIyQ_Q’B, O
0 r and ¢ ére the widths of the broad and narraow transverse
momentum distributions, the total reaction cross section and the
1;C inclusive cross éectioﬁ respectively. B/N is the Vafio of the
TmneEr Bfiévents'in.the broad (B} and narrow. (N} momentur components.
Yau- is the average radius at wh{ch A neutron wa% striuack to pPodu:e'
1.1.4:*“
o (fm) ab(Fm)' IO’IB(ME'“J'/C‘); ¢N(MEU/F) R/N e imb) _O‘c'(njb) Tav (fm)
1.& <o 1. 2871 &1 3z 1F7S. 1967 287 S @@
1.0 <= 1.3@9 T4 z2 @a. 18 12z 2ndg b 24
.22 s> gL SE1l 96 25 2. 27 -8g@ 49 e 25
Z.S@em> . AL231 137 (No narrow component) 818 i2 2. 38
¢mr Ehape parameters for projectile protons and neutrons.
¢e> Shape pawémetérs for projectile meutrons dnly. For pratchsr
c = f.288 fmy, & = B.521 fm.
(e.) |
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FIGURE CAFTIONS

Fig. 1. Calculated transvers: umr die

ik
o«

it

mOmen ritution of 230

fragments from 2L + C (1 GeV/nucleon) with half-density radius
g 4

11

3]
T

Sguares ars the o ulated points. Lines ars least uares Dausesian

i
1]

)]
e

fit to the broad and marrow distributions and their sum.

sian

1t

B3

i

it

i

Fig. & (A). Fit to the calecuwlabtion of Fig. i, wsing a singl

‘and a bin size of 5@ MeV/c. Squares are the calculated pointe.

1]

Th line is tne Gaussian fit.

(B). Experimental parallel momsntum distribution of 1C

—~
f

from *2C + C at 1 GeV/nucleon. Sguares are the sxperimental points.

The line is & -single Baussian Fi

ot
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