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ABSTRACT -

_.__'ﬂ-m:ode'l'for- the yield of projectile-like fragments in intermediate and high energy

. _rhea.vyv-ion reactions-is developed within the Hussein:—McVoy formalism. The primary yield

of the spectator pa[tmle b is found to-have the snmple form Pb -ﬂz E (1T (a))T (o)

J= N

. where ¥ 1s the w:dth of the Ga.ussna.n wave functxon describing: intrinsic motion of the
pro_;ectxle &5 X.=a-b is the partmxpa.nt partlcle and the T.s are Fermi motion—modified.
-transnnssmn coefficients: Rea.sona.bie a.ccount of the prOJeane—hke fragment production,
considered. as: a. secondary yield, in: the reaction 180 4 2%8Ph. at’ 20 MeV/A and -
2GeV/A L is obhamed when further geometncal restriction on. Py, is imposed and b is

© allowed to decay stat;stlcally

’ T_Suppo:ted in part. by the.CNPq. .

‘Jam_z.a.ry/_IQQO

Fragment emission in heavy ion reactions at intermediate and higher energies is a
com:mon occurrencel). Several models have been devised to calculate the cross—section..

These range from statistical 2) , microscopic Monte Ca.rlog)

and others. A fully quantum
mechanical treatment based on general- reaction theory concepts i3 still - lacking.
Recently4)’5), we have developed a general reaction theory of muclear fragmentation. and
applied it successfully to several reactions involving .a partial fusion of the projectile
(incomplete. fusion, IF). In these calculations, the inclusive spectator particle a.i:gula.r and
energy distributions is usually presented. It is the purpose of this paper fo present a. theory
of the yield of spectator particles in these reactions. '

To be specific we consider the following process:

s rA s (b4 +A — b+ Y (tA) . )
all - : R
states:

In the spectator—D'WBA treatment of Hussein and McVoy 4),_ the yield of - b. iz given by

with ' R
™ ) . .
WaE = R o) <iPIw (3> (3
. . . Bk
where p(E,)} is the density of statesof b and is equal to m;. v, is the velocity of
2x ) ) )
the projectile and fb)(c"') is given by
MG N e +
P> = o e > . @




In(4) the: x5 refer to distorted waves, and* ¢, is.the intrinsic wave function of a. The

symbol: { | > implies that the b- coordinates are integrated over. Finally W__ is the

imaginary.'p_a;rt of the x—A- ophical poteﬁtial. Note that Eq. (3) describes the inclusive

. . _d%e
b

ineiasti‘c breek—up' The elastic break—up piece of - is known to contribute less

: f.ha.n IG% at moderate a.nd hlgher energles 6),

Empleymg the Glauber approxlmat;on for the dlstorted waves. a.]lows writing the
"maa_r:x.. e[ement_- wi*’[w xAlwi'_"):\- -~as._.a function- of the momentum transfer
iib= Eb—-fc;j, where: I-Eb. (l*cl',)-_ is the waee number of b in the incident (final) channel.
"'._Thu's.:.tx_'ansfdnnilig. the energy and angle integral in Eq. (1) into .a rﬁomentum transfer

’ integraF allows the reduction to the following transparent form of Py,

be ﬁk—f“fdbblsbbbn fdb BB D [- I8l @)

. _where' B-"tefers to the impact. parameter; a.nd S(‘b) the elastic element of the S—matrix.
I obtalmng (5) a-normalised. Gaussmn is used for ¢,(t,—1), which when cylindrical

coordma.tes are used F=zz+bb, can be expressed as
it = [ii]"ll e [—"” e 2 6,5 7 - ©
_.:_— a .b xi/ iy~ T X 7 x

'The Zb a.nd z, mtegrals in the original formuias Egs. {1) and (2) has been already

performed in (5).

A further reduction of Eq. (5) can be made by integrating over the polar anvles of

L E
Eb ‘and by, . which results in the following simple formula, after writing ?IXE' =V, =V,
g X

- j‘”b,,dbb[s bl j b fi - 15,61 i [“’Jo(-zwzb»b )]
0 o i)
w (7).‘

where J, is the cylinder Bessel function: The factor 41|2J0(—2i02bbbx) wee_a.l)fai.xle'd_fron.l

27 2n
the relation '[{‘] d¢ j(; - dg 207D bycos(6-4) 47:2.10{—210% bb) Ta proceed further

we use the following expansion of J, 7

-

Jo(z 2 210 .o o | (8) ._

With (8), Eq. (7) can be finally written in the following simple form.

-,z -tolte .

where we have introdﬁcedz the:symboi 'i‘ to:—repreéentr the foHowiﬁg: dim\ensitmiés inl;egr'ai

T (U) f b Jdbz FGZbl T (b1) k (10) .

where Ty(b;) is the transraission coefficient” 1 IS( b,)] 2 ad v IbeiilgiZEit‘he:r' b orx
It is important to note that T, Eq. (10) becomes unity in the limit |S]=1.

Eq. (9) is an important result of this paper. It expresses the projectile~like primary
fragment yield in a conventiona! tota} reaction cross section form, with the width - o2
playing the role of the squared wave number, and the [abel j playing the role of angular

momentum. It is easy to verily that Eq. (9) reduces to the known limiting cases. To see

P
E




this .we ﬁrst note the mtegra.l T (J) as a function of } looks very much like

' T(b) 1——;3(!))1 vs. b. Therefore (1—-T (o'))T (@) should be a localized (window} in j.

The value of 3 at whlch the: "pea.kmg“ OCEUrs can. be estimated as fol[ows The function

bzle a’b peaks at b2 %é. and the b mtegra,l in T counts thls peak as long as

Ptz B‘_'R where E " i3-thie height and “R’ the position of the Coulomb barrier

: o Thug !;he_rcnmca.l va.lue_-_o_f.- J-- which’ defines the boundary of the
fanction Toags e RS ' .

E — EB
s = A —p 2R (11)

' The function I-T ‘behaves.in exactly the opposite way to T and thus (1--’i‘b)T"x has a
‘window shapem: *Fhie detailed’ form of this window depends upon the physnca!'

pazametem that specifythe functions. T (a) and T (a)

" An mt.erestmg case which received several considerations in the past is the Serber

" model ) Sb—l Th:a limit. correSponds to setting 1~ (a) =1 in our formula Eq. (10).
_ ":Approxxmatjng 'I‘ (0'} by a, sha.rp cutoff from - @ (j - ) w_e.obta.m. immediately for the
_.;yleld : -

L
]
o]

___-—. 7I'R. --—E——— x_'_ - = ag,ea . (12)

- which i3 just the total reaction cross section of the participant particle (x).

"The more realistic expression for Py, , Eq. (9}, gives, in the sharp cutolf lin_lit, the

following sum rule

EX, Eb. :
Py = (Y = [[1—33]31-[1~E%]Rb} = =B a3y

which can be orders of magnitude smaller than - Py . Of course the energies E, and
m, oy,
E, correspond to the incident channel, E, = — E and By, = Ea , andin the a.bove

equation of > aﬁm_. Clea.r[y when x i3 the llght particle and b, the heavy one, the
above approximation is not valid and one has to calculate Eq. (9) exactly.

In the calculation of Py, . described below we used: for the T.s the: Karol
sofi~sphere model®), and for o the Goldhaber model'?). o

Confronting calculations of the primary yleld with experimental data, {11 121 we
found the calculation to predxcl: for a fixed final charge Z;, » 2 yield which increases as-the .
mass, A, decreases. The data, on the contrary, usually peak at the most bound. isotope
similar to-the yields normally observed after statistical emission. _

This suggests that the spectator_'dbes Dot play a completely inert role in the reaction
but that its excitation and subsequent .decay must be-taken into account. ,

This can be done by extending our expression for the yield to-gne of. the following .
form, : l ' '. .

v I(b'e=b)
Y,,_Z'. fdeph'(e)_(ﬂg—@TL - _ a9

where I'(b'e-+b) is the partial width for primary fragment b' at excitation. energy to

decay to b, T(W',€) is the total decay width, Pyi(€} is the primary yield of b and Y, is

 the observed secondary yield. Note that although we have taken into account the possible

dependence on the excitation energy of the primary yield Py(€), we have neglected any

dependence on the angular momentum.

As a first approximation, we have taken the energy dependence of the primary yield




to ha.'ve'the'forrﬁ:

Pbl(e) Pb,wb,(E)/Nb, _ ) o (15)

where wb,(E} is the denmty of states obl'.amed by removmg in all posmble manners Z
protons a.nd A Ly neutrons from the’ pro_]ect.nle The total number of states, Ny, , is

' gnren by

- %;fm%@_ . ._' _(m

sd;i;ha.t- Py is-jisst the total primary yield;,

| P, = f‘de Py(€) - o an

Ln calculatmg Wb.(E) we have not renormalized the single particle energies to the .~

‘ f na.l fra.gment ones but-have stmply used their values in the projectile.

' The yleld ca.lcuiat.mn was. then repeated, usmg the total primary yield given above
a.nd statlstu:al bra.nchmg ratios obtained within the Weisskopf—Ewing muitipie emission
‘model. Although the isotopic distributions showed clear improvement, the calculation
'wﬁtiﬁue_d: to- systematically dvéreStima.te- fhe'yield- for lower masses and underestimate it
for l.a.r'ger. ones.” As the temaining systematic differences appeared to be primarily a
function of the fragment mass, we suspected tlha_t it could be a geometrical effect of the
fo'nln'la.ésumed for the. fragment (b + x) decomposition in the primary yield calculation. In
fact the hmn;mg case;. Eq 13 already points to the need for a more careful analysis of the
geomemcal conaent of our Py,. Namely complete absorption of x by the target should be
just-as hkely to occur whether x is smaller or larger than b.

We can trace this problem to the simple form assumed for the intrinsic projectile

" wave function in Egs. (5) and (6), where it was taken to consist of an inert x and b ina

sxmple 8. state of relative motion. Thls would seem B rea.sonab[e approxima.txon in the '

case of elastic breakup, but 1& is-in uo wa,y 1mphc1t in the general express:on for the X

wWave. functmn gwen in Eq (4) ner. is 1t con__ stent w;th one assumpt:on of the excu'.a,tlon of
b. Indeed to be consxstent with the latter, t.he X wave functlon would ha.ve to be a sum

involving a multxplxcxty of exc1tat;10ns a.nd relatwe mot:ons

Instead of lmpiementmg the above modlﬁca.t.mns inEgs: (4) and (5), We: ha.ve opted_-'
for the almost: equwa.lent. abrasion model.; To.get a feel for what to:expect, from this. rnodel :

we have begun by performmg ca,lculat._lons based on its simplest. geometrical form. - W_e:ta.ke_-_}

the total primary yield for mass Ay, to be: -

af_zwb(Ab)aT R e asy

where -the impact. parameter, b(Ay),. and.its: derivative: are d_eterrﬁiped by t:ile_w:_al')r_asion.

equation
Ab VPA‘ 1 . ( ) i (19)°
3_ w3, 3 v~ Rp 2 2 S ey
5"V, Yo | M RTET 5 +II(R +R)b B

which relates the mass A, to the fraction of the projectile volume which does not interact -

with the target, V, At TO determule the lsotoplc _primary yield, we assume the.-

distribution of neutrons and protons in the fragment b to be combmatonal yielding

Ao =E 0 @y Nyl e
where : . :
s BRI
b b. LAy N

3y




Pt

Repéat-ing- the-calculation using this expression- for the primary yield as well as the
densmes of exc:ted sta.tes and Weisskopf~Ewing; br&uchmg ratxos discussed earlier, we now

obtain very 'good: agreement - with- the experimental - data. - - The resuits obtained for

B0 2Qﬁ'l’b at 20:MeV/A and 2 Gev/fA are shown in. Fzgures Land 2, respectively.

I oonclusmxr, we have demonstral:ed in: thls paper that. the pro_]ectxle fragment yield
i hea.vy dom: reactions: can:be descnbed by a &agmenta.tnon/excxtatxon process foliowed by
statlstxcal em.lssmn. Sa.t:xsfact.ory agreement. wnth the experimental data was obtained at
both: mtermedxate and. retatwmt.lc energm. Our results clearly point out the need of a
more- general iragmentahon theory which goes beyond the Spect.a.t.or asaumpt.:on by
mciudmg the possmxhty oE fragment excitation.. o
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'FIGURE CAPTIONS |

Figwrel.  Calculated secondary yields open circles in the reaction 160 + 208Ph at
E, . =20 MeV/A of, a) Lithium, Berilium and Boron, and b) Carbon and

Nitrogen. The data of Ref. 11 are shown as full circles.-

Figure 2. Same as Figure I at E b= 20 GeV/A also shown is the y:e[d of Oxygen

The data points (full cn'cles) from reference 12.
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