Eur. Phys. J. A 27, 167{181 (2006)
DOI 10.1140/epja/i2005-10253-5

THE EUROPEAN
PHYSICAL JOURNAL A

Alpha-induced fragmentation of 28Si in a statistical model

M.S. Sabra'i2, Z.F. ShehadeR3, and F. Bary Malik 1

Physics Department, Southern lllinois University, Carbondale, IL 62901, USA

1

2 Applied ScienceUniversity, Amman, Jordan
3 Taif Teadhers College, Taif, Saudi Arabia
4

Physics Department, Washington Univ ersity, St. Louis, MO 63130, USA

Received: 24 June 2005/ Revised version: 8 February 2006/
Published online: 30 March 2006{ °c Sccietp Italiana di Fisica / Springer-Verlag 2006

Communicated by C. Signorini

Abstract. Within the context of a statistical model, that incorporates nal-state interaction betweena pair
of fragments, we have calculated the energy spectra assciated with the production of di®erert isobaric
pairs as a function of their lab kinetic energy and isobaric and elemertal distributions of nuclei producedin
the “He+ 2?2 Sj reaction at cm incident energiesof 102.7,173.7,300, 500, and 1000MeV . Double di®erertial
cross-sectionof isobars 16, 20, and 24 as a function of their lab kinetic energiesat 30* and the same for
isobar 24 at 10%, 30%, 60*, and 90° have been calculated at cm incident energiesof 102.7 and 173.7MeV
and compared with the data of Woo et al. Calculated yields follow the trend of the data at each angle,
and calculated angular distributions also reproduce the general trend of the observed ones. A key feature
of the model is that it allows for fragments to be emitted in ground states as well as in excited states
that are allowed by the consenation of energy. The analysis establishesthat the fragments are emitted in
excited state. The excitation energiesfor A = 24 and 16 are deduced from the data. The observed angular
distributions for A = 7, 12, 16, 20, 24, and 28 are well accourted for assumingthem to be emitted in excited
states. The relativ e production probabilities for di®erert elemerts and isobars are energy dependert. The
yields for unstable elemerts, °Li, ®Be, and 2°Al, are found to be signi cant. The relative fragmentation
probabilities of all allowed isotopic pairs have been preserted.

PACS. 24.60.Dr Statistical compound-nucleus reactions { 25.55.-e ®H-, *He-, and *He-induced reactions

{ 25.60.Gc Breakup and momentum distributions

1 Intro duction

Outside the proactive cocoon of the Earth's atmosphereis
a universefull of radiation. Spacecortains elemens from
hydrogento nickel in various proportions. Theseelemers
collide with the walls of space crafts causing the emis-
sion of secondaryradiation inside spacecrafts, which is
a serious hazard to occuparts as well as instruments in
the cabin [1]. The developmert of protecting devicesre-
quiresthe knowledgeof the radiation level inside the cabin
causedby secondaryradiation that is made of fragmen-
tation of nuclei of the elemens of the wall by incident
galactic nuclei. Becauseof the varied nature of galactic
nuclei and their broad energy spectra, much of the pro-
duction cross-sectionsare to be determined theoretically.
Aside from this, micro-electronic measuringdevices,con-
taining quite often silicon and oxygen, are, in somecases,
directly exposedto galactic nuclear radiation. The sub-
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ject matter of this topic would provide an understanding
of the fragmertation of silicon by alpha-particle, the sec-
ond most abundarnt elemen in space.lt is alsoto be noted
that the understanding of this processis alsoimportant in
determining the elemenal distribution in the cosmos|[2].
Sinceany theoretical model to describe fragmertation
involvesapproximations, it is necessaryto test the model
against existing data. Suc data exist for fragmertation
of 28Si by 117.4and 198.5MeV (lab) alpha-particles. At-
tempts to understand them within the context of an evap-
oration model had only a limited successWe, therefore,
“rst try to accourt for thesedata theoretically.
Alpha-particles with lab kinetic energiesof 117.4and
198.5MeV (E=A ¥ 29 and 50MeV=nucleon) are closeto
the energy range usedin explaining the fragmentation of
160 by proton using a statistical model [3]. This model
distinguishesitself from the direct production models dis-
cussedin [1] in at least one important aspect: it includes
the possibility that the fragmerts are being emitted both
in ground and in excited states. The method usedin [3]
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alsoincorporates nal-state interaction betweentwo mem-
bersof the emergingfragmerts, which is distinct from the
usual evaporation model.

A key assumption of the model is the formation
of a compound nucleus (CN) as an intermediate step,
which, then, decays to a pair of interacting fragments of
varied excitation energiesallowed by the law of energy
consenation.

Within the framework of this model, we have examined
the experimental data of Woo et al. [4] on the fragmerta-
tion of 22Si by 117.4and 198.5MeV (lab) alpha-particles,
and nd that the overall trend of thesedata is reasonably
accourted for by the calculation. We, therefore, presen
herethe relative probabilities of isobaric and isotopic pro-
ductions of nuclei from A = 1 to 31 in the fragmerta-
tion of 22Si by alpha-particle from threshold energy to
1.0GeV (cm) within the context of this model. At inci-
dent energiesabove that, the treatment would require the
inclusion of relativistic e®ects,which is beyond the scope
of this treatment.

In this next section, we preser the theory followed
by a section on the determination of the "nal-state in-
teraction usedin the calculation. In sect. 4, we discuss
the results rst for incident alpha-particle energies of
117.4 and 198.5MeV (lab), and then for 300, 500 and
1000MeV (cm).

2 Theory

According to the statistical theory of Weisslopf and Ew-
ing [5], Newton [6], and Ericson [7], a nuclear reaction
takesplace in two steps:a) the incident particle together
with the target nucleus form a compound nucleus, CN,

and b) the CN then decays to nal products. The two
steps can be considered as separate processesfollowing
one another. The total cross-sectionof the whole process
is, then, basically, the cross-sectionfor the formation of
the CN and its subsequeh decay probabilities into "nal

products.

In this work, we considerthe fragmertation of the CN
into a pair of fragments, i.e. binary fragmentation, ead of
which could bein ground and all possibleexcited statesal-
lowed by the energy consenation. The double di®ererial
cross-sectionfor the production of a pair of fragmernts A;
and A, in the nal channel @ from the erntrance channel
®, in the cm system, is given by

0 1
d23/®®0 — 3 P (I UC ua )A (l)
d- d" Peo(1:Uc)
®°

where ¥¢ is the formation cross-sectionof the CN with
spin | and excitation energy Uc, Peo(l ;Uc; ") is the
deceay probability of the CN into a pair of fragmerts A;
and A, with relative energy ", in a direction making an
anglepwith the incident beamin the nal channel @, and
Peo(l ; Uc) is the decay probability of a particular pair of
fragmerts over all angleswith all possible excitation en-
ergiesallowed by the consenation of energy and the sum
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is over all possible nal channels®. Following Ericson [7],
the numerator in (1) is given by

ey — 1 T2
Peo(l ;Uc; ") = %0 Uo) hF e
Qo+ Aem i " 3
(¥5¥5)2 . .
£ Pi Ya(j 1, U1)%2(j 2; Uz)
 P%en
1I25in2u H |28|n u

dUy ;

£ e4(%1?+ 3/422) JO i
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where ¥z (1 ;Uc) is the level density function of the CN
with spin | and excitation energy Uc; %4ji;U;), and 3%,
with i = 1, 2, are, respectively, the level density function
and the spin-cuto®factor for the two emergingfragmerts
A; and A;; Jo(x) is the modi ed Besselfunction of ze-
roth order; Qg is the total Q-value of the reaction, i.e.
the energy required for the decay to the ground states of
fragmens pair, and T¢ny, is the cm incident energyin the
entrance channel ®. The transmission coezcient in (2),
T2("), is that between the two emerging fragmerts in
the nal channel @. Following Ericson [7], we replacethe
transmission coexcient, T,12(") by its valuefor | = 0, i.e.
T&2("), implying that the decay probabilities are domi-
nated by zero orbital angular momertum.

For the level density function %j;U), j and U being
the spin and excitation energyof the level, respectively, we
have adopted here the expressionof Gadioli and Zetta [8]
derived by analyzing many experimental data. It is given

by

s e(z au)
gz 7(u+t)2’

PG+

Yi;U) = —P—(ZJ + el 27 ad ©)
where a and g are, respectively, the level density param-
eter, 0.127A MeVi 1, and the nuclear momert of inertia,
0:7[(2=5)AR?], with A is the mass number of the frag-
mert in conS|derat|on and R = 1:5A1=3 fm; 37 is the spin-
cuto®factor, (g=h?)[(u+ t)=a]**2, whereh is Planck's con-
stant h divided by 2% u is the e®(e:t|ve excitation enemy,
u=Uj ¢ + (70=A), ¢ beingthe pairing energy[9], and t
is the thermodynamics nuclear temperature, u = at?j t.

The level density formula, (3), is not valid at very low
excitation energies At low energieswe have approximated
it by applying a cuto®. The cuto® in the level density is
takento be 5MeV for all fragmerts exceptfor the proton,
neutron and the helium isotopes, for which it is taken to
be 50MeV. Above the cuto® energy the level density is
given by (3) and below the cuto® energy it is replacedby
1/cuto®.

Sincethe fragmerts emergingfrom the CN are mainly
in highly excited states, we cannot determine their spins
with any degreeof certainty. Fortunately, the level density
function represened by (3) is a slowly varying function of
spin j, therefore we can useit to determine the level den-
sity function of either fragmert by setting the value of the
spin j to zero,i.e. “j;U) = Y4&40;U). This can be done
without intro ducing any signi cant error into our calcula-
tions. After this replacemen, we obtain the probability of
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decegy for a CN into a pair of fragmerts A; and A, with
relative energy” in a given direction L to be the following
expression:

h5 P a; dp
Peo(l;Uc; ;") = p—
e T 272 (1;Uc)
Qo+ em i " i?/:{? 3/§¢% e(Z(pm".pm))
£ n— <~
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whereu; = Uy j ¢+ (70=A1) anduz, = Qo+ Tem i "
¢ 2+ (70:A2) i U]_.

The di®ereriial cross-section,d¥sego=d- , can be ob-
tained by integrating Pgo(l ; Uc; ;") over all possibleval-
uesfor ":

dUg ; (4)

0 1
ToeenLEE
&
where
QoZ Tem
Peo(l; Uc; 1) = Peo(l; Uc; ;") d™: (6)

0

Hence, the total cross-section,¥se0, can be obtained by
integrating Peo(l ; Uc; 1) over all angles,where the decay
probability Peo(l ; Uc) of the CN into a pair of fragmerts
over all energiesat all anglesis given by
Vil
Peo (1 ;Uc) = 2Y4
0

Peo (1;Uc; W) sinpdpe (7)

The transmission coetcient, T¢?("), in (4) can be de-
termined from the solution of the time-independert
SdrAdinger equation in sphericalpolar coordinates. In or-
der to obtain T#2("), one needsknowledge of the nuclear
interaction, Vy (r), betweenthe pair of fragmerts in the
“nal channel ®. For this purpose,we take the potential
to be of a complex molecular type becausea) the energy-
density functional formalism [10{13] as well as the two-
certered shell model calculation [14] indicates its real part
to be non-monotonic, b) the inverse scattering theory of
Alam and Malik [15]for the *2C{*2C interaction hasdeter-
mined the potential to be of this type, and c) experimental
data canbe tted with this potential [16{18]. Another im-
portant advantage of using a complex molecular potential
is that one can obtain the potential betweentwo nuclei
by a scaling procedure of the parametersdetermined for a
given system[13,17]. This is demonstrated by Haider and
Malik [17] who scaledthe potential for the 2C{1?C sys-
tem using information obtained from their previous study
of the interaction of the ¥0O{!®0O system and by Man-
ngard, Brenner, Reichstein and Malik [19], who obtained
the ®32S potential by scalingthe ®-?8Si potential, aswell
as by Shehadeh[20].
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In the nal channels,there are usually no elastic scat-
tering data to determine the potential. But we have used
the scaling procedure suggestedoy Haider and Malik [17]
to determine the complex potential between the pair of
fragments for all cases,except for proton and neutron
channels, where we have used the optical potential used
by Compani-Tabrizi and Malik [3]. Such potentials seem
to explain the data for the casesunder considerations.

3 The complex molecular potential

The complex molecular potential is the sum of the real
and imaginary potentials:

V(r) = Viea(r) + iVimag (r); 8)
where
Viea(r) = — 4 vieli (5" Ta ve(r) (@)
1+e @

with the Coulomb potential, V¢ (r), being that of a uni-
formly charged spheregiven by
8 3

< 212292 3 r2 . Re -
2R | 2 . C

Ve(ry=, *re 0 Fe (10)
- Z1Zye€° . r> RC,

r ’

where Z; and Z, are the chargesof the fragmens pair,
and Rc is the Coulomb radius.

The strength of the attractiv e part Vo can be scaledas
in [17] 3 .

2 2

Vo= b Af+AJQ (ALt Apf (11)
with by = | 10.2MeV, and A; and A, are the massnum-
bersfor the fragmerts pair. The di®usenesparameter ag
is about 0.53fm. The depth of the repulsive part V; is
100MeV.

The imaginary part of the potential, Vimag (r), is taken
to be of the form

h 3 i

Vimag (F) = W(")e ' #7 (12)

The coexcient W (") is assumedto have an energydepen-
denceand is determined to be
W)= V'1s o+ 02 (13)

where " is the relative energy of the fragmens pair.
The coezxcients V,, C;, and C, of the imaginary part
of the potential have previously been determined by
Haider and Malik [17]to be 1:613MeV, 0.02MeV' * and
0.012MeV' 2, respectively, and n4 in (9) and n, in (12) are
takento be 2.

The radii Rg, R1, R2, and R; can be expressedn the
following manner:

3

R=r Af+Aj ; i=0L2c  (14)
with rg = re = 1:35fm, rqy = 0:52fm, and r, = 0:83fm.

Thus, onecanobtain the potential betweentwo emerg-
ing fragmerts from their massand charge numbers.
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Fig. 1. Relative yields asa function of the relativ e kinetic energy, ", for v e di®erert pairs of fragments marked, as shown in the
“gures, for incident energiesof 102.7,173.7, 300, 500, and 1000MeV (cm). Spectra for 500 and 1000MeV have been multiplied

by the factors indicated in the “gure.

4 Results and discussion

To ful'll the goal of this paper, i.e. to provide elemen-
tal and/or isobaric distributions of nuclei producedin the
fragmertation of 28Si by alpha-particle, one should exam-
ine the appropriatenessof the model to accourt for the
obsened data. For this purpose,one should examine the
extent to which the model could provide a reasonableac-
court for the distribution of nuclei producedin the frag-
mertation in experimerts.

4.1 Energy spectra

One may use (4) and (7) to compute the ratio

Peo(l ; Uc; 1 ")=8 @oPeo(l ; Uc) in (1) for a given incident

energy This is termed asrelative yield. The excitation en-
ergy of a CN is shared among the relative energy ", of
the emerging fragmerts pair and the excitation energies
of each member of the pair. Thus, the relative yield is a
function of ". The relative yield at " = 0 caserepresens

the fact that the entire available energyis transmitted to

the excitation of the emergingfragmerts pair. The relative
yields for the maximum value of " represen the produc-
tion probabilities of the emissionof fragmerts pair in their

ground states.

In "g. 1, we have plotted theserelativ e yields asa func-
tion of ", for the pairs (*H+ 31P), (2H+ 3°P), ("Li + 2°Al),
(*2C + ?°Ne), (**N + 8F), and (*%0 + 1%0Q) for incident
alpha-particle energiesof 102.7, 173.7, corresponding to
lab energiesof 117.4and 198.5MeV, respectively, 300,500,

and 1000MeV (cm). These are typical of the kinetic en-
ergy spectra. Each relative yield is for a given isobaric pair
and hasbeenobtained by summing over the relative yields
for each elemen of a particular isobar. The characteristic
featuresof thesespectra are: a) The isobarsare emitted in
all possibleexcited states. b) The probabilities of isobars
being emitted in highly excited states are much higher
than their being emitted in the ground state. c) Each of
these curves has a maximum for a given ", which repre-
serts the most probable relative yield at the most probable
relative energy "prop. This maximum shifts toward " =
with increasingincident energy This is becausethe trans-
mission coexcient, T¢2("), in (4), approadesits limiting
value of onewith the increasein incident energy In fact, at
T&2(") = 1, the relative yield becomesexponertial, which
is the signature of evaporation. Thus, the non-exponertial
shape of the relative yields for the production of isobars
16,20,and 24, indicated in "g. 2, which will be discussedn
the following section,is a consequencef incorporating the
“nal-state interaction in (4). d) Although neutrons, pro-
tons, and deuteronsare emitted preponderartly, the pro-
duction of heavier elemeris competesfavorably with them
in somecases particularly at higher incident energies.

4.2 Comparison with the data

Woo et al. [4] have measuredthe production of the iso-
bars A = 16, 20, and 24 as a function of their lab kinetic
energies E|qp, at 30° formed in the “He+ 22Si reaction at
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Fig. 2. Kinetic energy spectra at 30* for di®erert fragment massnumbers, as indicated in the “gures, for incident energiesof
117.4MeV (left) and 198.5MeV (right) (lab). Theoretical calculations and the data of [4] are shown by solid lines and solid

circles, respectively.

incident energiesof 117.4 and 198.5MeV (lab), and the
same for the isobar A = 24, at 10%, 30%, 60*, and 9C*.
They have also measuredthe di®erertial cross-sectionfor
arangeof isobars,and henceit would be interesting to ap-
ply the model to examinethesedata. However, to compute
the double di®erertial cross-sectionusing (1), and the dif-
ferertial cross-sectionusing (5), one needsknowledge of
the CN formation cross-section,¥s, which is model de-
pendent. To circumvert this problem, one may, however,
examinethe extent to which the model canaccourt for the
relative yields of A = 16, 20, and 24 at 30* as a function
of E|4p Of the emergingisobar and the samefor A = 24 at
di®erert angles.This is achieved by normalizing the the-
oretical production cross-sectionin one case,in this case
for isobar A = 16 near forward angles, and then calcu-
lating the relative decay probabilities for ead isobar as
a function of E 5, of the emerging fragmert for the two
given alpha-particle energies.Howewer, in order to com-
pare with the data, the decay probabilities of all elemers
having a particular massnumber are to be summedover.

The experimental data on double di®ererial cross-
sectionsas a function of the lab kinetic energy E, 4, for
fragments having a particular mass number, plotted in
"g. 2 assolid dots, bearsresenblanceto the yield curves
plotted in "g. 1, implying that thesefragmerts are emitted
in various excited states. However, the non-linear behav-
ior of the data asa function of energyin “gs. 2 and 3 rules
out pure evaporation for this process.The maximum for
eah massnumber is at non-zeroenergy which is usually
characteristic of the statistical model usedherein.

In "g. 2 we have comparedthe calculated probabilities
of the emission of isobars A = 16, 20, and 24 with the
data, as a function of their lab kinetic energies,E, 4y, for
the two incident energiesof 117.4and 198.5MeV (lab) at
30*. The calculations are normalized to forward anglesfor
A = 16.The parametersusedin the level density functions
are noted earlier. The calculated yields for all the three
isobarsreproducedthe obsened energydependence thus,
providing reasonablesupport to the validity of this model
in calculating fragmertation probabilities. The total decay
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Fig. 3. Kinetic energy spectra for A = 24 at di®erert angles, indicated in the “gures, for incident energiesof 117.4MeV (left)
and 198.5MeV (right) (lab). Theoretical calculations and the data of [4] are shown by solid lines and solid circles, respectively.

probabilities of a given isobar are obtained by calculating
the vyields for ead elemen of that isobar and summing
over all of them. In our calculations, we have included all
the excited elemers for the sameisobars. It is not clear
from the experimental setup whether or not they have
beenaccourted for that.

The double di®erertial cross-sectiondor the yields of
the isobar A = 24 have been measuredas a function of
the lab kinetic energy Eqp, at 10, 30¢, 60%, and 9C* for
the two incident energiesof 117.4and 198.5MeV (lab). In
“g. 3 the theoretical relative yields as a function of Ea
for the production of the isobar A = 24 are comparedto

the data at the two alpha-particle incident energies.Once
again, the calculations have beennormalized to the data
at forward angles.Calculated yields follow the trend of the
data at ead angle. It is, therefore, reasonableto conclude
that the model is suitable in producing the relative yields
of elemeris and isobars.

One may show that the fragmens pair in the nal
channel are emitted in excited states by calculating the
excitation energiesof the fragments pair, U; + U,, using
the peaksof the energy spectra. In "g. 4, we have plot-
ted the v e theoretical relative yields as a function of the
relative energy ", for the production of A = 24 at the
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Table 1. Excitation

energiesfor A = 24.

Ep = 117:4MeV

| Ep = 1985MeV

AL+ A "pr ob Un (MEV) U (MeV) U (MEV) “pr ob U (MEV) Un (MeV) U (MEV)
(MeV) calculated measured  measured | (MeV) calculated measured  measured
at 30° at 90* at 30° at 90*
SHe+ 24gj 4.5 36.806 39.928 34.414 4.25 108.185 109.759 101.998
8Li + Al 6.6 56.168 61.39 55.876 6.6 127.131 131.221 123.46
8Be+ ¥Mg 8.6 84.049 91.271 85.757 8.65 154.962 161.102 153.341
8B + *Na 10.1 59.057 67.779 62.265 10.2 129.92 137.61 129.849
85C+ #Ne 111 43.414 53.136 47.622 11.3 114.177 122.967 115.206

two incident energiesof 117.4and 198.5MeV (lab). Each
of these curves has a well-de ned maximum correspond-
ing to the most probable relative energy ", o, indicated
in table 1. Assuming that the lighter fragmerts, i.e. 8He,
8Li, ®Be, 8B and 8C, are emitted in their ground states,
we have calculated the excitation energiesfor the heavier
fragmert, Uy , for the v eelemerts of A = 24, asindicated
in table 1.

One may comparethe calculated results with the mea-
sured ones.Woo et al. [4] have measuredthe energy spec-
tra for A = 24 at di®erent angles for the two incident
energies,as shovn in "g. 3. At 30%, the curves peak at
Eiap = 4.0, and 2.5MeV for 117.4 and 198.5MeV (lab),
respectively. At 90%, both curvespeakat E 5 = 1:5MeV
for 117.4and 198.5MeV (lab). Assumingthat the heavier
fragment A = 24 is emitted in an excited state at both
energies,we have calculated the excitation energies,Uy ,
for the v e elemerns of the isobar A = 24, as indicated
in table 1. The calculated excitation energiesare in rel-
atively good agreemen with those calculated using the
experimental data.

In the casewhere the two fragments are emitted in
excited states, we have calculated the excitation energies
for the isobar A = 16. In this case,both fragmens are
emitted in excited states, sharing the total excitation en-
ergy equally (sincethey have the samemassnumber). For

A = 16, there are three elemerts, asindicated in table 2.
From their relative yields curvesat the two incident ener-
giesof 117.4and 198.5MeV (lab), we have calculated the
most probable relative energy ", ob, and the total exci-
tation energy Ur, for the three elemerts, asindicated in
table 2. The total excitation energy Uy, is the sum of U;
and U,. Woo et al. [4] have measuredthe energy spectra
for A = 16 at 30* for both energies,as shavn in g. 2.
Both curves peak at E 5 = 4:5 and 3.5MeV for 117.4
and 198.5MeV (lab), respectively. We have calculated the
total excitation energy Ur, at 30* for the three elemers
of the isobar A = 16, as indicated in table 2. If we as-
sumethat the measuredexcitation energy Ur, represerts
the total excitation energy of the pair of fragmens for
ead elemen, i.e. the obsened A = 16 is for both frag-
ments with A = 16, the total calculated and the total
measuredexcitation energiesare in relatively good agree-
mernt. These results support the interpretation in which
the fragmerts produced in thesereactions originate from
binary breakup.

Basedon the presumption that the pair of fragments
are emitted in excited states, the reactions are inelastic,
and the data on angular distributions needto be treated
as an inelastic process.

Woo et al. [4] have measuredthe di®ereriial cross-
sectionsas a function of lab angles, lap, for the isobars
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Table 2. Excitation energiesfor A = 16.

Ep = 117:4MeV

| Ejap = 1985MeV

AL+ A Ut (MeV)

calculated

lIpr ob
(MeV)

Ur (MeV)
measured at
30*

Ur (MeV) Ur (MeV)
calculated measuredat
30*

" pr ob
(MeV)

16C+ 16Ne
16N+ 16':
160+ 160

11.0
12.0
12.0

34.975
56.295
81.135

42.205
63.525
89.368

107.952
129.272
155.112

11.0
12.0
12.0

102.938
126.258
152.098

Differential Cross Section

180
Scattering Angle (deg)

Fig. 5. Typical angular distributions for compound-nucleus
reactions induced by light fragments with moderate incident
energy. The solid line represerts the angular distribution in the
cm system, and the dashed line represerts the same angular
distribution but in the lab system for three di®erernt ° values
indicated in the gure.

A = 7,12, 16, 20, 24 and 28. In order to accourt for
these data, one needsto use (5) in the lab system. The
relation between the di®erertial cross-sectionin the lab
systemand the di®erertial cross-sectionin the cm system
is given by

H d%ﬂ

d- lab -

AN
o

cm

i
1+ °2+ 2° coSpem

jl+ ° coSpem]j (15)

where ° is de ned as the ratio of the speed of the cm

in the lab system to the speed of the emitted particle

in the cm system. If the Q-value of an inelastic reaction

my(mq; m3z)my is Q°, then ° is given by

H mimz  Tem T
ma My Tcm + Qrj

o —

; (16)

where T, is the cmincident energy One may notice that
for xed mgq, my, msz, my, and Tem, ° in (16) is a function
of Q7 i.e. ° = °(Q"). This indicates that di®eren values
of ° can be obtained by di®erert Q" values,which implies
di®erent valuesof excitation energies.As an example, for
Q" = 0, m; = my, and mz = my, ° is 1, which represerts
an elastic reaction.

In g. 5 we have plotted typical angular distribu-
tions for compound-nucleus reactions induced by light
fragments with moderate incident energy The solid line

represens the angular distribution in the cm system us-
ing (5). It is nearly isotropic, which is a characteristic of
compound-nucleusreactions. The other three dashedlines
represen the angular distributions for the samesolid line
but in the lab system using (15), and for three di®eren
° values,® = 1, which represerts an elastic reaction, and
the other two values 0.5 and 0.9, corresponding to two
di®erent Q" values,which represen inelastic reactions.

Figure 6 shows the angular distributions for A = 7,
12, 16, 20, 24 and 28 for 117.4and 198.5MeV (lab). The
dashed lines are the calculated ones and the dots con-
nected with solid lines are the measuredones[4]. The °
value used for each massnumber is shown in the gure.
The di®erertial cross-sectionof a given isobar is obtained
by calculating the yields for ead elemen of that isobar
and summing over all of them.

The calculated angular distributions produce the gen-
eral trend of the obsened ones, indicating that the ob-
sened data can be well accounted for assumingthat a
daughter pair is emitted primarily in an excited state. The
generaltrends of the data are commensuratewith the bi-
nary fragmentation assumption, although multi-particle
or sequettial decay cannot be ruled out. But the analysis
done herein indicated that binary fragmertation is pos-
sible and could be a major cortributor to the obsened
cross-sections.

4.3 Elemental, isotopic and isobaric branching ratios

One may use (7) to compute the total deca/ probabil-
ity for a given element and, hence, compute the ratio
Peo(l ;Uc;)=8@ Pe (I;Uc). This ratio is termed as el-
emertal, isotopic, or isobaric branching ratio for the pro-
duction of elemeris, or isotopes, or isobars, respectively.

One can construct isotopic branching ratios for eath
element from hydrogen to *'P from table 3 at incident
energiesof 102.7,173.7,300, 500, and 1000MeV (cm). In
"g. 7, we presert theseisotopic branching ratios. The most
dominant fragmenrts are the isotopes of hydrogen and he-
lium and their respective partners sulfur and silicon. The
fragmentation probabilities of heavier elemerts relative to
those of hydrogen and helium increasesigni cantly with
the increasein incident energy Theseheavy elemerts are,
also, predominartly emitted in excited states.

It is of interest to examinethe elemeral and isotopic
branching ratios for the production of someof the elemeris
of astrophysical interest, particularly, in understanding
cosmicabundances.Elemerts like °Li and 8Be, which are
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Fig. 6. Angular distributions for seweral mass numbers, indicated in the “gures, for incident energiesof 117.4MeV (left) and
198.5MeV (right) (lab). Theoretical calculations and the data of [4] are shown by dashedlines and solid circles connected with

solid lines, respectively.

unstable, are still produced in signi cant amounts com-
pared to the production of other elemens and their rel-
ative abundancesincreasewith increasein incident alpha
energy The production of 2°Al, which has astrophysical
signi cance, is comparatively large and increasesubstan-
tially with the incident energy The dependenceof elemen-
tal branching ratios on incident energy implies that the
production rates of elemens in cosmosge.g.in supernovae,
may have signi cant variance depending on the energetic
of the process.Moreover, elemeris other than hydrogen
and helium are predominantly produced in their excited
states.

One can construct isobaric branching ratios for iso-
bars 1 to 16 at incident energiesof 102.7,173.7,300, 500,
and 1000MeV (cm), asindicated in table 4. Each isobaric
branching ratio is for a given isobaric pair and has been

obtained by summing over the elemernial branching ratios
for eadh atomic number of a particular isobar.

In "g. 8 we provide isobaric branching ratios for iso-
bars 1 to 16 at incident energiesof 102.7,173.7,300, 500,
and 1000MeV (cm). The production of the corresponding
isobaric partners of A = 16 to 31 can be deducedfrom
this "gure by looking at the yields for its complemeriary
partner, for example, the yields for A = 17 are the same
asthose of its partner, A = 15. As expected, at lower in-
cident energies,the maximum yields are those of A = 1,
2, 3, and 4. But the comparative yields of heavier isobars
increasewith increasing incident energy At 1.0GeV in-
cident energy yields of A = 16 to 27 (or corresponding
partner 16 to 5) are comparableto those of A = 1 to 4.
Most importantly, all isotopes are emitted predominantly
in excited states This possibility, which is a major out-
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Table 3. Isotopic branching ratios for eadh atomic number for v e energies.

Isotopic branching ratio

Ar | Az | Z1 | Zp | Final channel 55 —ney 173 7Mev [ 300MeV | 500MeV | 1000MeV
n | S | 0 | 16 | 1n0+ 31516 | 4.99E-02 | 9.15E-02 | 9.83E-02 | 1.00E-01 | 9.11E-02
TH1 + 31P15 | 1.99E-01 | 1.62E-01 | 2.56E-01 | 2.09E-01 | 1.44E-01

i | p | 1 | 15 [ 2A1¥30PI5 | 4476-02 | 549E-02 | 9.67E-02 | 9.25E-02 | 7.08E-02
3HL + 20P15 | 2.41E-02 | 3.03E-02 | 7.74E-02 | 6.53E-02 | 4.45E-02

ZH1 + 28P15 | 2.08E-04 | 1.15E-03 | 3.43E-03 | 7.43E-03 | 9.04E-03

3He2 + 295114 | 3.29E-02 | 5.23E-02 | 4.02E-02 | 5.95E-02 | 4.94E-02

4He2 + 285114 | 5.02E-01 | 2.93E-01 | L.A5E-01 | 2.06E-01 | 8.87E-02

e | s | o | 14 [ BH€2+ 27SM4 | 111E-02 | 218E-02 | 194E-02 | 3.09E-02 | 3.09E-02
6He2 + 265114 | B.80E-04 | 3.42E-03 | 4.31E-03 | 1.08E-02 | 1.15E-02

7He2+ 255114 | 5.87E-06 | 1.33E-04 | 4.07E-04 | 2.18E-03 | 3.09E-03

8He2 + 245114 | 2.29E-07 | 1.44E-05 | 8.51E-05 | 5.10E-04 | 1.33E-03

4Li3 + 28AI13 | 6.98E-04 | 5.18E-03 | 6.52E-03 | 8.09E-03 | 1.55E-02

5Li3 + 27AI13 | 5.27E-02 | 3.00E-02 | 3.24E-02 | 7.16E-02 | 3.99E-02

6Li3 + 26AI13 | 3.13E-03 | L.30E-02 | 1.I5E-02 | 1.19E-02 | 2.03E-02

Li | Al | 3 | 13 [ 7L3 + 25A113 | L17E-03 | 6.63E-03 | 6.68E-03 | 8.22E-03 | L.41E-02
8Li3 + 24AI13 | 4.72E-05 | 5.62E-04 | 1.12E-03 | 3.12E-03 | 5.18E-03

oLi3 + 23AI13 | 3.49E-06 | B.34E-05 | 2.04E-04 | 1.75E-03 | 2.53E-03

1003 + 22AI13 | 5.64E-00 | 1.04E-06 | 2.40E-05 | 1.10E-04 | 6.67E-04

6Be4 + 26Mgl2 | 1.94E-03 | 5.73E-03 | 1.07E-02 | 6.50E-03 | 1.40E-02

7Bed + 25Mgl2 | 2.37E-03 | L.17E-02 | 9.83E-03 | 5.73E-03 | 1.80E-02

8Bed + 24Mgl2 | 2.08E-02 | 5.93E-02 | 3.40E-02 | L47E-02 | 3.39E-02

Be | Mg | 4 | 12 [ 9Bed+ 23Mgl2 | L.14E-03 | 5.62E-03 | 6.04E-03 | 3.78E-03 | 1.28E-02
10Bed+ 22Mgl2 | 2.53E-06 | 6.27E-05 | 2.57E-04 | 3.44E-04 | 2.31E-03

11Bed+ 2IMgl2 | 3.34E-06 | 7.12E-05 | 2.95E-04 | 3.75E-04 | 2.49E-03

12Be4+ 20Mgl2 | 8.42E-08 | 7.15E-06 | 7.11E-05 | 1L.29E-04 | 1.15E-03

7B5 + 25Nall | 7.11E-05 | 4.61E-04 | 1.56E-03 | 1.42E-03 | 6.73E-03

8B5 + 24Nall | 2.20E-04 | L42E-03 | 2.34E-03 | 1.88E-03 | 7.92E-03

OB5 + 23Nall | 2.04E-03 | LO3E-02 | 8.51E-03 | 4.92E-03 | 1.51E-02

5 | Na | 5 | 1q | 10B5+ 22Nall | 9.03E-04 | 4.43E-03 | 5.18E-03 | 3.336-03 | 1.14E-02
11B5 + 2INall | 9.93E-04 | 4.22E-03 | 5.23E-03 | 3.30E-03 | 1.18E-02

12B5 + 20Nall | 4.78E-05 | 3.70E-04 | 1.04E-03 | 9.65E-04 | 4.92E-03

13B5 + 19Nall | 3.52E-06 | 5.03E-05 | 3.42E-04 | 4.15E-04 | 2.690E-03

14B5 + 18Nall | 1.23E-08 | 1.09E-06 | 3.15E-05 | 7.03E-05 | 7.56E-04

8C6 + 24Nel0 | 2.20E-06 | 3.99E-05 | 4.14E-04 | 5.15E-04 | 3.33E-03

9C6 + 23Nel0 | 1.94E-05 | 1.19E-04 | 7.55E-04 | 7.85E-04 | 4.08E-03

T0C6+ 22Nel0 | 7.33E-04 | 5.05E-03 | 4.73E-03 | 3.09E-03 | 1.05E-02

11C6+ 2INel0 | 1.31E-03 | 5.26E-03 | 6.26E-03 | 3.81E-03 | 1.24E-02

C | Ne| 6 | 10 [ 12C6+ 20Nel0 | 1.35E-02 | 3.32E-02 | 2.34E-02 | 1.04E-02 | 2.71E-02
13C6+ 19Nel0 | 1.37E-03 | 4.48E-03 | 6.01E-03 | 3.62E-03 | 1.29E-02

T4C6+ 18Nel0 | 6.86E-04 | 2.43E-03 | 3.99E-03 | 2.64E-03 | 1.03E-02

15C6 + 17Nel0 | 6.21E-06 | 7.25E-05 | 4.87E-04 | 5.36E-04 | 3.27E-03

16C6 + 16Nel0 | 2.31E-07 | 7.54E-06 | 1.25E-04 | 1.93E-04 | 1.58E-03

10N7 + 22F9 | 6.66E-08 | 3.47E-06 | 7.60E-05 | 1.39E-04 | 1.11E-03

TIN7 + 21F9 | L1.68E-05 | 8.71E-05 | 6.21E-04 | 6.55E-04 | 3.30E-03

12N7 + 20F9 | 7.41E-05 | 6.32E-04 | 1.46E-03 | 1.24E-03 | 5.49E-03

N|F | 7|09 13N7+ 19F9 | 1.65E-03 | 4.53E-03 | 6.74E-03 | 3.906E-03 | 1.35E-02
14N7 + 18F9 | L.71E-03 | 4.51E-03 | 6.75E-03 | 3.96E-03 | 1.37E-02

16N7 + 17F9 | 2.37E-03 | 6.19E-03 | 8.13E-03 | 4.55E-03 | 1.52E-02

16N7 + 16F9 | 9.85E-05 | 4.07E-04 | 1.56E-03 | 1.29E-03 | 6.13E-03

1208+ 2008 | 3.48E-07 | 9.82E-06 | 1.63E-04 | 2.39E-04 | 1.60E-03

1308+ 1908 | 6.58E-06 | 6.92E-05 | 4.91E-04 | 5.44E-04 | 3.08E-03

o| o | s | s 1408 + 1808 | 8.20E-04 | 2.23E-03 | 4.53E-03 | 2.91E-03 | 1.09E-02
1508 + 1708 | 2.37E-03 | 5.70E-03 | 8.13E-03 | 455E-03 | 1.52E-02

1608 + 1608 | 2.02E-02 | 4.53E-02 | 2.95E-02 | 1.23E-02 | 3.14E-02

S I R 14F9 + 18N7 | 1.62E-08 | 1.59E-06 | 4.19E-05 | 8.62E-05 | 8.57E-04
15F9 + 17N7 | B.50E-06 | B8.83E-05 | 5.94E-04 | 6.24E-04 | 3.62E-03

Total 1 1 1 1 1
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Fig. 7. Isotopic branching ratios for the nal channelsin table 3 as a function of the massnumber of A; for incident energies
of 102.7,173.7, 300, 500, and 1000MeV (cm). The productions of the corresponding partner A, are the sameof A;.

come of this model, has been quite often overlooked in
many previous calculations.

An interesting feature of "g. 8isthat the relativeyields
of lighter mass and heavier mass nuclei actually go up
with increasing incident energy of the projectile. In the
simplest version of the evaporation model, one expects
this to go down with energy But in the model discussed
here this occurs becauseof the incorporation of the "nal-
state interaction, becauseat higher energies,the decay
probability is determined by competition between three

exponertial functions of energy as discussedin [21]. The
situation is similar to the obsened increaseof the ratio of
light to heavy fragmert with increasingneutron energyin
neutron-induced “ssion which is well accourtable for by a
theory similar to the oneusedin [21].

The branching ratios provided in table 4 re°ect the rel-
ative production rates. The computation of absolute pro-
duction rates involves calculations of the CN formation
cross-section ¢, for which there is no standard method.
The reasonableaccurate method of Haider and Malik [17]
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Table 4. Total isobaric branching ratios for eac isobaric pair for "v e energies.

A1

Az

Final channel

Total isobaric branching ratio

102.7MeV

173.7MeV

300MeV

500MeV

1000MeV

31

1n0 + 31S16
1H1 + 31P15

0.2485

0.2536

0.3544

0.3092

0.2351

30

2H1 + 30P15

0.0447

0.0549

0.0967

0.0925

0.0708

29

3H1 + 29P15
3He2 + 29Si14

0.0570

0.0826

0.1176

0.1247

0.0939

28

4H1 + 28P15
4He2 + 28Sil4
4Li3 + 28AI13

0.5034

0.2991

0.1547

0.2219

0.1141

27

5He2 + 27Si14
5Li3 + 27Al13

0.0638

0.0617

0.0519

0.1025

0.0708

26

6He2 + 26Sil4
6Li3 + 26Al13
6Be4 + 26Mg12

0.0059

0.0221

0.0264

0.0293

0.0458

25

7He2 + 25Sil4
7Li3 + 25AI13
7Be4 + 25Mg12
7B5 + 25Nall

0.0036

0.0189

0.0185

0.0176

0.0420

24

8He2 + 24Sil14
8Li3 + 24AI13
8Be4 + 24Mg12
8B5 + 24Nall
8C6 + 24Nel0

0.0210

0.0614

0.0379

0.0207

0.0517

23

9Li3 + 23Al13
9Be4 + 23Mg12
9B5 + 23Nall
9C6 + 23Nel0

0.0032

0.0161

0.0156

0.0112

0.0345

10

22

10Li3 + 22AI13
10Be4 + 22Mgl12
10B5 + 22Nall
10C6 + 22Nel0
10N7 + 22F9

0.0016

0.0096

0.0103

0.0070

0.0260

11

21

11Be4 + 21Mgl2
11B5 + 21Nall
11C6 + 21NelO
1IN7 + 21F9

0.0023

0.0096

0.0124

0.0081

0.0300

12

20

12Be4 + 20Mg12
12B5 + 20Nall
12C6 + 20Nel0
12N7 + 20F9
1208 + 2008

0.0136

0.0342

0.0262

0.0130

0.0403

13

19

13B5 + 19Nall

13C6 + 19Nel0
13N7 + 19F9
1308 + 1908

0.0030

0.0091

0.0136

0.0085

0.0321

14

18

14B5 + 18Nall
14C6 + 18Nel0
14N7 + 18F9
1408 + 1808
14F9 + 18N7

0.0032

0.0092

0.0153

0.0097

0.0365

15

17

15C6 + 17Nel0
15N7 + 17F9
1508 + 1708
15F9 + 17N7

0.0048

0.0121

0.0173

0.0103

0.0373

16

16

16C6 + 16Nel0
16N7 + 16F9
1608 + 1608

0.0203

0.0458

0.0312

0.0138

0.0391

TOTAL
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Fig. 8. Isobaric branching ratios for the isobars A = 1to 16 as a function of the cm incident energies.The production of the
corresponding isobaric partners of A = 16 to 31 can be deduced from this "gure by looking at the yields for its complementary
partner, i.e. the yields for A = 20 are the same as those of its partner A = 12.

to compute capture cross-sectionof two colliding heavy
ions hasnot beentested for alpha-particle capture and de-
pendson the details of the potential of two colliding ions.
In addition to thesemethods, there are a number of sim-
ple global methods employed to estimate the compound-
nucleus formation cross-sectionsdescribed in refs. [5,22{
27]. The absolute production cross-sectionof a particular
elemen, or its isotopes can be obtained by simply mul-

tiplying its branching ratio, noted in table 4 by the CN
formation cross-sections¥g, at all energies.

Woo et al. [4] have measuredthe total reaction cross-
sections for the two energies117.4 and 198.5MeV (lab)
by summing up the A, 6 cross-sectiondirectly, but the
production cross-sectionof A = 1, 2, 3, 4 and 5 are not
included in their measuremets. However, we note that
theoretically the production cross-sectionfor A = 1, 2, 3,
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Fig. 8. Continued.

180
1
% A=9
k]
§ 0.1
.§
£ oo
i |
o
0.001
102 173 300 500 1000
Energy (MeV)
1
i A=11
é 0.1
g
£ oot}
R |
0.001
102 173 300 500 1000
Energy (MeV)
1
—_ A=13
%
§ 0.1
.§
£ oo
ara BN
53]
0.001
102 173 300 500 1000
Energy (MeV)
1
> A=15
§
£ oo
oo I |
0.001
102 173 300 500 1000
Energy (MeV)

Table 5. Total reaction cross-sections(mb).
Ecn (MeV)  %?® %" %S %Y ¥ (this work)
102.7 670 950 1212 1230 1483
173.7 640 950 1133 1104 1366
300.0 { { { { 1232
500.0 { { { { 1100
1000.0 { { { { 927

8 Reference [4]; b ref. [28]; € ref. [29]; d ref. [30].

4, and 5 is signi cant. As sud, the measuredcross-section
represeits the lower limit of the cross-sectionand the ac-
tual cross-sectionshould be signi cantly higher. Our cal-
culations for the total cross-sectionfor thesetwo energies
arelisted in table 5 and comparedwith the data of [4] and
the predicted calculations from Webber et al. [28], Kox et
al. [29], and Karol [30]. We have also calculated the to-
tal cross-sectionfor energies300,500,and 1000MeV (cm)
asindicated in table 5. Our calculations are in relatively
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good agreemen with the other calculations[28{30] and in-
dicate the expected decreasen the reaction cross-section
with increasingenergy due to the target transparency.

5 Conclusion

The calculations of fragmentation cross-sectionsn this pa-
per indicate that nuclei in alpha-inducedfragmentation of
283j are emitted in all possibleexcited and ground states
allowed by the energyconsenation. In fact, the probabili-

ties of fragments being emitted in excited statesare signif-
icantly higher than those being emitted in ground states,
except for hydrogen and helium, at all incident energies.
While H and He are dominant fragmerts at all incident

energies,asexpected, the relative production rate of these
two elemeris comparedto those of other elemeris reduces
signi cantly with increasingincident energies.The theory

can reproduce the obsened energy dependenceof isobars
16, 20, and 24 at 30* and the isobar 24, at a few other
angles.In addition, the obsened angular distributions of
the production cross-sectiondor A = 7,12, 16, 20,and 28
are well accourted for, assumingthe emitted fragmerts to

be in excited states. Obviously, direct processesre likely
to cortribute additionally to the production of light el-
emerts, particularly, isotopes of hydrogen and helium at

forward angles.Howeer, the production of other elemers

is expectedto be reasonablydescribed by this model.

The authors are pleased to acknowledge the NSF grant
No. INT-0209583. The authors thank Dr. Ram Tripathi for
discussion.
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