PHYSICAL REVIEW C, VOLUME 62, 037602

Absorption matrix for fusion in coupled reaction channel calculations
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The absorption of flux for fusion from a coupled channels system has been examined over a wide range of
energies. The full absorption matrix for fusion, consisting of the diagonal absorption and the fusion in transi-
tion, is presented. The fusion in transition is at times more than the removal of flux while propagating in the
physical channels. The absorption matrix is obtained also for the case of purely real coupling potentials. The
absorption matrix method is shown to be superior to the usual method of difference of cross sections used in
some of the present coupled channels fusion codes. The flux absorbed within a given channel has been resolved
into the constituent subchannels of the total angular momentum. Using this approach, the isocentrifugal ap-
proximation has been examined for various cases.

PACS numbgs): 24.10.Eq, 25.70.Bc, 25.70.Hi, 25.70.Jj

The coupled reaction chann€lSRC) formalism provides henceforth referred to as the phase stitfh method. The PS

a simultaneous description of the elastic and all the reactiomethod is extremely sensitive to the CRC input parameters
channels of the heavy ions scattering. In this formalism, theike the maximum radius, the radial step size and the accu-
heavy ion fusion is estimated using two different approacheg:acy for Smatrix elements, etc.Ry.,dR,65), at energies
The first approach is based on the transmission of flupelow the Coulomb barrigfl0]. Therefore, care should be
through the(eigen channel barriers as ii], with the use of exercised when following the PS method for fusion at sub-
the isocentrifugalICA) approximation. The use of an ana- Millibarn cross sections. The fusion calculations using the PS
lytical expression like the Hill-Wheeler transmission throughMeéthod for a limited coupling scheme showed good agree-

a parabolic barrier shape as|iti circumvents the need for ment with the resul_ts of the transmission method up to mi-
numerical integration of the coupled equations to find theSrobarn cross sections i#,6]. Owing to the long ranged

transmission. In the recent coupled chann@<) fusion Coulomb couplings this agreement is not easily achieved in

) . numerical calculations.
COdeCCFUL". [2.] Wh.'Ch has severql mer|t§ over that [dﬂ’. In the present work the merits of the PS and the absorp-
the transmission is found by integrating the equatlons,[iO

. : : L n matrix (AM) methods for fusion are discussed. The
through the barvier region, yvh||e_ retaining the ICA. Each main advantage of the PS method for fusion is that it needs
(inelastig channel coupled gives rise to several subchannel

Ho additional com utations, as the fusion spin distribution is
owing to the addition of spiitl) of the nucleus excited with P P

: : ) obtained from the available partial wave cross sections of
the incoming orbital angular momenturh)( In the ICA, the | 4jous channels coupled. In order to understand the contri-
kinetic energy operators of all inelastic channels are taken tg, ;+ion of a particular channel, one therefore needs fusion

be the sam¢3—7] by ignoring t2he 5p2i”5 of excited states. \yithout that channel and also the fusion including that chan-
The centrifugal energy (L +1)2%/2uR” of each channel is | " aq tapulated ifil1]. The difference between these two

replaced in terms of channel total spid by J(J  ¢ross sections gives an estimate of fusion from that channel,
+1)A%2uR", whereas the coupling potentials depend on thgygever, it is not equivalent to the flux absorbed from a
multipolarity (\) of the excitation. This scheme grossly re- giyen channel when all other channels are also present in the
duces the number of coupled equations to a bare miNiMuMy,ypling scheme. The AM method of E@), as given in Eq.

Le., the number of channels considered in the couplinga) of [11] and in Sec. 4.2 of12], provides a method to
scheme. Consequently, the ICA rendered realistic CC fusiofnderstand the full absorption matrix for fusion together with
calculations feasible for complex systems, even before thg,q nondiagonal terms represented dyy of Eq. (3). These
advent of the high speed computers and for more elucidatioRyansition terms for fusion arise due to the complex coupling
refer to an excellent discussion [7] and the references poientials and vanish if the couplings are real. Using the AM

therein. method, it is possible to obtain the fusion spin distributions

In the second approach, fusion is estimated using a shofby any required channel in the presence of the full coupling
ranged imaginary potential in each of the coupled channelgcheme:

to absorb flux for fusion, as used in the CC caes[8] and

the CRC coderResco[9]. The CRC iterations with real po-

tentials and fusion imaginary potentials give a self-consistent

solution consisting of the wave functions of various chan- -

nels. Following the phase shift analysis, tBenatrix ele- == 2 (23+1)
ments for all the channels are estimated. The difference be- k®

tween the total reactior(ffrom elastic channg¢land the

cumulative cross sections of the remaining channels explic- o
itly taken in the coupling scheme gives the fusion cross sec- _ JaB_ "

tion, as given by Eq(1) (for example, seg4]). This will be 7a J%:B 7a J%ﬁ hv (235 DXl Wagl ) (2

K" u
1-> —,|Siarlzl, 1)
aa’ I</Jv
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' ' In the present model calculations we consider two differ-

E,=74MeV oo g“' ent coupling schemes each consisting of three channels, us-
0.50 | _ 6:'[’ 1 ing the codeFrResco[9]. In the first coupling scheme the
-—- 0,(°0) elastic channel, the 3excited state of®0 and the 3 ex-
040 | - Ga,lés Pb) ] cited state of?®®b are considered and the results will be
. icf( ) -0 presented in Fig. 1. In the second scheme, thesgte of
=1 CuaNeg=0) 208pp js replaced with the 5state of?°%b as will be shown
~— 0.30 [ A . . P
s in Figs. 2a) and Zb). The channels of these schemes are

indexed bya=1,%...},3{ ...}, whereas{a'} represents
the group of subchannels within partition generated by the
angular momentum couplings due to the sipof the excited
state, i.e.,J=L=I®L’ for the present work. The elastic
channel is represented lay=1 and for the present coupling
N e \ schemes alf«a'} belong to the same mass partition implying
0. 20.0 pm=pu' in Eg. (1). The imaginary parts of the diagonal opti-
J (h cal potentials, (,,, W,,), result in the absorption of the

FIG. 1. Spin distributions of various components of the absorp-Waves propagating in the channeis These are the short

. ) . ranged fusion imaginary potentials of Woods-Saxon square
t t d f the AM . .
ion matrix and a comparison of the and the PS methods form with W,=10.0 MeV,r,=1.0 fm anda,= 0.4 fm [11].

The coupling potentialsi{ 5, W,z) for «# g are derived by
deforming the diagonal parts of the optical potentials. The
Ta= Oaelt Oanet 0ar=0apt 0arr 3 absorption of flux for fusion from the coupled channel sys-

tem is generated by thes$#,;. The need for the complex
In the abovey, is the relative motion wave function of the coupling potentials is discussed|it3]. In the following, we
channela, v is the relative velocity in the entrance channel present our study for various caseq bfabsorption from the
a=1. It is known that the absorption of flux determined elastic channel given byy=a’'=1 of Eq. (2), and repre-
from the integrals of Eq(2) is equivalent to the fusion esti- sented byo, ¢ of Eq. (3); (2) cumulative absorption from all
mated by Eq(1), i.e.,o¢=o,. However, in practice it is not the diagonal terms of the absorption matrix given{ly 3}
easy to establish this equality in the numerical calculations at&{«,a} and{a',a'} as represented by, p of Eq. (3); (3)
low energies owing to different numerical accuracies of Egsfull absorption with the inclusion of the nondiagonal terms
(1) and (2). In the AM method, the flux absorbed from the for the absorption given by all the values af and 8 as
coupled channels system truly represents fusion provided thepresented by, , the full right side of Eq«(3); (4) fusion
fusion imaginary potentials are short ranged. For convergegredicted by the PS method using Et); and(5) absorption
fusion estimates, the coupling scheme should include allaking place in thex” subchannels of & block.
other important reaction channels. In contrast to the PS Figure 1 illustrates the merits of the AM method com-
method, Eq.(2) gives accurate results for fusion and is in- pared to the PS method at a low energy. The dotted curve
sensitive toR .., R, S parameters. The inputs required for represents the absorption from the coupled elastic channel,
this method are already available in the CRC codes. It prowhich is found to be much higher than the absorption from
vides an additional advantage of understanding the fusioany other channel. The dashed line and dash-dotted lines
from each physical channel, especially for each angular morepresent fusion in transitioho,, of Eq. (3)], taking place
mentum subchannel of a given block of total spifdenoted  from the excited states 0O and 2°%Pb, respectively. This
by @’ in Eq. (1)]. Therefore, the AM method can be used toincludes the contribution from all the partial waves leading
understand the ICA made in various simplified codes forto a total angular momentud The solid curve represents
fusion such as Ref$1,2]. Furthermore, Eq(2) can also be the total diagonal absorption of ca¢®) listed above. The
used to understand the radial distributions of flux for fusion.thick solid curve represents the full absorption for fusion
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TABLE I. Comparision of fusion predictions of the AM and the gies below 76 MeV results in large fusion cross sections of

PS methods as a function bf . millibarns by the PS method, for example, at 74 MeV it is
mostly beyond the upper bound of Fig. 1. The PS method

Ewo Lc Gae 0ap 08y  0a (LD or (L) needs a cutoff. value (L.) for fusion at low energies, as its

MeV () mb mb mb mb #* mb A® predictions change drastically with increasihg. In con-

76.0 10 0.03 004 0026 007 438 0071 438 tast the AM method _in Eq(2) yielded co_nvergeq results
15 004 005 0031 008 632 0084 632 around L,~30% and did not_ change by mcregsnigc to
20 004 005 0032 009 69.0 0086 68.7 1|00k‘ti' Thhe T e ohn f?]r Ith% at;S(t)irTOZcIrct)rT tfhel’l
jg g'gj 8'82 8'82; 8'83 Zg'g 8'822 gg'g :t?ssor(;)tii)na caesés aereOr(‘r;lughlé;gst)hsl szn’?g gt c?owaenerg(?esuas
‘ ‘ i ' ' ) ' listed in column 7 of the table, which differ at above barrier
/80 10 045 057 037 102 446 101 448 energies. For example at 96 MeV incident energy, the con-
20055 070 046 126 724 121 664 verged values witt..=50%, are 741.1, 672.9, and 7032,
30 056 071 046 126 733 121 67.3 respectively. The absorption of flux into the fusion channel
40 056 071 046 126 733 122 67.2 through all the transition terms fak+# 8 of Eq. (2) for a
50 056 071 046 126 733 122 673 gjvenJis not negligible. This can be understood from the
800 10 432 552 345 974 471 978 471 (ifference of full and diagonal absorptions, i.e., of columns 6
20 561 718 453 1271 817 1271 814 and 4 of the table. The contribution to the transition terms
30 5.63 720 454 1275 832 1286 87.7 from the oxygen inelastic partition is listed in the table in
40 563 7.20 454 1275 832 1298 99.0 column 5.
60 5.63 7.20 454 1275 832 13.11 120 When the imaginary parts of the coupling potentials are
83.0 10 246 315 192 547 576 554 57.7 switched off(i.e.,W,z=0 for a# ) the nondiagonal terms
20 48.2 61.7 383 108.0 137.3 109.4 137 of Eq.(2) vanish. This results in a redistribution of flux for
30 49.0 62.8 39.1 110.0 144 111.4 144 fusion in various diagonal terms as also discusse able
40 49.0 62.8 39.1 1100 144 1115 146 Il of) [11]. In this case, the absorption from elastic channel
86.0 10 273 371 214 627 599 629 598 Iincreases as shown by the triangles in Fig. 1. The total diag-
20 91.8 1209 73.1 208.4 207 209.8 207 onal absorption of this case agrees with the full absorption
30 1089 1430 87.7 2482 261 2501 261 curve of Fig. 1. Furthermore, it has been observed that de-
000 10 229 363 164 595 602 59.7 60.1 formation of the short ranged imaginary potentials does not
20 87.2 1309 653 2174 220 217.8 220 effectthe results of the fusion or the other channels. For this
30 168.8 2393 133.7 4085 423 410.7 424 case ofW,z=0 for a# g, the AM method becomes simple
40 172.4 2442 1372 4177 437 4200 438 and .only the diagonal terms need to be. evaluated. .
960 10 210 422 109 584 596 583 597 Figures Za) and 2b) show the absor'ptlon as afunctlon_of
20 619 1325 524 2052 217 2051 217 total a_ngular mom_entum at below barrier and abqve barrier
30 1564 2749 1228 4415 475 4413 475 CShergies. The_ various curves show the absorp_tlon from the
40 2353 3846 1953 6306 701 6394 702 individual p_artlal wave subsets qf for the 5 excited state
of 2%%p using the second coupling scheme. All these calcu-
lations have been performed for both the coupling schemes
representing cas@). The circles represent the spin distribu- mentioned in the beginning of this section. In Figaj2 the
tion from the PS method of ca$d), showing a good agree- solid curve represents the total absorption for a giyeor
ment of these two methods at various energies in the presetiiese excited states. The dotted lines represent that' of
work. The wave functions for the AM method were gener-=L—5 (thick doty andL’'=L+5 (light doty with J=L
ated usingRy,,=17.0 fm,sR=0.1 fm, and6S=0.01(set 1. =I®L'. The othelL’ values are as mentioned in the figures.
The results were found to be stable for all the 100 partialAs can be seen in the figures, the absorption for diffekent
waves considered. The results of the PS method for the sanv@lues do not closely agree, especially for the 5 andL
parametergset 1 are not in agreement with the thick solid +5 partial waves. This disagreement is less for the curves
curve of Fig. 1 at energies below the Coulomb barrierrepresenting thé —1 andL+1 partial waves. Similar dif-
whereas this agreement improves for energies above 7@rences were shown for inelas@ematrix in Fig. 1b of[5].
MeV. The circles of Fig. 1 represent the converged results of The results shown in Fig.(B) are obtained by switching
the PS method and were generated udig,=30.0 fm, off the imaginary part of the coupling potentials, whereas for
SR=0.025 fm, andsS=0.0000001(set 2, needing more Fig. 2(a) the full complex coupling potentials were used. The
computation time and memory. Further, the calculations uskesults using the isocentrifugal optionFREScocalculations
ing the set 2 did not converge for fusion for the partial wavesare shown in Fig. @) labeled by ICA forJ=L—5 andL
beyond 2@ and are not shown in the Fig. 1 as they are+5 cases. The results using ICA show less absorption for
negative. The results of the PS method for fusion have beeh—5 curve and more for the +5 case compared to exact
shown in Table I, represented loy and(L?) in the last two  calculations. The total absorption in Pb excited state, sum-
columns. The parameter set 2 has been used for the energying over all the subchannels of angular momentum are also
range 66—78 Me\(listed from 76 MeV in the tableand the  shown for the exact calculation and the ICA metHsee
set 1 for energies above 78 MeV. The use of set 1 for enersurves labeled total in Fig.(B)]. The ICA yields acceptable
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results for the total absorption cross sections of Figp),2 energies to high energies. The absorption matrix method is
even though this approximation is not valid within this par-found to be well suited for fusion at low energies, where the
tition especially for lowJ values and higher spins at higher difference of cross section®9S method presently used in
energies. The difference in absorption within a partition iSssome CC codes is unreliable. The AM method is used to
due to the different centrifugal barriers in these channelsgerive the contributions to fusion spin distribution from each
This difference(ICA) is enhanced for the second coupling physical channel included in the coupling scheme. The de-
scheme and also by the Coulomb couplings. The total concomposition of the total fusion spin distribution into its vari-
tribution to fusion is insensitive to the relative differences 5 constituents has been presented for a comparison. It is
shown in Fig. 20). The total absorption of Fig.(B) is not  ghown that the maximum absorption takes place from the
proportional to the absorption from any of the subchannelgqpled elastic channel. For the case of complex coupling
presented in the figure. However, the total may be given by,gtentials, the absorption from the transition terms is signifi-
an effective one channel with’=J=L. Fusion of column 6 cant and comparable to the diagonal absorption. The total
of Table I is not much effected by the ICA also because Sabsorption for the cases of purely real and the complex cou-
major contribution arises from the coupled elastic channelp”ng potentials did not show any difference. Therefore, de-
Therefore this approximation is consistent with the full CCsqrmation of the short ranged imaginary potentials in CRC
calculations for fusion as shown [i8,4,6]. It should be noted  5|culations may be ignored without effecting the CRC re-
that this approximation is very valuable for the fusion mod-gts. The flux absorbed in the various angular momentum
els. _ _ subchannels of a given totaldiffer significantly, implying
_The ratios of absorption from each channel of the couyhat the isocentrifugal approximation is not generally valid
pling scheme to the total absorption have been studied as\githin a partition for higher spins. However, this approxima-

function of energy. The ratio, o)/ 074 p falls with increasing o did not effect the total fusion and this aspect has been
energy, showing the increasing importance of absorptioRjiscussed.

from other channels. The diagonal absorption from excited

states of Pb increases at higher energies. | am thankful to Dr. S. S. Kapoor, Dr. S. Kailas, Dr. R. K.
The absorption matri{AM) of flux from the coupled Choudhury, Dr. A. K. Mohanty, and Dr. A. Navin for their

channels system has been presented from deep sub-barrgupport during this work.
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