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Cdmputer Program for Three Body Break Up Reaction

Kiyoji Fukunaca* and Shigeru Kaxkier*

Received October 11, 1978

A FORTRAN program is developed to -calculate the energy spectrum for three body
break up reation at intermediate energy. Energy spectra are calculated on the basis of AGS
(Alt, Grassberger and Sandhas) formalism assuming quasi free scattering with final state .interac-
tion.  The calculated curves reproduced well energy spectra of He in comadence w1th protons
for 3He(z, rp) reaction and deuterons for 3He (r, td) reaction at 120 MeV. :

KEY WORDS Nuclear Reaction *He(z, zp) at 120 MeV /
Program for QF Scattering with FSI/

1 INTRODUCTION

Three Body problems could be treated exactly on the basis of Faddeev’'s equations
with given two body interaction potentials and the energy spectrum of nucleons from
break up reaction of deuterons by nucleons could be successfully explained using a
separable potential for nucleon-nucleon interation. For the case where components of
high angular momentum contribute to the two body interaction in the break up reaction,
‘the problem is not so easy because that realistic separable potential has not yet been
obtained and a long computer time needs to solve the integral equations. Furthermore
if composite particles are concerned in the final state complicated reaction mechanism is
presumed. At intermediate energies, however, continuous energy spectra of. emitted
particles show rather simple shape with large peaks due to quasi free scattering and
some times with peaks for final state interaction appearing at low relative energies of
the interacting two particles®. Then it is reasonable to assume some simplifications in
calculation for the break up reaction. Alt e al.® have derived one dimensional integral
equations for the three body scattering problem and derived a scattering amplitude at
the special case where, in the first place, a quasi free process produces three particles
and in the final state any two particles interact. We have obtained a computer
program to calculate this amplitude and using it evaluated energy spectra for the break
up reaction of 3He nucleus by *He beam at 120 MeV.

I EQUATIONS

Break up amplitude for three body break up reaction can-be calculated usmg Eqg.
(5. 2) in Ref. 3 as follows,

¥ FEkIET, WA % : Nuclear Science Research Facility, Institute for Chemical Research, Kyoto
University.
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where T; are non separable “amplitude” and small compared with the two body ampli-
tude T;. In the calculation the following conditioris are assumed. 1) two body ampli-
tude T, and T; have not any singularity on the energy shell, 2)° the Green’s function
Gy at the last position in the second term does not given any singularity because the
cancellation of amplitudes at two integration angles p{ and —p{, and 3) a pole approx-
imation is applied to integrate the other Green’s function in the second term. Then
the cross section is given as follows,
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where p is the phase space for factor three body system in the final state. M, and M.
are matrix elements for the target break up process and projectile break up process,
respectively.  The variable p* and ¢;* have a dimension of energy and relate to the

usual wave vector k£ and mass m ,

P1={2mym, (m +my) } -2 (mk, —mgky), } (4

q1=(2m; (m,+m,) (my +mp+m,) I (m, (k,+k;) — &mrl-ma) k.J,

and the variables in the i-jk system are related to the variables in the j-ki system
through the following relations,

Pz=Cz1p1+S2:q1, } (5)
qz= —S2:P; +Cz1q;.
where
N 1/2
C = — mlmz :C ,
. [(m1+m3) (mz+m3’>J ‘Z (6)

Sor=v1—-Ch,

Four types of potential are assumed in the calculation of the initial interaction, that
is Gaussian type, Yukawa type, Woods Saxson type and ‘Woods Saxson for real potent1a1
with the first derivative of Woods Saxson for imaginary potential,
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<pr|Ts(z—a)) |p =T, (P;—P7, " » )
= 3’2V exp[ (p’4ap’) ], for Gaussian (8)
- L 7 for Yuk 9
= 411-V[ I (pi—pn? + o ], or Yukawa (9)
:SdraV(r) el T , : for Woods Saxon V(r). (10)

The form factor of the target nucleus is assumed as,
{pi} ], m; z>=(2-q) gim(PD),

Ja_ L ‘ 11
d1m(P1) = p 0(+p1 ab

S wave final state interaction between particle 2 and particle 3 relates to the effective
range parameters at zero energy limit in the two body scattering,

[Pl Taa-aplpp(e=CP . L ay
C* gt (=5 +9)
Q= (pi—pn?
C2(p) =2ap/(exp(2ap) —1],
n=2,23¢*/ v,

where C(z) is the Coulomb penetration factor. For the l-th partial wave interaction in
the final state Brait-Wigner type resonance form is assumed as follows,

Kp1| Ti(z—ad |p 112=

Iy Pi(cosw) . (13)
(z—q®—En? +—4—F1? :

The angular integral of Eq. (3) is done analytically where the angular momentum
of 1 is less than or equal to 2. The values of parameters in Eq. (8), (9),and (11) are
tranformed from the radial parameters in fm using following relation, »

1.
aZMeV% ﬂg-fm, = 426,

u: reduced mass

I COMPUTER PROGRAM

The computer program “AGSIA” calculates the three body break up cross section
on the basis of AGS formalism. Seven types of card have to read in the format . of
free field as the input data. Three body kinematics is calculated -using a’ subprogram
“KINEMA” which is the same as the program developed by Ohlsen®, and the numerical
integration of Eq. (10) is made using a sub-program “SMPSON” which is a usual
program of Simpson Integral. The matrix element in Eq. (3) is calculated using a sub-
program “XMAT”. Four types of initial interaction can be selected by KCODE4' and
five print out format can be selected by KCODE3. All calculated energy spectra are
print out in units of 107%6cm?/sr?-MeV. as a function of the laboratory energy of particle
1.. The FORTRAN programs are given in an Appendix. ,

The energy spectrum of *He in coincidence with protons for 3He(f, rp)d reaction
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Tig. 1. Energy spectrum projected for the *He(r, rp)d reactions at 0,.=20°
and §,=40° All solid curves are calculated on the basis of the AGS
formalism. The dashed curve shows the calculated one of the simple

- spectator model.

at. 120 MeV was calculated using the program of “AGSIA”. TFigure 1 shows the calcu-
lated curveés at'the angular set §,.=20°, 6,=40° and ¢p,=0° (opposite side of, and in
coplanar with, the beam) and shows the experimental energy spectrum which was obtain-
ed from the data in Ref. 2. The curves denoted as C2QF and C2FSI are calculated
using only the first term at y=2 and the second term at y=2 in Eq. (1). The former
corresponds to the cross section assuming the quasi free scattering of particle 1 (*He)
and - particle 3(unobserved particle) and the latter corresponds to that for quasi scatter-
ing- with - thefinal state interaction of particle 2 and particle 3. The dashed curve is
calculated using a simple impulsed spectator model. Nevertheless a normalization con-
stant was needed to reproduce the experimental energy spectrum, the calculated energy
spectrum is repoduced well using a reasonable parameter set.
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Appéndjx

Instructions for use of “AGSIA” .
Card 1 (general conditions in the calculation)
:KCODEI, KCODE2, KCODE3, KCODE4, IK, NO, FACT
KCODE! =1 print subtitle “XM3 IS NOT A COMPOSITE PARTICLE”
2 print subtitle “XM3=XM4+XM5 AND BREAKS TO SINGLET DEUTERON"
3 print subtitle “XM3=XM4+XM5 AND BREAKS TO TRIPLET p-l-n”
SYSTEM”
if any number is chosen, the program does not change to calculate the reaction
KCODE2 =0 calculate the target breakup reaction ; M=M, ’
1 calculate the projectile breakup reactlon M=M._
2 calculate the target breakup plus the prOJCCtlle breakup reactlon “M= Mi+M-
KCODES =0 print out the kinematics of three body breakup reaction -
1 print out all reaction amplitudes and phase space factor
2 print out the final cross sections »
-3 print out the cross sections for (1-2) quasi free, the cross sections for (1-3)
quasi free and the final cross sections ‘ .
4 print out all cross sections of components in Eq. (3) and the final cross sections
KCODE4 =0 initial interaction of Gaussian type
1 initial interation of double Yukawa type
2 initial interaction of Woods-Saxson type
3 initial ‘interaction of Woods~Saxson (real) with the first derivative of the
Woods-Saxson (imaginary)

LK number of resonance in the final state interaction

NO number of angular set

FACT factor of the second term by the first term in Eq. (3), and set 1 in the usual
calculation. v

Card 2 (kinematical parameters)
XMP, XMT, XM1, XM2, XM3, Q, EPL, DEIL, ZZ

XMP mass of the projectile in atomic mass unit
XMT Mass of the target in atomic mass unit
XM1 Mass of the particle 1 in atomic mass unit
XM2 mass of the particle 2 in atomic mass unit
XM3 mass of the particle 3 in atomic mass unit
Q reaction Q value in MeV

EPL incident energy in MeV

DEIL energy increment in MeV

ZZ product of electric charges Z; and Z;

Card 3 (form factor and effective range parameters)
:ALPHTO, ALPHAO, ERANGT
ALPHTO  width of the from factor in fm
ALPHAO  scattering length in fm
ERAMGT effective range in fm
Card 4 (potential parameters for the first step interaction between particle 1 and particle 2.)
:VTPOI, RHTPOI1, DHTPOI, YETAP!, VTPO2, RHTPO2, DHTPOZ, YETAP2
VTPOL real well depth in MeV
RHTPO!  real well width in fm
DHTPO!I  real well diffuseness (for Gaussian or Woods—Saxson) or second well width in fm
(for double Yukawa)
YETAPI ratio of second Yukawa potential to the first Yukawa potential
VTPO2 imaginary well depth in MeV
RHTPO2 imaginary well width in fm
DHTPO2 imaginary well difuseness (for Gaussian or Woods-Saxson) or the second well
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width in fm (for double Yukawa)
YETAP2  ratio of the imaginary depth of second Yukawa to that of first Yukawa
Card 5 (potential parameters for the first step interaction between particle 1 and particle 3)
:VTDO1, RHTDOI, DHTDO!, YETADI, VTDO2, RHXDO0O2, DHTDO2, YETAD?2
similar to the Card 4
Card 6 (resonance parameters for the S wave final state interaction)
:COEF (1), ER(1) WIDTH(1)
COEF (1) coefficient of the Brait-Wigner resonance
ER(1) resonance energy in MeV
WIDTH(1) resonance width in MeV .
If the resonances for the P.wave and the D wave final state interactions are calculated, the Card 7
and Card 8 are used for the resonance parameters. If any resonance is not calculate, the COEF (1)
in the Card 6 must be equal to zero. And the Card of angular set follows to the resonance Card.
Card 7 (angular set)
‘THIR, TH2R, PHI2

THIR polar angle of particle 1 in degrees in the laboratory
TH2R polar angle of particle 2 in degrees .
PHI2 azimuthal angle. of particle 2 in degrees. Set zero when the detectors for particle

I and particle 2 are set opposite side of, in coplaner, with, the incident beam.
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SOURCE LISt

annnannrn

PROGRAM  AGS:
0S5, SECTION 1 UNITS OF 10ve(-76) CHes2/MEV
AMPLLTUDE 14 UNITS OF 10+w(=13) Cw/ HEV20:3)
ALPHA IN ¥
v efa, o 1N FERMI
KCODEZ O TARGET BREAK

3 PROJECTILE BREA

? TARGET BRFAK AMD PROJECTILE BREAK

COMMON /AUATA/EIL(3003 \F2L (300+2) (£23(300) +£31(300+2) 4£12(300+2)
3 1C(300) «THZCL30012) +TH3CL30042) « THCP1 (30042)

1 ATHCP2 (300427 s THCR3. 2) 1RHO2 (30042
1 L(30042) vPHI3L (300

COMMON /AINPT /XMP s XMT + XM1 $XM? 1 XM g+EPL s THIL s TH2L«PHIZL

COMMDN /KESLT/AL2(2) «A33€2) sAL12¢2) +AL13(2)

€30042) (RHOL €300

Ags0a000

COMMON/APUIN/ ALPHY +ALPHA o ERANGA-V‘PU(?)-RNYDO(Z)-DNIPO(Z)-VETAP(Z)AGSGD],O

14VTh0C2) <RHTDO (23 +DHTDO(2) +YET, AD(Z)

couman /wkscn/cosrtu).su(n).vln'n

COMMON /OUTPT /a2 00) $A3(242. JDD)-AL?(Z-?-JDD)‘AL)(2-2-300)
coMMON /(CuDE/rCODEl-KCnozZ.KCODF!.KCD €a

> KEAD INPUT DATA
READ(S @) xconax.xcobE;.(cnbzs.(:oDEA.Lﬁauo.FAcrn
1F (rCODE3 1Ea;m
WRITE (61
PAjed. 181
nP!lE(b-lOlO) KCODE1 «KCODEZ +KCODEN+KCODES < LL sNTIFACTA
GAMMAR1,07a1,79
FACTL=SGRT (1.0/ (2. 0sGAMMAD)
FACTmFACTL

3 READID ) b XNT XML 202 X3 00 pL-osziL-xl

WRITEC611001) XM (AMT XML s XMZ VM348
1F CXCIDEIES ) GOTO P

READ THE DATA OF FORM FACTOR FOR THE TARGET
READC51#) ALPHTOLALPHAD |
WRITE(611002) ALPNYD-AIPNAD-ERANGY

WELD THE DATA FOR INTERACTION wiTn XM2
READ(5:%3 yTP01,RHTPOLDHTPOL +YETAP «VTPO2 «RHTRO2 «DHTPO2  YETAR2Z

300170
Ae2o0180
630!

AG500330
46500350
AGS00350
AGS00360
AGS00370
46500380
AG500390

WHETECS 41023V TPO1 RHTPOI\DHTPOL WYETAP1 VTHOZWRHTAOZ\DHTPO2 YETAPZ AGSO0400

VTPO(1)mvIbOL
VIPO(2)=VTRO2
SXN120SORT (XMYXM2S (XML 4X4Z))

RHTPOCLY =k £CT/(SXM1Z29RNTPO1)
RMTPO(2) =F AC T/ (SXM12aRHTPO2)
YETAP(1)wYETop1
YETAP(ZI=YETARZ
ONTPO(1)w1,0
OHIPO(2)=1.0
lF(vaAﬂl.(n...o) 4070 3
nnr:n(\)-!acr/(sxuxz-vhrVle
3 IFCYETAP2.§0.0.0) GOTO 3
unron(e)-»&(V/(sxnxz-uﬂvwozx
5 CONTENUE
ALPHTAFACTY/(SXMZINALPHTS)
ALPHA=FACT1/CSxu2 30 ALPHAD)
ERANGASFACT1/ (SXM2 ISERANGTY
DO 10 I=leg
COFF (1)=00y
10 CONTINUE

NEAD THE DATA FOR INTEWACTION wifs Xm3
READCS1#) yTDU (BKIN01 ,DMTDOL 1 ¥ETAD1 +¥TDO2 «RHTDOZ DHTDO2 + YETAD2

00410
46500420
AGS00430
AGS00430
AGS00430
AGS00450
46560470
AGS00480
26500430
AGS00300
AGS0D310
AGS00520
AG50053¢
AG500340
AGS00330

IHXTE(b‘lobl VV)O]~NH'DOI<DHTD01|vETADX‘VVOuz-RNYDO?|DN'DO?-VEYAD2AGSUUbbn
0670

VIO (LY=VTDN

VTDOL2) =¥ Ty

RHTD0 13 o4 ACT/ (5 xHI3mRNTOO1Y

NMVDD(?;-PA(T/(GXM])nNNYDUZ)
Q.

0
IF(YETADL.E010.0) GOTO 23
on Ybn(l)-FAET/(SanJIDn'bUl)
23 IF(YFTADZER.0.0) GOTO 2
on YDO(l)-chYl(SXNIJ-DN'nuz)
2 ConT Uk
38 KLul.Lx
READ()-') COEF (KL) +ERLKLY swILTHEXL)
L=
lleE(a-lUu:) L1COLFARLY «ERCFL) (W IDTHIXLY

u

£2 300 111e1n0:

READ(5+#) THLL +THL PHIL
WRITEC6A1UGT) THILATH2L JbHI 2L

COMPUTE K INEMATICS
CALL KINFMACEILMAX+FILMINAEZLMAX F2LMINS THINAX < TH2MAX
1 XHPAXMTA XML K2 N3 491 FPLDFLETL \THIL . THZL (PHIZL A LHAK LIING

1 1C0DE

IF(ECI0F3.£0.0) GUTO 110

EREL TVeXMT oFPL/ (XMPXMT)

ETOT=oERELTY

xnpr-xnr-xuv/:,“p~xnr)

XM23mAM2 XML (X142 + XM
xnx?s-xnl-(xnz.xn-)/(xn1~)naoxn3)
FACTImPAI®a2/S6RT (20
iAcvz-rAc!SOSNﬁr(sunl:xnvv/rwig1v))/(GAnnAnxnlzs
oln-sukY(EuE

AR .

L= L-
DO 100 1=LMIN,L¥AX
O1wSQRTCETOT-£23(33)
PLeSORT (£23¢1))
ELeF1LLD)
E2eE2LCH01Y

AG$01090

ESFPLaGoLLL (-E2LCL 12y 46502300

DO 0 N1 AGS01110
1r(vcanrz.l».:.Auu €a)1> GO YO 30 46501120
T1ECKCIDE2£R+2,aNDNEQL2) GO TO 50 46501130

. AGS01140

7AthY AR . . AGS01150
AGS01160

YALVAI-'NIC(I) 46501170

& T0 . AG501190
AG501190

PROJLCTILE -BREAK 46501200

S0 THFTAL=1BU.O=THICCLY : AGS01210
tilm2 . AGS01220

60 CONT INUE . 46501230
THE TAZZ 180, 0=THCP1 (1 1) 4GS01240
BnlzmPHI2L 4G501250

- AG501260

COMPUTE AuG:5, AMPLITUDES AGS01270
CALL AMATLOT0.21 oPLAELGF kD¢ THETAL TRETAZAPHI2022 0L} AGS501260

DO 70 Ju¥ 46501290
AZNL1 e 1ImAL2C ) RFACT2 B AGS01300
A3INLI4v1ImAL3 (D #FACT2 . 4GS01310
AL2(N12J0 1) =AL12C) sFACT20F ACTS AG501320
AL3(NL 900 1) mALI3C ) sFACT2RFACT4 . AG501330

1F (ABSCAZ(N1 e 1)) L1 1,06=37) A2(ul+Jel)=0.0 46501340
1RSSO 1a0s DI LTL1,0E0D) A3 eHL o1 Dm0 AGSU1330

17 (ABSCAL2 (N o 13D LT, ALZCNLeds [)mD,0 AGS01360
li(Aes(AL:(vx.J»l)).Lv 110-37) AL3CNIAdeE320.0 AGSG1370

10 CONTINUE AGS01380
90 CONTINUE AGSC1390
100 CONTINUE 46501400
110 CONTINUE £6501410
CALL >kl~|(LmlN~Lwlxol:0n£1o((DDE?qKCOD{J) AGS01420
TF(KCILEDLEQ.0) GOTD. 3 AGS01430

200 CONT IUE . AGSOL440
300 cont e AGSO1450
AGS01460

1000 FOPMAI(\NI- ENERGY SPECTRUM OF THRCE [BODY BREAK UP REACTION'D £GS01470
1001 FORMATULM + MASS-PeTel 1203203 F10.a0¢ T FRLRtIF10.61AGS0LLE0
323 1490

2002 FORMAT Cim +¢ALPHT (ALPHA (EPAKKT=" 5F10,4) 26501300
102 FORMAT (1M +*BOT. PAPAM, WITH Xm2a® 8F10:6) AGS01510
1003 FOMMATCIH o144=TH RESOKENCE COEF=*1F10.8,0  ERES=*\FI0.4y AGS01520
t o WIDTH a. AG501530
106°FORMATCIN +IPOT. PARAM. wlTH X3x? 671004 . AG501540
1007 FOAMAT(1ML. 2 TlLats£20, 001 | TH2L 2L AGSD1550
1010 FORWATCIN +"RCODF1+2 1346 1LHAXSARGLE SET M0 Facian .5|s.r:n.~) AGS01560
END AGS015T0
SURPOUTIME XWAT(Q10401P1:E19E2 1k 3 THETAL sTHETAZPHIZATZ 40D 465015680
Sl TR ST M3 (23 A3 23 AALLS (23 (ALLC) AGS01590
COMMON S AROTNY AL SKT » aLPHA 16A W TPOC2) 2) JYETAP(2) AGSO1400
20VTNQLZ3 +kBTONEZY JORTDG 23 « YETAD(Z) 46501610
€OMMO: /0 14T /X2 XMT 1501 s XM2 4 XM3421EPL A THAL 1 TH2L 4PHIZL AGS01620
COMMON 7RESOUZCIEF (8) (ER (4D W ILTHCH AG503630
Comman IttﬁuxlK:UDtl.KCODE!vKCUO().K(DDkA AGS01640
DIMFNSION FLMCZ) 4 TT1(2) 47124224 TT3¢2) £G501650
KaxCODE 1 : AGS501660
Pa1=3.1415927 , 46501470
CUS12CUS C(TNETAY #PAL /L8R (0) AGS01680
COSP=CUSCIHE TA2eBAI/L85.0) AGS01690
SIN1aSINCTHETALPAT/180.0) AGS01700
SIn2w5 (NCTHE TAZ2PAT /180,03 . . 4GS0LT10
CoA2acUS (Gl Zapa /105,03 . AG501720
XMTOT=XMLeXMZ 9 XM AGS01730
e ST (XL 43/ Xz M3) + RO X333 AG501740
CL3m=SWRT (XML exm3/ { (XMZexM3) ¢ (XML +XH2D)) AG501750
$12=56R7(1,0-C120C12) AGS01760
513=55KT(1.0-C13%C13) AGS01770
GAA12=C12751 2 46501780
GAMAL3mC13 751 AG501790
APZ-M'CUN"\'“"(CUSI'CDS?-SlNhﬁlN?u(PN?) - AGSC1800

4P 3==2P AGSUIYL0
72-ﬁ1-n|'wlﬂvu)n-7.0~0)-alnn(051 AGS01820
TLuSQRT(T2Y - AGSG1830
PIZSTHe=SHKT (F74 (XNZ+XM3) £XN3) AGSU1840
PLISTEaSHET (E 30 (X2 ean3) /X2) AGSV1850
QD2aT1/512 AGS01860
§D3=71/513 AGSUL870

0O a3 l=1+2 AGS01880
Kaex COUFA 46501290

1E CRCODEUNE 33 GETO 42 46501900
Kamxar(l-1)#12 AGS01910

42 CONTINVE A6$01920
CALL. FISTERTIE 16D3.VTPOCI) (RATRGC1) \ORYPOIY YETAP (13 14D AGS01930
TTACD =TI AGS01940
CALL-E1STERCTIE QD2 VIDOC1) sRATDOLI (OHTDRCLY A YETADL1) 1K) AGS01950
TE2C)= AGS01960

@3 :a»rluuf . AGSL9TO
60 CONTINUE - - 26501980
N AGS01980
COMPUTE FOM¥ FACTORS . 46502000
GERV12=FORM (ALBHT 121 25TR) 7 (P125TR#2+0) 46502010
GFRVLIMEONMIALOT PLISTR) / (1 35TRe0240) 46502020
CALL FLEFLMIPTaLa2E) AGS02030

N 4G502040
Soupute AveLitunts 46502050

FACT = 46502060
FACTI7m3/ Gaincs1Zien3) 46502070
FACTLIna/ (335(513)423) . AGS02080
AGS02030

FAlFr2ert2 1y naeRis AG$U2100
A13C1aFATTI3RTTIC1Y 0GF M1 46502110

©5 CONTJHuF 46502120
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nanannA

jEkomdeTeaLant a1 Gl CAR2e SURTCARS (01 P14 T14GAMAL21LY =
16

Tol1aT1GAMAL? L)/ (ALPHT &

. ﬁ e
16LCAP3<ALFNT P14 T11GAMAT 1L )) 7 (ALPHT #2240

ALLZLLY Uy s-nnl-rA:rx7)-Fncr-(rLM(X)«172(7)~an(2)~rTz(1))-GLz

.Luu1/=A|)-(ﬁL(Av;.sunr(Aas(u:)-Px.r:.aANA::-L)-

-AGSQ2130
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