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1 What is DCP2?

DCP is the abbreviation for Distorted wave impulse approximation (DWIA) calculations for
Composite Particle scattering. DCP2 is a computer program, which performs a DWIA calcula-
tion for the light-ion induced inelastic scattering and charge exchange reactions to the discrete
final states at intermediate energies. It permits the exact calculation of the so-called knock-on
exchange transition amplitudes. It can calculate the exchange part in the no-recoil approxima-
tion, and can restore the recoil effect but in the plane wave approximation.

This program is originated from the program DCP1, coded by T. Udagawa, A. Schulte and F.
Osterfeld in the middle of nineteen eighties. The original version of DCP1 was not published,
and was not kept anywhere unfortunately.

B. T. Kim collected some of original subroutines from the Udagawa’s Texas group, rebuilt the
program with helps of Profs. H. Sakai and M. Ichimura during his stay at RIBF, Nishina Center,
RIKEN, Japan in the winters of 2012 and 2013, and renamed it DCP2. Thus, B. T. Kim has
the full responsibility for the present form of DCP2.

The code is written in FORTRAN. The program is written with capital letters. In this manual,
the name consisting of capital letters denotes generally that of a subroutine, a variable, or a
common block.

2 What can DCP2 calculate?

2.1 Reactions

DCP2 calculates the differential cross sections for the inelastic scattering
A(a,ad")B

where A(B) is the target (residual) nucleus, while a is the projectile nucleus and @’ in its excited
state, and the charge exchange reactions

A(a,b)B

where b is the ejectile nucleus, by exchanging a charge with a, say, (p,n), *He,t), etc.

2.2 Reaction mechanism

The antisymmetrized DWIA with the NN effective interactions with direct and exchange parts

is the basic reaction mechanism. The effective interaction are assumed to be local and to contain
central and tensor terms with Spin-spin and isospin-isospin interactions. The excited and charge

exchanged states are assumed to be in the single particle model state in a Woods-Saxon potential.



2.3 Outline of calculation

Single particle potential
V(r1)

Particle-hole state

¢p(r1), dn(r1)

NN effective interaction
‘/tsk (T)

Optical potential
V(re) +iW(rq)

Target density
pr (Tl ) ,,,/1 )

Projectile density
pp(r2,75)

|

Distorted waves
Xlg (Ta)7 be (Tb)

Form factors

fD(ra)7fE(raaTb)

Direct Form factor
D

pP(Fé) = png(fé,'F‘) = pJDD(F;Fl?Fa)

Exchange Form factor

fD(ra) =
[ drVis(r) [ dripB(ra,r1,7)pF (r1)

p%(FhFll) - p%(Fla’F)
pE (7, 7)) — pB(i, 7) — pB(#, 71, 7)

G(rp, 1) =
Visk(r) [ dripE(ry, r1,7)pE (r1,7)
fE(Ta’Tb) — G(Tbvr)

No-recoil approximation (7, & %)
fNE(ry) = [drr?TFG(ry, )

Plane wave approximation

PV (ry) = fdrr2+kG(rb,T)jgr(ak:ar/a)

Transition amplitudes
TP = f dTaXb(Fa)fD(Ta)Xa(Ta)
TE = fdra fdTbXb(Fb)fE(Tbvra)Xa(Fa)

Differential cross sections
do/dQ = |TP + TF?




3 Structure of the Program

3.1 Flow of the program

’ Input, Initial Output ‘

’ Single particle bound states, ¥ (r1) ‘

Distorted waves, xr,(7a), Xe,(75)

Geometrical a-factors ‘

Direct form factors, f(ry)
Projectile density, pp(ra)
Target density, pr(ri)
Effective interaction, V. z¢(r)

Exchange form factors, f(rq, ) Exchange form factors, f¥(r,)
(Exact or No-recoil) in the PW approximation
Projectile density, pp(ra,75) Projectile density, pp(ra,75)
Target density, pr(r1,7]) Target density, pr(r1,7])
Effective interaction, V,z(r) Effective interaction, Vers(r)

‘ Transition Amplitudes ‘

’ Differential Cross Sections ‘

’ Output ‘




3.2 Compile and Run

DCP2 consists of 8 fortran source files which contain subroutines as follows;

Source file Subroutines
dep2.f MAIN, DCHECK1, DCHECK2
cmm.f BSAXON, UNCPST, OPT, POTEN, FLGLCH, DISWAVE, RAC7,
CLEB, CLEBZ, NINEJ, GAUSF, BESSEL, YLCAL, DSPLS3
crs.f CROSS
fle.f AFACAL, EFFINT, PDENST
fid.f FFCALD, PACALD
fidm.f FFCALDM, XLMCAL
fle.f FFCALE, TRECAL, DENST, GFAC, TENSOR, PACALE
flem.f FFCALEM, TRECALM, DENSTM, GFACM

DCP2 can be compiled by calling a fortran compiler f77 or g77 on the shell of LINUX.
As an example,

777 dep2.f cmm.f crs.f ffc.f ffd.f ffdm.f ffe.f ffem.f -0 dcp2”

compiles DCP2 and creates a executable file ”"dcp2”.

Before the run, one should prepare input data file (unit 7), ”dcp.dat” on the shell. To execute,
simply type

2 /dcp277



4 How to make a Input Data File

4.1 Outline of input form

4.1.1 Structure

Line # Function
1 1. Calculation options
2 2. Output options
3-4 3. Nuclei in each channel, and incident beam lab energy
5-9 4. Angular momenta in the reaction
10-11 5. Optical model parameters of each channel
12 6. Partial wave information in each channel
13-14 7. Radial integration information
15 8. Angle information
16-19 9. Form factor calculations
20-32 10. NN Love-Franey interaction information
33- 11. Single particle and hole state information

4.2 Detailed description of input data

4.2.1 Calculation options

Line 1 : READ(7,10)

(KTRLD(N),N=1,9)

FORMAT|(2413)
Stored in COMMON /CNTRL/
Variable N Value Explanation
KTRLD(N) 1 0 Normal composite particle case with exact finite range form factor.
1 Recoil effects in the plane wave approximation.
2 No-recoil calculation is made.
2 0 DWIA calculation is made.
1 PWIA calculation is made.
3 0 Normal optical model potential.
1 Single folding optical model potential.
4 0 Tensor force is included.
1 Tensor force is neglected.
(Tensor force is set equal to zero in EFFINT)
5 0 Exchange effect is calculated.
1 Exchange effect is neglected.
9 0 Nonrelativistic kinematics is used.
1 Relativistic kinematics is used.




4.2.2 Output options

Line 2 : READ(7,10)  (KTLOUT(N),N=1,24)
FORMAT(2413)
Stored in COMMON /CNTRL/

Variabe N Value Explanation

KTLOUT(N) 1 1 Output of bound state wave functions.
2 1 Output of distorted waves.

3 1 Output of form factors and transition amplitudes
in PACALD and PACALE.

4 1 Output in GFAC.

5 1 Output of elastic scattering information in OPT.
7 1 Output of Coulomb wave functions in FLGLCH.
8 1 Output of ph form factors.

13 10 Output of detailed form factors,

at every (KTLOUT(13)xmesh size) point.

4.2.3 Nuclei in each channel, and incident beam lab energy

Line 3 : READ(7,12)  TMIZ1I,PMI,Z21,ELI
FORMAT(10F7.3)
Stored in COMMON /DWCC/ by changing the names as
TMASA, TZA PMASA PZA, respectively.

Variable  Explanation

TMI Mass number of initial target, ma.
711 Charge number of target, Z 4.
PMI Mass number of projectile, my.

(Presently up to 3. Otherwise, increase parameter "NXA”)
721 Charge number of projectile, Z,.
ELI Incident beam LAB energy in MeV.

Line 4 : READ(7,12)  TMIZ1I,PMI,Z2I
FORMAT(10F7.3)
Stored in COMMON /DWCC/ by changing the names as
TMASB,TZB,PMASB,PZB, respectively.

Variable  Explanation

TMF Mass number of residual nucleus, mp.
Z1F Charge number of residual nucleus, Zp.
PMF Mass number of ejectile, my.

(Presently up to 3. Otherwise, increase parameter "NXA”)
72F Charge number of ejectile, Zp.




4.2.4 Angular momenta in the reaction

Line 5 : READ(7,10) JATW ISATW
FORMAT(2413)
Stored in COMMON /FFCC/

Variable  Explanation

JATW Twice of the total angular momentum of the target A, I4.
ISATW  Twice of the spin of the projectile a, s,.

Line 6 : READ(7,17)  JT,KPARIT,IST,EET
FORMAT(3I3,3F7.3)
Stored in COMMON /SPSTAT/

Variable  Explanation

JT Transferred total angular momentum, j;.
KPARIT = 0; No parity change in the reaction,
= 1; Parity change.
IST Transferred spin, s;(= s1 = s2).
EET Transferred energy in MeV.

Line 7 : READ(7,10) NOLTR, (LTR(N),N=1,NOLTR)
FORMAT (2413)
Stored in COMMON /SPSTAT/

Variable Explanation

NOLTR Maximum number of transferred orbital angular momenta.
LTR(NOLTR) Transferred orbital angular momenta, .

Line 8 : READ(7,10) NLSMAX, (ITR(I),ISR(I),L1R(I),I=1,NLSMAX)
FORMAT(2413)
Stored in COMMON /SPSTAT/

Variable Explanation

NLSMAX Maximum number of {/1s1¢;} sets in the target system.
ITR(NLSMAX) Isospin, t; = to.
ISR(NLSMAX) Spin, si(= s2 = s¢).
LIR(NLSMAX) Orbital angular momentum, ¢;.

Line 9 : READ(7,10) MXMAX,MJMAX
FORMAT (2413)
Stored in COMMON /FFCC/ for MXMAX
Stored in COMMON /CTFAC/ for MJIMAX

Variable  Explanation

MXMAX Maximum value of my,.
MJMAX  Maximum value of mj, in [Eq.(12)].
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4.2.5 Optical model parameters (OMP)

Line 10 READ(7,12) VA WA WAS ARA,ATA AISA ,RZRA RZIA RZISA,RZCA
FORMAT(10F7.3)
Stored in COMMON /POTCC/
Variable  Explanation
(Woods-Saxon OMP in the incident channel)
VA Depth parameter of real potential in MeV.
WA Depth parameter of imaginary potential.
WAS Depth parameter of imaginary surface potential.
ARA Diffuseness parameter of real potential in fm.
ATA Diffuseness parameter of imaginary potential.
AISA Diffuseness parameter of imaginary surface potential.
RZRA Reduced radius parameter of real potential in fm.
RZIA Reduced radius parameter of imaginary potential.
RZIAS Reduced radius parameter of imaginary surface potential.
RZCA Reduced radius parameter of Coulomb potential.
Line 11 READ(7,12) VB,WB,WBS,ARB,AIB,AISB,RZRB,RZIB,RZISB,RZCB
FORMAT(10F7.3)
Stored in COMMON /POTCC/
Variable  Explanation
(Woods-Saxon OMP in the exit channel)
VB Depth parameter of real potential in MeV.
WB Depth parameter of imaginary potential.
WBS Depth parameter of imaginary surface potential.
ARB Diffuseness parameter of real potential in fm.
AIB Diffuseness parameter of imaginary potential.
AISB Diffuseness parameter of imaginary surface potential.
RZRB Reduced radius parameter of real potential in fm.
RZIB Reduced radius parameter of imaginary potential.
RZIBS  Reduced radius parameter of imaginary surface potential.
RZCB Reduced radius parameter of Coulomb potential.

4.2.6 Partial wave expansions in each channel

Line 12 : READ(7,10)  (LDWMIR(I),LDWMXR(I),LDWSTR(I),I=1,2)
FORMAT(2413)
Stored in COMMON /DWCC/
Variable Explanation
(Number of partial waves, 4, (})
LDWMIR(1) Starting partial wave in the incident channel, /,.

LDWMXR(1) Ending partial wave.

LDWSTR(

LDWMIR(

1)  Step of partial wave.
2)

Starting partial wave in the exit channel, £;.

LDWMXR(2) Ending partial wave.
LDWSTR(2) Step of partial wave.

11



4.2.7 Radial integration information

Line 13 READ(7,11) (NXMIR(I),NXMXR(I),I=1,4), NHDMX,NHEMX
FORMAT(1415)
Stored in COMMON /DWCC/ for NXMIR(I),NXMXR(I)
Stored in COMMON /FFCC/ for NHDMX,NHEMX
Variable Explanation
NXMIR(1) Starting mesh point in the incident channel, r,.
NXMXR(1) Ending mesh point.
NXMIR(2) Starting mesh point in the exit channel, 7.
NXMXR(2) Ending mesh point.
NXMIR(3) Starting mesh point in the projectile system, ro.
NXMXR(3) Ending mesh point.
NXMIR(4) Starting mesh point in the target system, r;.
NXMXR(4) Ending mesh point.
NHDMX  Interaction range in the direct form factor calculation, 7.
NHEMX Interaction range in the exchange form factor calculation, r¥.
Line 14 READ(7,12) (XMESR(I),I=1,4), XMESHD ,XMESHE
FORMAT(10F7.3)
Stored in COMMON /DWCC/ for XMESR
Stored in COMMON /FFCC/ for XMESHD,XMESHE
Variable  Explanation
XMESR(1) Mesh size in the incident channel, Ar,.
XMESR(2) Mesh size in the exit channel, Ary,.
XMESR(3) Mesh size in the projectile system, Ars.
XMESR(4) Mesh size in the target system, Ary.
XMESHD  Mesh size in the direct form factor calculation, ArP.
XMESHE  Mesh size in the exchange form factor calculation, Arf.

4.2.8 Angle information

Line 15 READ(7,12) THEB,THEBMX,DTHEB, THMIN,THMAX THIND
FORMAT(10F7.3)
Stored in COMMON /ANGCC/
Variable  Explanation
THEB Starting angle in the differential cross section calculations.
THEBMX Ending angle.
DTHEB  Step in angle.
THMIN  Starting angle in elastic cross section calculations.
THMAX  Ending angle.
THIND step in angle.

12



4.2.9 Form factor calculations

Line 16 : READ(7,10)  (KCETN(N),N=1,2)
FORMAT|(2413)
Stored in COMMON /FFCC/

Variable = Value Explanation

KCETN(1) 0 Central exchange form factor is calculated.
1 Not considered.

KCETN(2) 0 Tensor exchange form factor is calculated.
1 Not considered.

Line 17 : READ(7,11) NBCMINBCMX,NBSTPD,NBSTPE
NONAR,NASTEP,N1STEP,NGAUSR,
FORMAT(1415)
Stored in COMMON /FFCC/

Variable  Explanation

NBCMI  Minimum mesh point in the form factor.

NBCMX Maximum mesh point.

NBSTPD Mesh step in the direct form factor.

NBSTPE Mesh step in the exchange form factor.

NONAR  Number of mesh point in r, integration for exchange ff.
(Integration is made only around r, = 1, with a range NONAR.)

NASTEP Mesh step in the incident channel radius, r,.
NISTEP  Mesh step in the target system radius, ry.
(For (p,n) or (p,p’), better put all steps unity.)

NGAUSR Number of gaussian integration points.

Line 18 : READ(7,11)  LAMMXD(1),LAMMXD(2),LAMMXD(3)
FORMAT(1415)
Stored in COMMON /CDENS/ for LAMMXD(I)

Variable Explanation

LAMMXD(1) Maximum value of A\; in exchange form factor.
LAMMXD(2) Maximum value of Ay in exchange form factor.
LAMMXD(3) Maximum value of A in exchange form factor.

Line 19 : READ(7,14) LRP1IMX ,FACNR
FORMAT(I7,6F7.2)
Stored in COMMON /CPWFAC/

Variable  Explanation

LRPIMX Maximum angular momentum of ¢, 4+ 1 in the PW approximation.
(Inputting LRP1MX=1, and FACNR=0.0, gives NR approximation.)
FACNR  Recoil factor a. 1.0 is suggested. (See Formulation 3.3.)

13



4.2.10 Love-Franey NN interaction information

Line 20 : READ(7,14)  KTRLI,(VRANG(N),N=1,6)
FORMAT(I7,6F7.2)
Stored in COMMON /FFCC/ for VRANG(N)

Variable Explanation
KTRL1 =1; Yukawa type interaction, (Set equal to 1. Actually dummy.)
=2; Gaussian type interaction. (Not used in the present program.)
VRANG(N) 6 different range parameters in the effective NN interaction.

Line 21-32 : READ(7,13)  ((VSTR(K,N),N=1,6), K=1,12)
FORMAT(7F10.4)
Stored in COMMON /FFCC/

Variable K (tsk) Strength parameters of Love-Franey interaction
[ W. G. Love and M. A. Franey, Phys. Rev. C24 (1981) 1073;
C27 (1983) 438(E); C31 (1985) 488.]

VSTR(K,N) K N (=1 to 6) corresponds to 6 different ranges in VRANG(N).
1 (000) Real SO t-matrix interaction strength.
2 (010) Real TE t-matrix interaction strength.
3 (012) Real TNE ¢-matrix interaction strength.
4 (100) Real SE ¢-matrix interaction strength.
5 (110) Real TO t-matrix interaction strength.
6 (112) Real TNO t-matrix interaction strength.
7 (000) Imaginary SO t-matrix interaction strength.
8 (010) Imaginary TE ¢-matrix interaction strength.
9 (012) Imaginary TNE ¢-matrix interaction strength.
10 (100) Imaginary SE t-matrix interaction strength.
11 (110) Imaginary TO t-matrix interaction strength.
12 (112) Imaginary TNO ¢-matrix interaction strength.

4.2.11 Single particle and hole state information

Line 33 : READ(7,12)  TMAS,PMAS,ZZT,ZZP
FORMAT(10F7.3)
Stored in COMMON /UNCPSA/

Variable  Explanation
TMAS  Mass of target system. (Target mass -1)
PMAS Mass of valence nucleon.

77T Charge of target system.

77P Charge of valence nucleon.

14



Line 34 : READ(7,12) VSX,VSOR,DFNR,DFNSO,RZR,RZSO,RZC
FORMAT(10F7.3)
Stored in COMMON /BSX/ except VSX
Stored in COMMON /UNCPSA / for VSX which will be searched in BSAXON.

Variable  Bound state potential parameters
VSX Depth parameter.

VSOR Spin-orbit depth parameter.

DFNR Diffuseness parameter.

DFNSO  Spin-orbit diffuseness parameter.
RZR Reduced radius parameter.

RXSO Spin-orbit reduced radius parameter.
RZC Coulomb reduced radius parameter.

Line 35 : READ(7,10)  NOSP,NOSH
FORMAT (2413)
Stored in COMMON /SPSTAT/

Variable  Explanation
NOSP Number of particle states.
NOSH Number of hole states.

Line 36 : READ(7,15) (ESP(N),NSP(N),LSP(N),JTWP(N),ITP(N),ITZP(N),
+a N=1,NOSP)
a=NOSP  FORMAT(F10.5,5I5)
Stored in COMMON /SPSTAT/

Variable  Single particle state information
ESP(N)  energy.

NSP(N)  Number of nodes.

LSP(N)  Orbital angular momentum.
JTWP(N) Twice of total angular momentum.
ITP(N)  Isospin T. (Not used.)

ITZP(N) = 1; neutron, = —1; proton.

Line 374+a : READ(7,15)  (ESH(N),NSH(N),LSH(N),JTWH(N)ITH(N),ITZH(N),
+3 N=1,NOSH)
3=NOSH FORMAT(F10.5,515)
Stored in COMMON /SPSTAT/

Variable  Single hole state information
ESH(N)  energy.
NSH(N)  Number of nodes.
LSH(N)  Orbital angular momentum.
JTWH(N) Twice of total angular momentum.
ITH(N)  Isospin T. (Not used.)
ITZH(N) = 1; neutron, = —1; proton.

15



4.3 Definition of input parameters

4.3.1 Optical model potential

The optical model potential is of Woods-Saxon type, expressed as

U(r) = —=Vofo(r) —i(Wrfr(r) + 4Wsfs(r)] + Veow
1

folr) = 1+ exp|(r — Ro)/ao]

filr) = !

1 + exp[(r — R[)/a]]
1+ exp[(r — RS)/CLS]

fS(T) = {1+exp[(T—RS)/aS]}2

Note that no spin-orbit interaction is applied.

4.3.2 Love-Franey NN effective interaction

The Love-Franey nucleon-nucleon effective interaction is a superposition of Yukawa types as
Via(r) = VOr)+ VT (r)S
Ve(r) = Zﬁj VEY (r/R;), Y(z)=e "/
izl
Vi) = Y VY (r/Ry)
i=1

3 - oo
S12 = 72(01'77)(02'?7)—(01'02)

247 oo % A

= (?)1/2 > (010%)2m Yorn (7)
m

4.3.3 Single particle potential

The single particle potential of Woods-Saxon type, is expressed as

V(r) = —beo(?") — 5\7%(0_” . Z)VSOfSO(T) + Veou
1
) = T el = Ro)/an)
1 1+exp[(r— Rso)/aso]
asor {1+ exp|[(r — Rso)/asol}?

fso(r)

where A\ = h/myc = /2.
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2C(p,n)2N (11, 18.1 MeV) at E;;;,=200 MeV

4.4 Input Examples
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07zr(*H,t)°Nb, (0~, 27.9 MeV) at Ey;
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4.5 Output Examples
4.5.1 2C(p,n)'2N (1, 18.1 MeV) at E;;;=200 MeV

DWIA DIRECT—EXCHANGE CROSS SECTION CALCULATION FOR THE REACTION
TZ p PZ
A-CHANNEL 12. OOO 6.000 1.000 1.000
B-CHANNEL 12.000 7.000 1.000 0.000
E=200.0 MEV

INITTAL STATE JATW,ISATW= 0 1
FINAL STATE J,K,E= 18.1 MEV

SPIN TRANSFER IST=
TOTAL L TRANSFER =

KTRLD(1-9) 0 0 0 0 O 0 0 1
KTLOUT (1-20) 00 0 0 0600 600 0 O OOOOO0OO0OO0O O0O O

*% RELATIVISTIC KINEMATICS IS USED
NN INTERACTION POTENTIAL

O

0
2
0

KTRL1,VRAN 1.40 0.70 0.55 0.40 0.25 0.15
K= 1 VSTR= 31.50 0.00 0.00 -193.75 4714.12 0.00
= 2 VSIR= -10.50 0.00 0.00 -1216.75 3567.35 0.00
= 3 VSIR= 0.00 -69.71 0.00 654.90 -24728.80 325631.00
= 4 VSIR= -10.50 0.00 0.00 -2615.66 8396.19 0.00
= 5 VSIR= 3.50 0.00 0.00 -1439.49 7313.42 0.00
= 6 VSIR= 0.00 14.86 0.00 334.91 -4099.i4 50904.30
= 7 VSIR= 0.00 0.00 0.00 -563.01 -919.82 0.00
= 8 VSIR= 0.00 0.00 0.00 -2431.21 7419.73 0.00
= 9 VSTR= 0.00 -4.70 0.00 478.42 -15805.00 212453.00
= 10 VSTR= 0.00 0.00 0.00 -469.59 ~1458.53 0.00
= 11 VSIR= 0.00 0.00 0.00 -217.83 -1076.89 0.00
K= 12 VSTR= 0.00 3.34 0.00 -303.69 9392.15-147371.00
SINGLE P AND H STATES IN THE TARGET SYSTEM
NOSP,NOSH= 5
N L 2J 28 T BE
PARTICLE 1 0 0 1 1 -1 26.000
PARTICLE 2 0 1 3 1 -1 16.000
PARTICLE 3 0 1 1 1 -1 2.000
PARTICLE 4 0 2 3 1 -1 2.000
PARTICLE 5 0 3 5 1 -1 2.000
HOLE 1 0 0 1 1 1 31.200
HOLE 2 0 1 3 1 1 18.720
*x* CALCULATED PH WAVEFUNCTION: KTLOUT(1)
NPAIR= 5
NP,NH= 1 1 4 1 2 2 3 2 5 2
NPAIR= 5
NP,NH= 1 1 4 1 2 2 3 2 5 2
PAIR STATES (IT IS L1)=( 1 1 0)

(NP,NH,SF)= 11 1.0 41 1.0 22 1.0 32 1.0 52 1.0
PATIR STATES (IT IS L1)=( 11 2)

(NP,NH,SF)= 11 1.0 41 1.0 22 1.0 32 1.0 52 1.0
DISTORTED WAVES FOR INITIAL AND FINAL CHANNELS
OMP PARAMETERS

A R W AI RI RC

A-CHANNEL 11.000 0.690 1.200 14.000 0.590 1.170 1.200
0.000 0.867 1.260

B-CHANNEL 11.000 0.690 1.200 14.000  0.590 1.170 1.200
0.000 0.867 1.260

LDMI LDMX LDST NXMI NXMX XMES
A-CHANNEL 0o 22 1 120 0.100
B-CHANNEL 0 22 1 1 120 0.100
E,WN,ETA FOR INCIDENT A-CHANNEL= 183.23 2.96 0.08
*x* QUTPUT OF DW : KTLOUT(2)=NXSTEP, ELASTIC SCAT : KTLOUT(5)

xx QUTPUT OF COULOMB WF : KTLOUT(7)
oM PnggTIA% IN ST%PS OF

000
-0.138E+02 -0.561E+01 -0.131E+02 -0.411E+01 -0.102E+02
-0.134E+01 -0.460E+01 0.750E+00 -0.115E+01 0.134E+01 -0.227E+00
0.133E+01 -0.423E-01 120E+01 -0.779E-02  0.106E+01 -0.143E-02
0.948E+00 -0.263E-03  0.855E+00 -0.482E-04 0.778E+00 -0.886E-05
0.714E+00 -0.163E-05
E,WN,ETA FOR EXIT B-CHANNEL= 165.39 2.80 0.00
OM POTENTIAL IN STEPS_OF 1.000
-0.108E+02 -0.138E+02 -0.101E+02 -0.131E+02 -0.791E+01 -0.102E+02
-0.412E+01 -0.460E+01 -0.136E+01 -0.115E+01 -0.352E+00 -0.227E+00
-0.847E-01 -0.423E-01 -0.200E-01 -0.779E-02 -0.470E-02 -0.143E-02
-0.110E-02 -0.263E-03 -0.259E-03 -0.482E-04 -0.608E-04 -0.886E-05



0.100
0.100
0.030

1
1

120
120
300

1
1
4

-0.163E-05

ALPHA

1
2

INPUT INFORMATION FOR EXCHANGE FORM FACTOR

NAMIN,NAMAX,NASTEP,XEMSH
NBCMI ,NBCMX,NBSTPE, XMESH
N2MIN,N2MAX,N2STEP ,XEMSH
NiMIN,N1MAX,N1STEP,XEMSH

INPUT INFORMATION FOR DIRECT FORM FACTOR
INTRAN, XMESHE

N1MIN,N1MAX,N1STEP,XEMSH
NBMIN,NBMAX,NBSTEP,XEMSH

INTRAN, XMESHD

MXMAX
FFCALE IS CALLED

-0.143E-04
ALPHA COEF. PROJ. SYSTEM IN EQ.(13) (AFACAL)

ALPHA (NLSK,NLT)

NLT

NLT
FFCALD IS CALLED
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4.5.2 °Zr(*°H,t)°Nb, (0~, 27.9 MeV) at E;;;=600 MeV
DWIA DIRECT-EXCHANGE CROSS SECTION CALCULATION FOR THE REACTION
T TZ P Pz

A-CHANNEL 90.000 40.000 3.000  2.000
B-CHANNEL 90.000 41.000 3.000 1.000
E=600.0 MEV
INITIAL STATE JATW,ISATW= O 1
FINAL STATE J,K,E= 0 1 27.9 MEV
SPIN TRANSFER IST= 1
TOTAL L TRANSFER = 1

KTRLD(1-9) = 0 0 0O O O O O O

1
KTLOUT(1-20)= 0 0 0 O 0 0 O O O O 0 0 O O 0 O O O O O

*% RELATIVISTIC KINEMATICS IS USED
NN INTERACTION POTENZIAL

KTRL1, VRAN 1.40 0.70 0.55

K= 1’ VSTR= 31.50 0.00 0.00 -1

= 2 VSTR=  -10.50 0.00 0.00 -12

K= 3 VSTR= 0.00  -69.71 0.00 6

K= 4 VSTR=  -10.50 0.00 0.00 -26

K= 5 VSTR= 3.50 0.00 0.00 -14

= 6 VSTR= 0.00 14.86 0.00 3

K= 7 VSIR= 000 0.00 0.00 -b

= 8 VSIR= 000 0.00 0.00 -24

= 9 VSIR= 000 -4.70 0.00 4

K= 10 VSTR= 0.00 0.00 0.00 -4

= 11 VSTR= 0.00 0.00 0.00 -2

= 12 VSTR= 0.00 3.34 0.00 -3
SINGLE P_AND_H STATES IN THE TARGET SYSTEM

NOSP,NOSH= 7 9

N L 2] 28 T

PARTICLE 1 1 1 1 "1 -1

PARTIGLE 2 0 4 9 1 -1

PARTIGLE 3 0 4 7 1 -1

PARTICLE 4 1 2 5 1 -1

PARTIGLE 5 1 2 3 1 -1

DARTIGLE 6 2 0 1 1 -1

PARTICLE 7 0 5 11 1 -1

HOLE 1 0 3 7 1 -1

HOLE 2 1 1 3 1 -1

HOLE 3 0 3 5 1 -1

HOLE 2z 1 1 1 1 -1

HOLE 5 0 3 7 1 1

HOLE 6 1 1 3 1 1

HOL. 7 0 3 B 1 1

HOL. g 1 1 1 1 1

HOL. 9 0 9 1 1

w%"CALCULATED PH WAVEFUNCTTON: KTLOUT(1

NPAIR= 4
NP,NH= 3 5 5 6 4 7 6 8

PAIR STATES (IT IS L1)=( 1 1 1)

(NP,NH,SF)= 35 1.0 56 1.0 47 1.

PROJECTILE DENSITY FOR FOLDING POT. CALCULATION
KMAS, NXMI, NXMX ,XMES3 3 1 80

O OYNWOWWHU O

WO WHOUIROYW O
OOOUINOOIPMNONN D
OWONF R OONOUINTO

[y

VNS

)

0.100

NORM PROJECTILE RRMS,G1, FWID— 0.100E+01 0.160E+01

NORMAL DENSITY

N2= 10 0.56E+Q0
N2= 20 0.97E-01
N2= 30 0.52E-02
N2= 40 0.88E-04
N2= 50 0.45E-06
N2= 60 0.73E-09
N2= 70 0.37E-12
N2= 80 O0.57E-16

DISTORTED WAVES FOR INITIAL AND FINAL CHANNELS
OMP PARAMETERS

v A R W AI
A-CHANNEL 15.310 0.724 1.276 13.260 0.662
0.000 0.662
B-CHANNEL 15.310 0.724 1.276 13.260 0.662
0.000 0.662
LDMI LDMX LDST NXMI NXMX XMES
A-CHANNEL 0 115 1 1 120 0.100

B-CHANNEL 0 115 1 1 120 0.100
E,WN,ETA FOR INCIDENT A-CHANNEL= 578.71 9.3

9

xx QUTPUT OF DW : KTLOUT(2)=NXSTEP, ELASTIC SCAT :

23

RGO U0 - = N UT

0.25 0.15
4714.12 0.00
3567.35 0.00

-24728.80 325631.00
8396.19 0.00
7313.42 0.00

-4099.14 50904.30
-919.82 0.00
7419.73 0.00

-15805.00 212453.00

1458.53 0.00
-1076.89 0.00
9392.15-147371.00

BE

.160

000

000

000

000

000

000

300

860

630

160

220

960

420

560

970

0 68 1.0
0.675E+00  0.420E+00

RI RC
1.260 1.260
1.260
1.260 1.260
1.260
1.02
KTLOUT(5)
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: KgLOUT(?)

*x QUTPUT OF COULO
OM POTENTIAL IN ST

ANNANNHHOOHAIN

TITTTTTTTTTT

AINNANNANANANNANNH
[elelololololololololole)

QOOOOOOOOOOO

ANANANNHHOOHHN

TITTTTTTTTTT

AINNANNANANANANANANNY
[elelololololololololole)

[ap]
LO<FONAN—HHM<HOONHO
v v v v A A e

elelololololololololola)

ANANANNHHHOHHAM

OOOOOOOOOOOOO

NN NI N
lelelelelelelelelelsletele)
Frr++rFrrFr+rE+
(21281281281 2478 #8124 1281 M ML)
NO IO O SHI~
OO NHANIF NN HOLO
v A A A 11O

OCOOOOOOOOOOOO

0.53
2
2
1
1

.14

0.100
0.100
0.030
0.100
0.100
0.100
0.100
0.015

1
10
1
10
1
1

120
120
300
120
120

80
120
300

59

1

10

**INTERPOLATION IN R_B IS MADE
1

10

1

1

1

0

RB+-

N2MIN,N2MAX,N2STEP , XEMSH
N1iMIN,N1MAX,N1STEP,XEMSH

INTRAN, XMESHE

0.19E+00 0.19E+00

ALPHA

1

INPUT INFORMATION FOR EXCHANGE FORM FACTOR

INPUT INFORMATION FOR DIRECT FORM FACTOR
NiMIN,N1MAX,N1STEP,XEMSH
NBMIN,NBMAX,NBSTEP,XEMSH

NAMIN, NAMAX,NASTEP , XEMSH
NBCMI,NBCMX,NBSTPE, XMESH
LAM1MX,LAM2MX, LAMDMX , MXMAX

**INTERPOLATION IN R_b IS MADE
KCETN (1) ,KCETN(2)

INTRAN,XMESHD
MXMAX

FFCALE IS CALLED
INTEG RANGE FOR RA

NLT

ALPHA COEF. PROJ. SYSTEM IN EQ.(13) (AFACAL)
FFCALD IS CALLED

ATLPHA (NLSK,NLT)
FINAL DIFFERENTIAL CROSS SECTIONS
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5 Formulas

The details of derivation of formulas can be found in a separate note ”DCP2 - Formulation”.
5.1 Differential cross section

The differential cross section, Eq.(21) in the original paper (Hereafter, use as [Eq.(21)].), becomes

do Lalty Kb 1 Gesivn ; 2
— 0 E E T Eq.(21
dQ — (27h%)2 kq Cla+ )50+ 1) o trsitaktimg, |- [BA(21)]

where (1) is the reduced mass in the incident (exit) channel and 7 is ¢ = D for direct
transitions and ¢ = E for exchange transitions.

The o!3" 1, coefficients and the transition amplitudes are

a{i‘zlézm = W(stﬁtstﬁl;jtk)é;lfl_l < bH[cTc]sltﬁ,lHa >, with § =v2s+1 [Eq.(13)]
i (47T)3/2 Lo—Lp+m ) i 7.
Ttlls1f1kftmgt = kakb Z Zea bt ga(gaogtmét|£bm£t)Ozlslélk&,fafbnbmzt (kb) [Eq(18)]
Lol

where the direct and exchange overlap integrals are

OF s oktrtnt, = deaetfb/draxgb(ra)ft?slflk’ft(ra)xea(ra) [Eq.(19a)]
Of s oktrtnt, = J/drb/dTaTbTaX&,(Tb)ffslelket,eaeb(rbaTa)Xea(Ta) [Eq.(19b)]

1 5.5
de,e.0, Eﬁa& 5 H(0,06,016,0)  [Eq.(19¢)]

where f,fSl o1ke, (Ta) and ffSI 01kt b0, (Ths Ta) are direct and exchange form factors, respectively.
Xt, (Ta)(xe, () are the partial distorted waves in the incident (exit) channel. J is the Jacobian
associated with the transformation of integral coordinate from 7% to 7. < b|[cfc], Lt lla > s
the usual spectroscopic amplitude for the spin-isospin wave function of projectile system.

The angular momentum couplings are as follows;

Form factor Interaction Couplings
Direct Central k=0, {stlji}, 6(s1,8¢), 0(¢1,41), s1 =s¢ =0or 1,
{alpls}, Lo + Ly + 0y = even.
Tensor k= 2, {Stftjt}, {Slgljt}, {flth}, 5(51, St), S1 = St = 1,
{Lalpls}, Lo + Cp + £ = even.

Exchange Central k=0, {stlji}, 6(s1,5t), 0(€1,4¢), s1 =8 =0or 1,
{lalpls}.
Tensor k=2, {stleji}, {s1l1je}, {€16:2}, 6(s1,8¢), 1 =8¢ = 1,
{gafbgt}'
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5.2 Form factors

5.2.1 Direct form factor

We write the radial direct form factors as

e (ra) = i_”(—)glgfl/Tzdﬂ/}?slk(r)/T%drlpgkml(rm7"1,7“)0?’,@(7“1) [Eq.(27)]

27T N *
PBraanrarier) = 2 SO E0CmlEm) [ o, (1,157 Vi (05,0075, (0.0)dp (B (26)]
m
1. 1. , R
pre, () = X(p5p thgin isaje) < Iglllal,, ;15114 > VArdg,e,e, Re, (r1) Ry, (1)
where the force components %i(li) (r) are related to Love-Franey NN interaction %ZC(E) (r) by
11 L1y
i G 22N 353 ) 101 i1 i
Vigr(r) = VArfi8ii} 8% 53 3 S 3 3 t ¢ PVig(r) [Eq.(16)]
st s1 81 k t1 t1 0

Where Pp = 1 and Pg = (—)*T**!, while fo = 1 and f> = v/8. The target density pllel(rl) is ex-
pressed in terms of the particle (hole) wave functions Ry, (r1)(Ry, (71)), and < Ip|| [&;pup a;. 5, 1 ll1a >
is the usual spectroscopic amplitude for the target system. The projectile density pg (rg) is writ-
ten as plgkﬁzh (ra,7r1,7) in the multipole expansion method.

The angular momentum couplings from target density which appears both in the direct and
exchange factors are

1. 1. .o
{Epijp}a {ghijp}v {ehgpgl}ﬁ and {]h]p]t}'

Note that the angular momenta, say, ¢, £,, A2, appeared in the multipole expansions of projectile
density, are reduced to Ay = k,{ = {;,{, = ¢, after angular integrations. (See Formulation 2.1.)

5.2.2 Direct form factor for the nucleon-nucleus scattering

For the nucleon-nucleus scattering, we adopt the following limits for the direct form factor

pp(fa) = 0(f2) = > piy, (rh, 1) (=) 2[Ya,Ya,)oo
A2
PP (Th ) = Na(—)28(rh — 1) /1?

The radial direct form factor becomes

D .— 01 p—1 2 D D
ftlslﬁlkét(ra) = 1 ﬂ—(_) 1£t /T dr‘/;flslk(r)Qt181€1k€t(ra7r)
2w
Qgslflkét(rmr) = /T%drlpgel (rl)ﬁ

X3 400 m|km)k(—)"(

T1Tal

7‘2—%7’%—7“2 , , r2+r2—r%

p=cos = +————— [ =cosby = ——
2rir, 2rry
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5.2.3 Exchange form factor

The exchange form factor can be written as,

(2k +1)!

okt (rra) = Jammi S| 1265 420 (—Ta) ™ (rp) ™
15101k, i, @ DN + 1))
x X (LaXala, €pNolo; C1kle)dpgn,eadognn0, Corsitik bats (To,Ta) [Ed.(36)]
2 A A
Ct181£1k,€a55(rbvra) = Zgﬂ(gamflgﬁowlm&)ZK(EOAm&Mlm&)
1 mygy 12
$ [ G 7 () Yo, (8 1Y, (6,0)
1 " n
Glannmr) = ——r " VE (1) D7 (9) A1 X2 (MOA0[A0)W (A1 Aol1£; ML)
Var AMA2le
X / T%drlﬂg,,\geec (16,71, T)ﬁ%ﬁ)qéc (r1,7) [Eq.(33b)]
2 - .
pIED,/\QMq(Tbvrhr) = 5\2Zg(gogqm‘)am)/pIED,/\QZéq(Tbarhﬂv T)Yz\zm(eévo)nqm(eao)du [Eq'(?’la)]
2 m
. o 1. 1. . .
Phoae (riyr) =y it X (lp5dps b dns Crs1i) < Igllla} ,, a5, )51l 1a > Re, (1)
Ph7771
X (=)™ hLeiy (€:0m10[€,0) W (Leny €1lp; Lyi) [Eq.(31b)]
27 . "
X é% an(nlo)‘lmlwhml)/th(rll)yéhml(aO)Y)\1m1(0/7O)d,u/
my

The angular momentum couplings appeared in the exchange form factor are as follows;

Interaction Couplings
Central (Lo la), 6(€3,0p), 6(Xas0), 6(Np, 0).
Tensor {Ea)\afa}, {f[g)\bfb}, {flkft}, {gafgfl}, {)\aAbk},
(o + Xg + Ly = even), ({g+ A+ £, = even)

With this coupling scheme, the central exchange form factor just becomes the c-factor in the
above equation,

E
ftls1K1k:0,€t,Zb€a (Tp,7a) = Ctllek:O,Zaéb(Tba Ta)-

Note that the angular momenta, say, (¢, {4, A2), appeared in the multipole expansions of projectile
density, and (11, ¢, A1) in target density expansions, are disappeared after integrating over dry
which gives ¢, = ¢, and summing over the rest of angular momenta. (See Formulation 2.2.)

5.2.4 Exchange form factor for the nucleon-nucleus scattering

We adopt the following limits for the exchange form factor

pp(Fa, ) = 0(72)
PP (1) = Aa(=)*26(rh —r)/r?
The radial exchange form factor yields

(2k + 1)!
(2ha + 1)!1(21 + 1)

ffﬂﬁk&,ébéa(rba'f‘a) = Jdr ml; Z [
)\a)\béafﬁ

X X (LaXala, LaNolo; L1kle)dpon,eadegayty Ctositikibals(Ths Ta)

!]1/25>\a+>\b,k (=) (1)
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The projectile density is just replaced by

2w N
pIED,/\QMC(Tbv T1, T) = 5\2 Z E(€0€Cm\)\2m) / pIED,)\QMC (’f‘b, 715 T)Ykzm(aéﬁ O)Yvétm(ev O)du
2 m
_ it memp
2riry r

5.2.5 Exchange form factor in the no-recoil approximation

The no-recoil approximation was originally invented to simplify the cross section calculations for
heavy-ion induced one and two nucleon transfer reactions. The essence of the approximation is
to ignore the recoil momentum the target receives in the transfer process. In the same spirit we
neglect here the recoil momenta which projectile and target pick up in the knock-on exchange

process. Formally this approximation is obtained by replacing X((;_)(Ea, 7y) in [Eq.(15)] through

Xgﬂ(lza, 7p), 1.€., ignoring the difference between the vectors 7, and 7%.

We write the radial exchange form factors in the no-recoil approximation as
ft]:].sfffﬂﬂft (rb) = v 47T(_)kg1ét_1 /d?" Tk+2Gfls1€1€tA(rb7T)5(k7 )\) [Eq(41)]

Note that, in the no-recoil approximation, the angular momenta, say, (¢, \), appeared in the
multipole expansions are reduced to £ = ¢;, A = k. (See Formulation 3.2.)

5.2.6 Exchange form factor in the plane wave approximation

In the plane wave approximation, the recoil effect! is described by a recoil factor exp(—iaEa -r/a).
A simple reason is that in the plane wave approximation the incoming and outgoing waves are

described by

- -

exp(ilga F, — ik - ) = expli(ke — kp) - 7) exp[—iEa - 7/a]
where we use 7, = 7}, — 7/a. Obviously K /a is the change of linear momentum between the

exchanged particles.

A possible improvement of the no-recoil approximation is then to replace fN% by the following
FPW that takes into account the recoil factor within the plane wave approximation,

PW - —1 pPW A\ - oK .7
Ft15141k‘ftm2t (Tb) = J ft181€1kzt (rb)ntmft (rb)zﬂ— = /d'l" ftlslﬁlkft (Tb) exp(—zak‘a : T‘/Cl)

where a parameter « in the recoil factor is treated as an adjustable parameter. We fit it such
that the resultant approximate cross section reproduces the exact cross section o(FE) as closely

as possible. It has turned out that a close fit is obtained with a = 1.2

We obtain the radial exchange form factors with recoil effect in the plane wave approximation
(See Formulation 3.3 for details.) as,

T ke () = VAT S i RA(KOXO|,0) 01 £ W (ENGK - £44,)
Jo.N

x (=) (Umy, 6,0 6m,) / dr " Y2GY o oa(re, ) e, (akar /@)

Inputting LRP1IMX=1 (¢, = 0) and FACNR=0.0 (o = 0.0), yields NR approximation.

!T.Tamura, Phys. Rep. 14C, 59 (1974), Section 4.4.
2B. T. Kim, D. P. Knobles, S. A. Stotts, and T. Udagawa, Phys. Rev. C61, 044611 (2000).
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5.3 Relativistic kinematics

What we want to do is the Lorentz transformation of Lab system with

Eip : Kinetic energy of lab system
ko :  Wave number

mr :  Target mass

mp :  Projectile

to c.m. system such that

(Eo +mrp, ko) — (w,0)

where Ey — mp = Ejg, and Eg = m%, + k‘%. Thus we have

(2) = (2 7))

ko

Bem = Fo e (Velocity of c.m. wrt lab frame)
= I Ey + mp _ Ey+mp
cmn — - -
VI=B By +mr)? - i Vs
s = w? = (Bo+mr)* -k

= (B +mp +mr)* — (B +mp)? +mp

= (mp + mT)2 + 2Epymr

We write the kinetic energy, wave number and masses in the center of mass system.

Een = w—(mp+mp)=+/s— (mr+mp)
20 = 28 = LB - md) = TE{(Bis+ ) — mib] = "L (BB, + 2Bimr)
Mem, T = YemMT = EO\}ZHT = %(Eng +mp + mr)
Memp = [2E7y, + AEjqmp +mp(mp +mr) + Ejgmr]
1

Q

—[mp(mp + mT) + Elame]

Vs

with mp >> mp and mp >> Ejg.

5.4 Projectile Density distribution
5.4.1 Deuteron

We use the Hulthen wavefunction of the deuteron

Pd (’f’) = d)%{ulthen

1 1 /2
PHuithen(r) = Jinr ?g(f;r)f)(e_w—e_m)

where a~! = 4.3 fm, and 3 = 7a.

30



5.4.2 Helium
We use the 3He density from a paper by C.W. de Jager, H. de Vries and C. de Vries, Atomic
data and nuclear data tables, 36 (1987) 495.

z 1 -2 2(6b® —1?) —r?
pr) = gamlg o z) = — g o4z

with @ = 0.675, b = 0.836, ¢ = 0.366 fm.

5.5 Folding optical potential
The single folding potential is defined as

U(r) = 4ﬂ/dr1r%p(r1)vo(r,rl),

1

1
wirm) = 5 [ oF= il

The last integration is done by the gaussian integration method. Here, the density function is
normalized to the mass of the projectile; for example, N; = 2.0 for the deuteron and Ny, = 3.0
for the helium.
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A Subroutines and their functions

A.1 Structure of the program

’ Ini. Output ‘

| BSAXON |—| UNCPST |

| DCHECK1 |

DISWAVE

POTEN

— FLGLCH

| AFACAL |

EFFINT EFFINT
PDENST PDENST
PACALD |—{ FFCALD | | FFCALDM |[—| XLMCAL
DCHECK2 | —| FFCALE | | FFCALEM |[—] DCHECK2
EFFINT EFFINT
TRECAL TRECALM
PDENST PDENST
DENST DENSTM
GFAC GFACM
TENSOR
PACALE — ——
| CROSS |

’ Supporting Routines ‘

CLEB
CLEBZ
RACT
NINEJ

35 SUBROUTINES, 8300 LINES

YLCAL

GAUSF

DSPLS3

BESSEL
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A.2 Functions of the subroutine

A.2.1 DCP2 -Main Routine

The main routine DCP2 controls and performs whole calculation processes.

A.2.1.1 DCP2 defines first constants.

Variable Definition

FACLOG(N) Log value of factorial of integer N. Used for vector coupling coefficients.
PI m = 4arctan(1).

HBAR he =197.327053 in MeV - fm.

AMAS atomic mass unit, mgm, = 931.49432 in MeV.

WNUNIT wave number unit in 1/fm, v/2mgm./hic.

FINE fine structure constant, e?/hc = 1/137.0359896.

A.2.1.2 DCP2 reads input data.
A.2.1.3 DCP2 writes initial output.
A.2.1.4 DCP2 calls BSAXON to calculate the single particle and hole states.

A.2.1.5 DCP2 finds Particle-hole pairs, which satisfies

Parity lp +lp +m = even
Triangle relations of  (jp, jn, jt)
Triangle relations of (€, £y, ¢1) with {1 = 51 + ft

A.2.1.6 DCP2 calls DCHECKI1 to check field lengths of variables.

A.2.1.7 DCP2 calculates the projectile wave functions and density. See Section 5.4 for nuclei

less than 3, otherwise call BSAXON.

A.2.1.8 DCP2 calls OPT to generate distorted waves in the incident and exit channels.

This section first calculates the kinematical variables, such as E.,, k, 7 and so on, in the incident

and exit channels.

A.2.1.9 DCP2 calls AFACAL to calculate « coefficients of [Eq.(13)].

A.2.1.10 DCP2 calls XLMCAL to calculate the distortion factor.

A.2.1.11 DCP2 calculates direct form factors. It calls FFCALD or FFCALDM depending on

KTRLD(1). If KTRLD(1)=1, it calls FFCALDM, otherwise FFCALD.

A.2.1.12 DCP2 calculates exchange form factors. It calls FFCALE or FFCALEM depending

on KTRLD(1). If KTRLD(1)=1, it calls FFCALEM, otherwise FFCALE.

A.2.1.13 DCP2 calls CROSS to calculate differential cross sections.
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A.2.2 BSAXON and UNCPST - Single particle states

A.2.2.1 BSAXON solves the Schrodinger equation to obtain the single particle (hole) radial
wave functions

R: d®> R+ 1)
[_EW + W + V(T)}unjﬁs(r) - _|E0|unj€5(r)

where uy,;¢s(7) is defined as

Unjes (T)

QD(’I’, 03 QS) = anfs('r)}/ﬂm(ea ¢) = }/Km(a ¢)

For the details of V(r), see Section 4.3. It searches the central potential depth parameter
(Woods-Saxon type) for a given biding energy. (KTRL2=1 was set.)

A.2.2.2 UNCPST generates outward solutions from the origin by using the 4-point Stormer
method and inward solutions from the far outside the well by a single step Stormer method and
matches two solutions at a boundary point.

A.2.3 DCHECKI1 - Checking field lengths of variables

A.2.3.1 DCHECKI checks field lengths of variables with a given input data set.
The meaning of PARAMETER given in the program is following,

Parameter Field length of Variable Max. combinations
Name
NHS NOSH
NPS NOSP
LXA LDWMXR(1)
LXB LDWMXR(2)
LPH NPHMX
LTL L1IR(NLSMAX)+LAMMXD(1)+1
LM1 MPIMAX = MIN(LTR(NOLTR),MXMAX)+1
LMM MAX(LAMMXD(1,2,3))
NXA NXMXR/(1)*PMASA
NXB NXMXR(2)
NIN MAX(NHDMX,NHEMX)
N1X NXMXR(4)/N1STEP+1
KFM Greater than KFMAX
KCC Greater than KCMAX
LMJ (MJMAX+1)*3

KFMAX  NLSMAX*7 {t15101k0}
KAMAX  (LAMMX+1)*(LAMMX+2)/2 {KF, \}
KBMAX  NLSMAX*LAMIMX*(LAMIMX+1)/2 {tis1l 00}
KCMAX  KBMAX*LAM2MX*(LAM2MX+1)/2 {KB, A}
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A.2.4 OPT, FLGLCH, POTEN, and DISWAVE - Distorted waves

A.2.4.1 OPT(IDCHNL,NEXPT) calculates distorted waves for the incident(IDCHNL=1) and
exit(IDCHNL=2) channels. NEXPT is set to be 1. It solves the Schrodinger equation for y;
with outgoing wave boundary conditions

h? d?uy(r) R0+ 1)
o E — B S s =
2“ dr2 + [ U(?") 2Mr2 ]X@(T) O
where x/ is related to the channel wave function as
X (&, 7 - ZZ Xe(r)Yom, (7)Y, (k)

ng

For the optical model potential U(r), see Section 4.1.

These subroutines were written by Taro Tamura’s group, and how to obtain distorted waves
was written in a paper by T. Tamura and W. R. Coker, ” Computers and the optical model for
nuclear scattering”, in the book edited by S. Fernbach and A. H. Taub, ” Computers and their
role in the physical sciences” (Gordon and Breach, 1967).

A.2.4.2 FLGLCH calculates the partial Coulomb waves. This subroutine is adopted by a paper
by A. R. Barnett, D. H. Feng, J. W. Steed and L. J. B. Goldfarb, ” Coulomb wave functions for
all real  and p”, Comp. Phys. Comm. 8, (1974) 377.

A.2.4.3 POTEN(IDCHNL,IDC) calculates the optical model Woods-Saxon potential U(r) of
Section 4.1. IDC is set to be 1 presently.

One may generate the optical potential by singly folding the potential for target-nucleon system
(KTRLD(3)=1). The single folding potential (See Section 5.5.) is obtained by the gaussian
integration method for which a supporting routine

GAUSF(NGAUS,RTS,WGT) (See Section A.2.20.2.), where the abscissas (RTS) and weighting
factors (WGT) for gaussian integration with the number of gaussian points, n=NGAUS are
generated, is called.

A.2.4.4 DISWAVE calculates the distorted partial wave functions and the partial c-matrix by
matching the internal partial wave functions generated from the origin and the Coulomb wave
functions.

A.2.5 AFACAL - a-coefficients
A.2.5.1 AFACAL calculates the expansion coefficient aﬁ‘;’z ke,» B0 (13)], defined as

al e = Wistlesilos jik)s, it < blllefdlg p, lla > [Eq.(13)]
= W(Stgtstglajtk) X M X L
A 1 11 N 1 11
L = (1- (—)s“+t“)sais(sa2sl2 5 )tath(tagtli; itb)
M = (_)t1+u1+ta—ua£1—1 < taVqlp, —I/b|t11/1 >

The overall phase factor (—)“1+*+% is also multiplied.
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The L-values for different reactions are

Reaction s, Sp S1 ta t t L
mp) 1/2 1/2 0 1/2 1/2
(p,n) 1/2 1/2 0 1/2 1/2
(d,d/) 1 1 S1 0 0 \/(3+81)(2— 81)/25(t1,0)
(d, 2]9) 1 Sp S1 0 1 \/&%W(léslé; %Sb)(s(tl, tb)
(ht)  1/2 12 s 12 1/2 1 46(t1,0)8(s1,0) — (=)1ts
() 0 0 0 0 0 0 2

1
1

. 1 11
VB3I (155155 550) = JB+s)2—s1)/2, s=1

AFACAL calls supporting subroutines CLEB (See A.2.20.4.) and RAC7 (See A.2.20.6.) when-
ever Clebsch-Gordan and Racah coefficients, respectively, are needed.
A.2.6 EFFINT - Effective interaction components

A.2.6.1 EFFINT(KEXCH) calculates the nucleon-nucleon effective interaction, V;', ,(r), of
[Eq.(16)], i.e.,

1 1 1 1
. 2 2 s 3 ot .
Visn(r) = VaArfisiti Y 810 5 5 s 5 3t pBVi(r) [Eq.(16))
st S1  S1 k t1 t©1 0

where Pp = 1 (KEXCH=0, Direct) and Pg = (—)*T'"! (KEXCH=1, Exchange), while fy = 1
and fa = v/8. Vi, (r) is the Love-Franey effective interactions which are input.

EFFINT calls a supporting routine NINEJ (See A.2.20.7.) twice for 9-j symbols of the spin and
isospin parts.
A.2.7 PDENST - Projectile density function

A.2.7.1 PDENST(KEXCH=0, direct form factor) calculates the expansion coefficients pgy A (T9,7)
of [Eq.(25)] for the multipole expansion of the local density function pB(r2), i.e.,

pp(ra) = D peag(rs,m) (=) [Ya, YaJoo [Eq.(23)]
A2
1
PP () = VT L PP (7 1) Va0 (8, 0)dps, - [Ea.(25)]
r2 = (r) 41+ 2hru,  p=cosh =77

For the nucleon scattering (KTRLD(1)=3), it just returns.

It calls a supporting subroutine YLCAL (See Section A.2.20.1.) to obtain the spherical harmon-
ics, and also calls GAUSF(NGAUS,RTS,WGT) (See Section A.2.20.2.) with NGAUS=16 for the
gaussian integration. CLEB (See A.2.20.4.) is also called for the Clebsch-Gordan coefficients.
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A.2.7.2 PDENST(KEXCH=1, exchange form factor) calculates the expansion coefficients
plb; %, (75, 7) of [Eq.(31a)] for the multipole expansion of the nonlocal density function pf (7%, ),
ie.,

pB(T2, %) = D PP, (rh, ) (=) 2 YV, (75) Ya, ()l  [Eq.(30a)]
A2
PPrg (o) = D Lafigwey (%) (120A20](20)
Lan2
2 . *
< Gy S a(m0emltam) [ w72 Ve (0.0)Y (0, 0)d

(u=rcosO =77, and cost =7h 7) [Eq.(31a)]

A.2.8 FFCALD - Direct form factor

A.2.8.1 FFCALD calls EFFINT(0) (See A.2.6.1.) to calculate the effective interaction for the
direct form factors.

A.2.8.2 FFCALD calls PDENST(0)(See A.2.7.1.) to calculate the projectile density for the
direct form factors.

A.2.8.3 FFCALD calculates the local target density pg’el (r1), (See Formulation 1.5 for details.)

1. 1. . AT A
Pre () = X(lp5dps g dns brs1je) < Iglllal , o, )jllTa > VATdy, g0, Re, (r1) R, (1)

It calls a supporting routine NINEJ (See A.2.20.7.) to evaluate X-coefficients.

A.2.8.4 FFCALD further expands the resulting projectile density pIQ’ 2o (79, 7)Y, () Of
Eq.(23), obtained in PDENST, once more into

pl’g,k(ﬂ% T)Ykm (fé) = Vvdr Z plg)\géth (7‘@, T1, r)[th (/fa)}/él (fl)]km [Eq'(24)]
0101
27 - N
p?’,kftfl (TasT1,7) = ﬁ Zﬁt(ﬂt%mlkm) /P}Q,ketzl (Tas 71, 1, T)Ykm(eéa 0)Yelm(97 0)dp
m
()% = 1242 —2rap  p=cosf =i, -7,
W =cos =i, = w [Eq.(26)]
T

2

Here it calls GAUSF and YLCAL for the integration and CLEB for vector coupling coefficients.
For the NN scattering,

-1
17T

2 A N .
PPkt (TasT1,7) = 2Zft(ft(wﬂnlkﬂ”'”t)k(—)’“( )Yim (65, 0)Y7:,,(6,0)

k
Note that the a-coefficients (See A.2.5) are multiplied in pfg,kétél (ra,r1,7) here.

A.2.8.5 FFCALD then calculates the direct form factors, i.e.,

ft?slﬁkft,mgt (ra) = (—)Eléfl/TQdTWﬂlk(T)/dﬁmgutzl (ra,r1,7)pPe, (r1) [Eq.(27)]
A.2.8.6 FFCALD calls PACALD(1) (See A.2.9.) to obtain the direct transition amplitudes.
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A.2.9 PACALD - Direct overlap integral and transition amplitudes

A.2.9.1 PACALD(IDEXCH) calculates the overlap integrals of the direct form factor (IDEXCH=1)
and the exchange form factor for no-recoil approximation (IDEXCH=2).

D D

Ot181£1kft,ea£b = deaetgb/draxeb(Ta)ft181flk’ﬁt(Ta)Xea(ra) [Eq(19a>]
ENR ENR

Ot151€1k£t,£a€b = dt’a@tﬁb/dTaXEb(ra)ftlslzlket(ra)Xfa(Ta)

d B 1
fa[tfb — \/E
It calls CLEBZ (See Section A.2.20.5.) for vector coupling coefficients.

Calil; 1 (£,0€,0]0,0)

A.2.9.2 PACALD then calculates direct transition amplitudes.

(47)3/2 e . .
Tt?Slhkftmet = ok Z ZZ gb—Hrga(éaO(tht |£bm€t)Ogslélkét,ﬁaébyfbmet (kb) [Eq.(lS)]
lals

and sums over (15141, k = 0). Here it calls YLCAL for the spherical harmonics and CLEB for
vector coupling coefficients.

A.2.10 XLMCAL - Distortion factor
A.2.10.1 XLMCAL calculates the so-called distortion factor, defined as

(47'(')3/2 Lo—Llp+T )
Lym,, (ra) = ~——— ) i° Ca(La0Limg, | Cymg, )dp,e,0, X0, (Ta) X0, (Ta)
t kaokp ot
This is a part of integrand of Tt?aflkétmet of Eq. (18) in the original paper, excepting the

form factor in the overlap integral of Eq.(19a). It calls CLEB and CLEBZ for Clebsch-Gordan
coefficients.

A.2.11 FFCALDM - Modified direct form factor

A.2.11.1 FFCALDM obtains exactly the same direct transition amplitudes as those of FF-
CALD. The order of overlap integrations is interchanged between r, and ;. According
to the paper by B. T. Kim, D. P. Knobles, S. A. Stotts, and T. Udagawa, Phys. Rev. C61,
044611 (2000), the modified direct form factor is defined as

DM 01 p—1 2 D D
ft181€1kft,met (r) = (=) /T drv;tlslk(r)/draPP,kztél (ravrlar)lhmﬁkftmet (Ta)

where I}, 5,0, Ktymy, (rq) is the distortion factor calculated in XLMCAL.

A.2.11.2 FFCALDM then calculates overlap integrals.

D,M o 2 D,M D
Ot1slﬁ1k‘ftmgt - / 1 drlftlslflkfhmgt (Tl)pT,gl <T1)

A.2.11.3 FFCALDM finally calculates direct transition amplitudes.

DM (4ﬂ73/2 lo—lptT ) D,M
1—%18181k€tmgt = kakb Z ? Ea(gaogtmet |€bmet)0t151£1kft,€aeb
Loty

and sums over (t15141,k = 0).
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A.2.12 DCHECK2 - Checking field lengths of variables for the exchange part

A.2.12.1 DCHECK2 checks field lengths of variables for the exchange form factor calculation
with given input data.

The meaning of PARAMETER given in the program is following,

Parameter Field length of Variable Max. Combinations
NWTMAX (LAMIMX+1)*(LAMIMX+2)/2
KBMAX  NLSMAX*LAMIMX*(LAMIMX+2)/2 {tis1li Mt}
KB (NLS,LAM1,LPP)
KCMAX  KBMAX*NOLTR*LAM2MX*(LAM2MX+1)/2 {KB, A2f}
KC (LT,KB,LAM2,LL)
KAMAX LAMMX*(LAMMX+1)/2 {KF=(t15101kl;), M}
KA (LL,LAM)
KGMAX KCMAX*LAMP1X {KC, \}
KG (KC,LAM)

NLS (LT1,L1,9)

A.2.13 TRECAL, DENST, TRECALM, DENSTM - Non-local projectile and tar-
get densities for exchange part

A.2.13.1 TRECAL first calls PDENST(1) (See A.2.7.) and calculates the non-local projectile
density, pg)\Q (rh,r) of [Eq.(31a)],

PEA (15 m) = 3 Loy, (rh) (120X20[£20)
Lama

27'(' N *
X 5, 11 ZT]Q(TDOAQmme)/w52(r2)}/€2m(97O)Y)\gm(ela())d:u'

(u=-cos =7y -7, and cosl =7} 7) [Eq.(31a)]

A.2.13.2 TRECAL then calculates the non-local target density, [Eq. (31b)],

) _ 1. 1. ) . R
Prone(ri,r) = Y it "X (o5 0p n gy dns L1s1]e) <IB|Ha§pypajhuh]thfA>Rzp(7"1)
ph,m

X (=)l Lei (£0m101£,0) W (Lemililn; €p)y)

2 N *
X g o i (mOXm ) / Ry (7)Y (6, 0) Y5 (8, 0)dpt!
mi
(u=cosf =7y -7, and cos® =7 7) [Eq.(31b)]

A.2.13.3 DENST(N,L) is called to calculate the last line of the above equation for a given
np = N, ¥, = L.

TRECAL and DENST call supporting subroutines NINEJ, RAC7, CLEBZ for the vector cou-
pling coefficients.

A.2.13.4 TRECALM and DENSTM are basically the same as TRECAL and DENSTM except
that r; is interpolated and that in the target densities the particle states are not added.
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A.2.14 GFAC, GFACM - Vector coupling factors for exchange part

A.2.14.1 GFAC(K) defines various vector coupling factors for the exchange form factors for
the given K=1 for the central interaction and K=2 for the tensor interaction. It first calculates
a coupling factor in the projectile density of [Eq.(32)]

27T ~ *
PBageye(Th,T1,7) = T 1 1 Zﬁb(&OEmp\gm)/pﬁAQ (70,71, 5 7) Yagm (05, 0) Yy, (0, 0)dp
CLEBQ(KC,M2) 2 0,00l o) —
5 - m m
g + 1 PV

KC = {KB = (tlslﬁl/\lﬁb), )\26}

A.2.14.2 GFAC(K) then calculates a coupling factor in the G of [Eq.(33b)]
1

GY e (T6,7) = \/Tr_k‘/;ilk(r) ST ()M A2 (MOAL0[AO)W (A Aol p; M)
a A dale
X /T%dﬁpgwbzc(rb,Tl,T)P%elxlec(Tl,T)
1 IR
COEF(KG) = \/T(—)Eb/\1)\2()\10)\20])\0)W()\1/\2£1€b;/\Ec)
v

KG = {KC,\}
A.2.14.3 GFAC(K) finally calculates two coupling factors in ¢ of [(Eq.(35)]

2 A «
Ctysi bk bols(Ths Ta) = 7 > lg(Lame, Lg0l0img, ) > Le(€0NMy, [Eymy,)
1 myy Lo

%[ G, 00 Vo, (0,1, (6.0)

(u=cosf =7y -7 and cos@ =7y -7)
2T 5 2

KA = {KF = (tlslelk&), )\é}, gb/\)
NLS = {tlslél}

CCDD(JLS,M1) 05(£amls0]ym)
JLS = {fa,03,NLS}

A.2.14.4 GFACM(K) calculates a coupling factor in the form factors for the recoil effects in
the plane wave approximation, instead of the previous section A.2.13.3.

FE ke (re) = VA > i B EN(KONO|6,0)01 6. W (G Nk < £14,)
Ly

x (=) (Gymy, €,016my,) / dr T Y2GY oo (Te, 7)o, (aigr /@)

CCDD(JLS) = ™~ %kA(kOXO6,0)010, W (Eu\lsk : £10,)
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A.2.15 FFCALE - Exchange form factors

A.2.15.1 FFCALE calls DCHECK2 (See A.2.12.) to check the field lengths of variables for
the exchange form factors.

A.2.15.2 FFCALE calls EFFINT(1) (See A.2.6.) to calculate the effective interaction for the
exchange form factors.

A.2.15.3 FFCALE calls TRECAL (See A.2.13.) to calculate the projectile and target density.

A.2.15.4 FFCALE starts to calculate the central and tensor exchange form factors.

This section has a big DO loop up to the statement number 1000, for the central exchange
form factors (KCT=1) and the tensor exchange form factors (KCT=2). By inputting 1 for
KCETN(KCT) (Input data Line #16), you may exclude the corresponding form factors.

It then calls GFAC(KCT) (See A.2.14.) to calculate the various coupling factors.

It starts next big DO loop up to the state number 900. In the DO loop, the following Section
A.2.15.5 - A.2.15.8 for a given r;, are performed.

A.2.15.5 FFCALE performs integration in G-factors.

It first calculates the projectile density, plg notat(Th; 71, 7), in [Eq. (32)],
2 A
PP rstat(Th,T1,7) = 5\2Zeb(fb(wml&m)/PE,AQ(TWH,M#)YAzm(@'z,O)Yﬁn(@,O)du
2 m

The non-local target density from TRECAL (See A.2.13.) is multiplied to the projectile density
and integration over ry is performed.

/T%drlpg,xmec (Ty, 71, 7)PT 0 ap0, (T1,7)

For a nucleon scattering, it becomes

A
P:%eleb,\(rbvr) X Ag(—)"

(See Formulation 3.3.2.)

A.2.15.6 FFCALE calculates the G-factor of [Eq. (33b)],

1
k
Gt151€1€b>\(rb7r) = \/4?

rRVE L) DT ()P A A2 (MO0A0[A0) W (A Ao l1p; ML)
A1 Aate

< [ rdroB e, ) e (o) [Ea. (33b)

Note that the a-coefficients (See A.2.5) are multiplied in Gflsﬂlfb/\(rb7r) for the cen-
tral interaction of the exchange form factor.

A.2.15.7 FFCALE calculates the c-factor of [Eq. (35)].

It first decomposes r into r, and 7, in the G-factors,

2 A~ *
Gi€181€1£b)\(,rb? TQ) = ) Z KC(ECOAmét ‘gtmet) d/’LGflslflfb)\(Tb7 T)Y)\mét (9/7 ﬂ-)}/gamg (07 0)
% i '
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It finally calculates the c-factor,

2T n N
Ctysitiklals(ThTa) = 2 > lg(Lame, Lg0l0img, ) > Le(€0Nmy, [Eymy,)
oA

1 myey

%[ AnGE 0701 Yoy, (0. T)YE, (6,0) [Ea (35)]
Remember that this is the exchange form factors for central interactions. (See Formula-
tion 2.2.)

It stores the results as "FFRIT(JLS), JLS=(/4,£3,NLS)”, and writes on tape. (See B.4 for
details.)

A.2.15.8 FFCALE also calculates the radial exchange form factor of [Eq. (41)] in the no-recoil
approximation. (See Formulation 3.2.)

N e (ry) = V(=R 6! /dr " P26 oo, m) [Eq. (41)]

A.2.15.9 FFCALE calls TENSOR (See A.2.16.) to calculate final form factors for the tensor
interaction.

A.2.15.10 FFCALE calls PACALE (See A.2.17.) to obtain the exchange transition amplitudes.
A.2.15.11 FFCALE calls PACALD(2) (See A.2.9.) to obtain the exchange transition ampli-
tudes in the no-recoil approximation.

A.2.16 TENSOR - Tensor interaction for exchange part

A.2.16.1 TENSOR calculates exchange form factor f551£1ut7£béa(rb,ra) in Eq.(36) in the
original paper for k=2, i.e. for tensor interaction,

P " (2k + 1)!
= J4
Tissitaktetyta (T 7a) M AZM eﬁ[(zxa +D)I2N + 1)

X X (LaXala, LaNolo; C1N) Ao n g0, Augaye, Ctysitik oty (ThyTa) [Eq. (36)]

!]1/25Aa+xb,k (=7a) (rp)™

Note that the multiplication of all geometrical factors becomes unity for central interaction
(k = 0) and the form factor becomes ¢y, s,k 6065 (75, 7a)- (See Formulation 2.2.)

A.2.16.2 TENSOR first calculates the geometrical factor,

(2k +1)!
(2Xa + DI2N, + 1)

A | 1265 0206 X (Cadala, LaNoly; (L) gy nge, dign,e,

and saves as ”C(KJLS)” in a linearized form. Note that the a-coefficients (See A.2.5) are
multiplied in this geometrical factor for the tensor interaction.

A.2.16.3 TENSOR reads c-factor (FFRIT) from Tape 14, multiplies all factors and sums over
XaMplol g, and then saves as ”GGRIT(JLS)”, where JLS=({,, £3,NLS). If the central interaction
is considered (KCNTN(1).EQ.0), it reads c-factor for the central interaction from Tape 13, and
adds to the tensor part. It then finally stores form factors as ”GGRIT(JLS)” for every (r4,74),
and writes on Tape 15.
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A.2.17 PACALE - Exchange overlap integral and transition amplitudes
A.2.17.1 PACALE calculates the overlap integrals of [Eq.(19b)]

Of s tihttnt, = J/dTb/dTaTbTaXﬁb(Tb)ffslelket,eaeb(TbaTa)Xéa(Ta) [Eq. (19b)]

During the integration processes, it reads exchange form factors f581 TR (rp,74) from Tape
15.

A.2.17.2 PACALE finally obtains transition amplitudes,

(47)3/2 o, . .
Tt]fslflkftmgt = Thk D ite Eb—Hrea(Zaogtmft|£bm€t)Ogslﬁkﬁt,laﬁbyébmet(kb) [Eq. (18)]
oty

and sums over (15141, k = 2). Here it calls YLCAL for the spherical harmonics and CLEB for
vector coupling coefficients.

A.2.18 FFCALEM - Exchange overlap integral and transition amplitudes

A.2.18.1 FFCALEM obtains the exchange form factor with re-coil effects in the plane wave
approximation. As in the case of direct form factor, the order of overlap integrations is inter-
changed between r, and r; with the same spirit of the paper by B. T. Kim, et. al.. The first
three steps are the same as FFCALE; namely, it calls DCHECK2 (See A.2.12.) to check the
field lengths of variables for the exchange form factors, EFFINT(1) (See A.2.6.) to calculate the
effective interaction for the exchange form factors, and TRECALM (See A.2.13.) to calculate
the projectile and target density.

A.2.18.2 FFCALEM calls a supporting subroutine BESSEL (See A.2.20.3.) to obtain Bessel
functions which is needed for the tensor exchange form factors in the plane wave approximation.
(See Formulation 2.3.)

A.2.18.3 FFCALEM then calculates the central and tensor exchange form factors.

This section has a big DO loop up to the statement number 1000, for the central exchange
form factors (KCT=1) and the tensor exchange form factors (KCT=2). By inputting 1 for
KCETN(KCT) (Input data Line #16), you may exclude the corresponding form factors.

It then calls GFACM(KCT) (See A.2.14.) to calculate the various coupling factors.

It starts next big DO loop up to the state number 900. In the DO loop, the following Section
A.2.18.4 and A.2.18.5 for a given r; are performed.

A.2.18.4 FFCALEM calculates the projectile density and integration over ry,.

This section calculates the projectile density, pIE{ Aol o(Tp, 71, 7),
2m p «
pIED,)\QE(LZ(TZN 1, T‘) = ; Z Eb(€b0€m|>\2m) / pJED,)\g (’f’b, 1, Ky T’)Y)\2m(9/27 O)Yvém(e’ O)d:u
2 m

For a nucleon scattering, it calculates the projectile density as, (See Formulation 3.1.)

2m P Q 1 X
PProtat(Th,T1,T) = 25 > L (£06m[Aam) A (=) (— VY nom (—hp) Yo, (12)
A5 riryr
. r? —ri —r? _ ré +r3 —r?
P 2rry ’ 2riry
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The distortion factor, Iy, s, ¢ ke;m,, (rp) (See A.2.10.) is multiplied to the projectile density and
integration is performed over ry.

Zg,,\gebz(rlar) = /drbpg,,\ﬂbe(?“baTlﬂ“)—’msmkftmgt (7p)

A.2.18.4 FFCALEM calculates the G factor,

1

Gflslglgb)\(’l"l,r> = Er_k‘/tlEslk(r) Z (_)éble\Q(/\10/\20’)\0)W()\1)\2€1€b; AE)

A1 A2l

2 E E
X /ﬁdﬁZP,Agébz(Tla T)PT,KlAlé(Tb T)

A.2.18.5 FFCALEM then defines the modified exchange form factor in the plane wave ap-
proximation as,

FoN e () = VaAr 37 i T EA(KONO|60) 816 W (oMl + €14y
Oy N\lr

X (_)k+£1_gt (fbmftgrowtmft)/dr rk+2G1’€€151Z1€b)\(T17T)jfr(akar/a’)

where ¢, and the recoil factor o values are input as "LRP1MX” and "FACNR”, respectively.
(See Section 4.2.9.)

A.2.18.6 FFCALEM then calculates overlap integrals.
E,M _ 2 E.M
Otlslflkftmzt - /7‘1 drlftlslzlkftvat (Tl)

A.2.18.7 FFCALEM finally calculates direct transition amplitudes.

3/2
E.M _ (47T) g —ly+7 ) E.M
Ijtlslflkftmgt - k kb Z e (E Ogtmgt’ebmgt)otlslflk‘ft,f fb
Loty

and sums over (t1s141,k = 2).

A.2.19 CROSS - The differential cross sections
A.2.19.1 CROSS calculates the final differential cross sections of [Eq. (21)],

dO' l’l’a//‘l/b kb ]tstl/1 2
aQ (2mh?)2 ko (214 + 1 )(2s, + 1 ’zl:kezl;l t1s101kly t15141k4tme I [Eq. (21)]
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A.2.20 YLCAL, GAUSF, BESSEL, CLEB, CLEBZ, RAC7, NINEJ, DSPLS3 -
Supporting subroutines

A.2.20.1 YLCAL(A,L,M,R) calculates a part of spherical harmonics, Y, (1),

241 (= m)ty

[ Ar (L +m)!

Py (1), p=cost

by utilizing the recurrence relations of the associated Legendre functions, Py, (1),

(20 + 1) puPpyy = (0 —m + 1) Ppy1 3 + (L +m)Pr_1 1,
20+ 1)1 — )Y Py = Py i1 — Povtmsr-

The arguments are A=y, L=¢, M=m, and R = answer.

A.2.20.2 GAUSF(N,R,W) generates abscissas and weighting factors for the Gaussian integra-
tion

[ fwye =3 wif + A
- i=1

where

z; = i zero of Legendre function P, (x)

2
W= g PP

The arguments are N=n, R=x;, and W=w;.

A.2.20.3 BESSEL(A,L,R1,R2) generates the spherical Bessel and Neumann functions, j,(x)
and n,(z), by using the recurrence formula,

njljn(z)+djgi2) = jnfl(z)
Tiae) - =)

The arguments are A=z, L=n, R1 = value of spherical Bessel function and R2 = that of
Neumann.

A.2.20.4 CLEB(A,B,C,D,E,F,FACLOG,R) calculates the Clebsch-Gordan coefficients, i.e.,

(27 +1)(F + 51— 32/ — g1 +52)' (1 + g2 — 7)!
(j1+7d2+7+1)

(jimijomaljm;) = Smmi+me \/

%G+l = m)! G+ )it = m)!(z + me) iz — ma)!

(—)*
- g[k!(jl +J2 =7 = k)1 —m1 — k)!(j2 + ma — k)!
1
Iy s p gy p——— L

The summation is extended over all integral k& for which the argument of every factorial is
nonnegative.

The arguments are A=j;, B=jo, C=j, D=my, E=mo, F=m, R = answer, and FACLOG is the
log of integral value of n. n = 500 is set.
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A.2.20.5 CLEBZ(A,B,C,FACLOG,R) calculates the Clebsch-Gordan coefficients with all m’s

are zero, i.e.,

(j10520[50) =

(_)9+jj\/(j1 +J2 =)0 + 51— 52)' + J2 — 51)! g!
(29 +1)! (9 —3)g — j1)!(g — j2)!
for j + j1 +j2 =29 = even
= 0 forj+ji+jo=2g= odd

The arguments are A=j1, B=js, C=j, R = answer, and FACLOG is the same as in CLEB.

A.2.20.6 RACT7(A,B,C,D,E,F, FACLOG,R)calculates the Racah coefficients, i.e.,

W (j1jatjs; j12d2s) = Jig oz S (imageme|Ji2Mia)(Ji2Mizjzms|J M)

mimoms
(J2majsms|Jas Mas) (j1ma J2g Mas| J M)
The arguments are A=j;, B=j,, C=J, D=j3, E=j12, F=js3, R = answer, and FACLOG is the

same as in CLEB. In coding, it does not call CLEB, but use the analytic form of Clebsch-Gordan
coefficients in A.2.20.4 directly.

A.2.20.7 NINEJ(A(9),FACLOG,R) calculates the 9-j symbols as

a b e R

Ul ¢ d e | = (=)D NW(bcef; \a)W (bef'e'; \d)W (efe f's Ag)

g A

o0 = a+b+ct+d+e+e +f+ f +g= integer
by calling the Racah coefficient routine RACT.
The arguments are A(1)=a, A(2)=b, A(3)=c, A(4)=d, A(5)=e, A(6)=¢', A(T)=Ff, A(8)=/f,
A(9)=g, R = answer, and FACLOG is the same as in CLEB.
A.2.20.8 DSPLS3(X,Y,N,XI,YI,M,Q,AU,IGO) interpolates a given set of {(x;,y;),i =1,..,n}
to a set of {(x},y;),j =1,..,m} by the cubic spline interpolation method.

The arguments are X=z;, Y=y;, N=n, XI=z;, YI=y;, and M=m. Q and AU are internally
used, and IGO = 1 is set.
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B Variables and their definitions

B.1 PARAMETER variables

Variable Present The way counting number.
Name # (DCHEK1 and DCHECK2 check the present number
whether that is good enough for the calculation.)

KAA 40 Max. possible combinations of KA={KF=(t1s101kl;), \}

KBB 30 Max. possible combinations of KB:{tlslﬁl)\l%}

KCC 80 Max. possible combinations of KC={KB, A\2(}

KFM 10 Max. possible combinations of KF={t1s1¢1k{;}

KGG 125 Max. possible combinations of {KC, A}

KJL 1200  Max. possible combinations of {t1s101kl;, 00y}

KTE 10000  Max. possible combinations of {€qAqlq, {a\ely; €1kl }
which appears in the X-factor of the exchange form factor.

LAB 2000  Max. possible combinations of {¢:£,/}}

LMJ 10 (MIMAX+1)*3

LMM 4 Max of (LAMMXD(1,2,3))

LM1 5 Max magnetic quantum in the transferred ¢;, MP1MAX.

LM2 30 Max. possible combinations of {fy A1} in the nonlocal target density.

LPH 10 Max of ph pairs in the target, NPHMX.

LRP 11 Max # of partial waves in the PW approximation.

LTL 9 Max total angular momentum in the target,
L1IR(NLSMAX)+LAMMXD(1)+1.

LXA 150 Max of partial waves in the incident channel, LDWMXR(1).

LXB 150 Max of partial waves in the exit channel, LDWMXR(2).

L1X 10 NOLTR*MP1IMAX

L2X 150 NOLTR*MP1IMAX*NPAIRD

NHS 9 Max # of hole states, NOSH.

NIN 300 Max of (NHDMX,NHEMX)

NOU 300 NHEMX

NPS 9 Max # of particle states, NOSP.

NXA 420 NXMXR(1)*PMASA

NXB 140 NXMXR(2)

N1X 140 NXMXR(4)/N1STEP+1
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B.2 COMMON variables

[Variables with * are input data and those in bold face are the key quantities.

B.2.1 CNST - Constants

Variable name Definition
FACLOG(N) Log value of factorial of integer N. Used for vector coupling coefficients.
Presently, N=500.

PI m = 4.0 arctan(1.0).
HBAR he = 197.327053 in MeV - fm.
AMAS atomic mass unit, Mgmy = 931.49432 in MeV.
WNUNIT wave number unit in 1/fm, /2mgm./he.
FINE fine structure constant, e?/fic = 1/137.0359896.

Used subroutines : All subroutines except FLGLCH, DCHECK1,DCHECK?2, and 8 supporting
subroutines.

B.2.2 CNTRL - Control of the calculation and output

Variable name  Definition
KTRLD(9)*  Calculation options. See 4.2.1 for details.
KTLOUT(24)* Output options. See 4.2.2 for details.
KRTYPE = 21; for (d,2p) reaction,
= 31: for (He,t) reaction

Used subroutines : All subroutines except DISWAVE, XLMCAL, and 8 supporting subroutines.

B.2.3 SPSTAT - Particle-hole states in the target

Variable name  Definition
EET* Transferred energy

SPECTA(LPH) Spectroscopic factor for ph pair. Presently set 1.0. (DCP2)

ESP(LPH)* Binding energy of particle state.

ESH(LPH)*  Binding energy of hole state.

NSP(LPH)*  Number of nodes of particle state.

LSP(LPH)* Orbital angular momentum of particle state.
JTWP(LPH)*  Twice of total angular momentum of particle state.

NSH(LPH)*  Number of nodes of particle state.

LSH(LPH)*  Orbital angular momentum of particle state.
JTWH(LPH)* Twice of total angular momentum of particle state.

IPAIR Dummy
NOSP* Number of particle states.
NOSH* Number of hole states.

NPST(LPH)  Particle state number of each ph pair. (DCP2)
NHST(LPH)  Hole state number of each ph pair. (DCP2)
NPAIRD Number of ph pair. (DCP2)

LIR(8)* Orbital angular momentum, /;.
ISR(8)* Spin, s1(= s2 = s¢).
ITR(8)* Isospin, t; = ta.

NLSMAX* Number of {¢1s1t1} sets in the target system.
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Continued

Variable name Definition

JT* Transferred total angular momentum, j;.
MJIMAX* Maximum magnetic quantum number of j;, m,.
KPARIT* = 0; No parity change in the reaction,
= 1; Parity change.
IST* Transferred spin, s;(= s1 = s2).
NOLTR* Maximum number of transferred orbital angular momenta.
N1 Dummy

LTR(8)* Transferred orbital angular momenta, ¢;.
ITP(LPH)*  Isospin T of particle state. (Not used.)
ITH(LPH)*  Isospin T of hole state.

ITZP(LPH)* = 1; neutron, = —1; proton of particle state.
ITZH(LPH)* = 1; neutron, = —1; proton of hole state.

Used subroutines : DCP2, DCHECK1, DCHECK2, AFACAL, FFCALD, PACALD, FFCALDM,
XLMCAL, FFCALE, TRECAL, DENST, GFAC, TENSOR, PACALE,
FFCALEM, TRECALM, DENSTM, GFACM, CROSS.

B.2.4 BSX, UNCPSA, CBST - Bound state wave functions
B.2.4.1 COMMON block BSX

Variable name Definition
URSAVE(500) Calculated single particle wave function R,(r). Max. of mesh points=>500.
After calculation, URSAVE transfers to USAVP (particle state) and
USAVH (hole), saves on another COMMON block CBST
ENEPT Calculated binding energy (KTRL2=0).
VNEPT Calculated potential depth (KTRL2=1). KTRL2=1 is set in the program.
(Initial value is input as VSX (See 4.2.11.)

VSOR* Spin-orbit depth parameter.

DFNR* Diffuseness parameter.

DFNSO* Spin-orbit diffuseness parameter.
RZR* Reduced radius parameter.

RXSO* Spin-orbit reduced radius parameter.
RZC* Coulomb reduced radius parameter.

XMES2 Mesh size. XMESH2=0.1 is set.
NODER Number of nodal points except the origin.

LBTR Orbital angular momentum.
JBTRTW Twice of total angular momentum.
NXRAWF Max. mesh point where wave function calculation is terminated.
Riur = Ro + 10.0 x a¢ is set.
KTRL4 = 0; wave function itself stored in URSAVE. KTRL4=0 is set.

= 1; wave function * V(r).
= 2: wave function * r—¢.
= 3; wave function * v(r) * r¢.

KOPOT Output control for calculations. KOPOT=0 is set. (No output)

Used subroutines : DCP2, BSAXON, UNCPST.
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B.2.4.2 COMMON block UNCPSA
UNCPSA is only used for communicating between BSAXON and UNSPST.

Variable name Definition
KTRL3 = 1; R=RZ*(A1**(1/3)+A2**(1/3))
ITBEMX Number of iteration. ITBEMX=15 is set. (DCP2)
ACURCY Accuracy need for matching. ACURCY=0.001 is set. (DCP2)
AMUPMU = 0; Atomic mass unit, =1, proton mass unit. AMUPMU=0.0 is set.
KTRL2 = 0; B.E. is searched,, = 1; VSX is searched. KTRL2=1 is set. (DCP2)
KTRLS Dummy
KEX2 With nonzero, NXCPL2=KEX2.
KEX4 With nonzero, NXRA=KEX4+NXCPL2.
KEX40 =0; Integration of the internal solution outwards to be matched at R,,.
=1; Integration of the external solution inwards.
KEX41 =1; Search has been achieved.
KEX42 Calculated number of the nodal point minus that of previous calculation.
Repeat searching until KEX42=0.
KEX43 Dummy
TMAS* Mass of target system. (Target mass -1)
PMAS* Mass of valence nucleon.
77T* Charge of target system.
77P* Charge of valence nucleon.
RMAS Reduced mass =(TMAS*PMAS)/(TMAS+PMAS).
77 =Z7ZT*77P.
XMES1 Mesh size for first 8 points in the Stéormer method. =XMESH2/8 is set.
PERCNT Ratio of searched step and searched value = 0.2 is set.
VSX* Depth parameter of the central bound state potential.
ISTW Twice of spin of valence nucleon. =1 is set.
NXRA Total mesh points for the calculation.
=NXRAWF+KEX2, or =NXRAWF+30 if KEX2=0.
NXRM Matching mesh point. =(XBAR+.5*DFNR*FLOAT(NODE))/XMES2.
NXRMP1 =NXRM+1.
NXRMP2 =NXRM+2.
NXRMP3 =NXRM+3.
NXRMP4 =NXRM+4.
NXRMP5 =NXRM+5.
NODE Number of present nodal point during the search.
KGES Solve three times near a guessed value, (a — da, a,a + da)
Do loop number.
EGESRD Dummy
EGES Given binding energy =ESP(LPH) or ESH(LPH) which are input.
EGEST Initial binding energy. Starts with EGES.
DELGES dq in KGES explanation.
FKAPPA Wave number outside the well. k = /2uE/hc.
FKAPIN Wave number inside the well. k = /2u(Vy — E)/hc.
URRMIN Value of internal solution at matching point.
URRMEX Value of external solution at matching point.
RGDLIN(3)  Slope of internal solution at matching point.
RGDLEX(3) Slope of external solution at matching point.
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Continued

Variable name  Definition
XMEM(514)  Radial distance. 14 more points are need for the Stémer method.
VCENTR(514) Central potential.
VSPIN(514)  Spin-orbit potential.
VCOULM(514) Coulomb potential.
PFORM1(2) PFORMI(1)= exp(z — Rp)/ag, PFORM1(2)=exp(z — Rso)/aso.
PFORM2(2) PFORMZ2(N)=1.0 /(1.0 +PFORMI(N)).
PFORM3(2) PFORMS3(N)=PFORMI1(N)*PFORM2(N)*PFORM2(N).

Used subroutines : DCP2, BSAXON, UNCPST.

B.2.4.3 COMMON block CBST

Variable name Definition
USAVP(NPS*NXA) Final particle state functions ¢p(r1),
in the linearized form for NPS states.
USAVH(NHS*NXA) Final hole state functions ¢y (r1),
in the linearized form for NHS states.

Used subroutines :DCP2, FFCALD, FFCALDM, TRECAL, DENST, FFCALEM, TRECALM,
DENSTM.

B.2.5 DWCC, POTCC, COUCC, RELKIN, OPTO, DISW - Distorted waves
B.2.5.1 COMMON block DWCC

The variables with dimension 4, say A(4) has following meaning;

Variable Meaning

A(1)  Variable in the incident channel.

A(2) Variable in the exit channel.
A(3)  Variable in the target system. Not used.
A(4) Variable in the projectile system. Not used.

Variable name  Definition
LDWMIR(4)* Starting partial wave.
LDWMXR(4)* Ending partial wave.

WN(4) Wave number.
LDWSTR(4)* Step of partial wave.
CE(4) n = uZi1Zse*/h’k
CFUNIR(4)  Dummy
ECM(4) Energy in the center of mass system.

XMESR(4)*  Mesh size
NXMXR(4)* Maximum (ending) mesh point.
NXMIR(4)*  Minimum (starting) mesh point.
NOEXP Dummy
MXSTEP Dummy
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Continued

Variable name

Definition

TMASA
TMASB
TMASX
TMASY
PMASA
PMASB
PMASX
PMASY
TZA
TZB
TZX
TZY
PZA
PZB
PZX
PZY
XBARD(4)
XBARID(4)

Mass of the target, =TMI*.

Mass of the residual nucleus, =TMF*.
Dummy

Dummy

Mass of the projectile, =PMTI*.

Mass of the ejectile, =PMF*.

Dummy

Dummy

Charge of the target, =Z1T*.

Charge of the residual nucleus, =Z1F*
Dummy

Dummy

Charge of the projectile, =Z2I*

Charge of the ejectile, =Z2F*

Dummy

Dummy

Radius parameter in the real optical potential.
Radius parameter in the imaginary optical potential.

Used subroutines : DCP2, DCHECK1, DCHECK?2, OPT, POTEN, AFACAL,

FFCALD, PACALD, PDENST, FFCALDM, XLMCAL, FFCALE,
TRECAL, DENST, GFAC, TENSOR, PACALE,
FFCALEM, TRECALM, DENSTM, GFACM, CROSS.

B.2.5.2 COMMON block POTCC
The variables with dimension 4, say A(4) has the same meaning in DWCC.

Variable name

Definition

VD(4)*
WD(4)*
WSD(4)*
ARD(4)*
AID(4)*
AISD(4)*
RZRD(4)*
RZID(4)*
RZISD(4)*
RZCD(4)*
IDCH(4)
VRIT(900)
NXMN
NXMX

Depth parameter of real potential in MeV.

Depth parameter of imaginary potential.

Depth parameter of imaginary surface potential.
Diffuseness parameter of real potential in fm.

Diffuseness parameter of imaginary potential.

Diffuseness parameter of imaginary surface potential.
Reduced radius parameter of real potential in fm.
Reduced radius parameter of imaginary potential.
Reduced radius parameter of imaginary surface potential.
Reduced radius parameter of Coulomb potential.

=0; Ro= r0A1T/3, =1; Ry = ro(A;/?’ + A}D/B), Presently zero is set.
Optical model potential in 7, Uy(r)

Minimum range of VRIT. =1 is set.

Maximum range of VRIT. =NXMXR(ID)+2.

Used subroutines : DCP2, OPT, POTEN, DISWAVE.
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B.2.5.3 COMMON block COUCC

Variable name Definition

FC(130) Regular Coulomb wave function, Fy(r).

GC(130) Irregular Coulomb wave function, Go(r).

FCP(130) Derivative of regular Coulomb wave function, Fj(r).
GCP(130) Derivative of irregular Coulomb wave function, Gj(r).

L5 Maximum /.
L6 Dummy
ETA n(= ZpZpe? /hk)-value.
SIGMAZ S-wave Coulomb phase shift.
RD kr.
7 kR,, where R,, is the matching radius.
KTOUT7 Nonzero value prints Coulomb functions.
K9 Dummy
STP # of steps in Runge-Kutta integration. =100 is set.
ACCR Accuracy parameter of continued fractions. =107 is set.

Used subroutines : OPT, FLGLCH, DISWAVE.

B.2.5.4 COMMON block RELKIN

Variable name Definition

RMASA Reduced mass in the incident channel in the relativistic kinematics.
RMASB Reduced mass in the exit channel.

TREL1 Kinetic energy in the incident channel.

TREL2 Kinetic energy in the exit channel.

OMEGR(20) energy

Used subroutines : DCP2, CROSS.

B.2.5.5 COMMON block OPTO

Variable name Definition

FOLD(NXA) Folding potential for the optical model potential.
Calculated in DCP2 if KTRLD(3)=1.

Used subroutines : DCP2, POTEN.

B.2.5.6 COMMON block DISW

Variable name Definition

DISWA (LXA*NXA) Distorted waves in the incident channel, xy, ()
in the linearized form.
DISWB(LXB*NXB) Distorted waves in the exit channel, xy, (5).

Used subroutines : DCP2, OPT, PACALD, XLMCAL, PACALE.
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B.2.6 ANGCC - Angle information

Variable name

Definition

THEB*
THEBMX*
DTHEB*
THMIN*
THMAX*
THIND*

Starting angle in the differential cross section calculations.
Ending angle.

Step in angle.

Starting angle in elastic cross section calculations.

Ending angle.

step in angle.

Used subroutines : DCP2, OPT, XLMCAL, PACALD, CROSS.

B.2.7 SPECFC - a-coeflicients

Variable name

Definition

Used subroutines : AFACAL, FFCALD, FFCALDM, FFCALE, TENSOR, FFCALEM.

B.2.8 FFCC, CDENS CCKF - Preparation of form factor calculations
B.2.8.1 COMMON block FFCC

Variable name

Definition

VRANG (6)*
VSTR(12,6)*
VV(NIN,12)

XMESH
XMESHD*
XMESHE*
RHED(NIN)
NBCMI*
NBCMX*
NONB

NBSTEP
LASTEP
LBSTEP
MXMAX
MPIMAX
NOLA
NOLB
INTRAN
KCETN(2)*

6 different range parameters in the effective NN interaction.
Strength parameters of Love-Franey interaction. See A.4.2.10 for details.
NN effective interaction of [Eq.(16)], V{ , (1)
NIN:T, # of (tlslk) X 2 =12.
Mesh size of the ff calculation. =XMESHD* or XMESHE*.
Mesh size in the direct ff calculation, ArP”.
Mesh size in the exchange ff calculation, ArE.
Radial points where NN effective interaction is calculated. (DCP2)
Minimum mesh point in the form factor.
Maximum mesh point.
# of real mesh points of 7, in the ff calculation.
=(NBCMX-NBCMI)/NBSTEP+1.
Interpolation step in 7.
Interpolation step in ¢,. =LDWSTR(1)*
Interpolation step in ¢,. =LDWSTR(2)*
Max. value of my, .
= Min(LTR(NOLTR),MXMAX)-+1.
# of real £, in the ff calculation. =(LAPIMX-LAP1MI)/LASTEP+1.
# of real {p in the ff calculation. =(LBP1MX-LBP1MI)/LBSTEP+1.
Interaction range of VflSlk(r). =NHDMX*, or NHEMX*.
KCETN(1)= 0; Central exchange ff is calculated. =1; Not considered.
KCETN(2)= 0; Tensor exchange ff is calculated. =1; Not considered.
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Variable name

Definition

NONA
NONAH

NONAR*

NASTEP*
NHDMX*
NHEMX*
NGAUSR*
NBSTPD*
NBSTPE*
N1STEP*

JATW*
ISATW*

# of real mesh points of r, in the ff calculation.
Half of NONA.
NONA and NONAH are defined in Sec. 4 of DCP2 (main) in the code.
# of mesh point in r, integration for exchange ff.
(Integration is made only around 7, = 7, with a range NONAR.)
Mesh step in the incident channel radius, r,.
Interaction range in the direct form factor calculation, 2.
Interaction range in the exchange form factor calculation, r¥.
# of gaussian integration points.
Mesh step in the direct form factor.
Mesh step in the exchange form factor.
Mesh step in the target system radius, 7.
(For (p,n) or (p,p’), better put all steps unity.)
Twice of the total angular momentum of the target A, 4.
Twice of the spin of the projectile a, s,.

Used subroutines : DCP2, DCHEK1, DCHECK2, EFFINT, FFCALD, PACALD, FFCALDM,

XLMCAL, FFCALE, TRECAL, DENST, GFAC, TENSOR, PACALE,
FFCALEM, TRECALM, DENSTM, GFACM, CROSS.

B.2.8.2 COMMON block CDENS - Projectile density.

Variable name Definition

RHOD(NXA,NIN,LMM) Direct projectile multipole density, pg 2 (72,7)

or

NXA=r}, NIN=r, LMM=)\,. Calculated in PDENST.

RHOE(NXA,NIN,LMM) Exchange projectile multipole density, pg 2 (T9,7)

USAVEX(4xNXA) Projectile wave functions, ¢¥p(rs).
SPEC(4) Spectroscopic factor for the projectile system. =1.0 is set.
DENSTY(NXA) Projectile density function, pp(r2).
LAMMXD(3)* LAMMXD(1)=Maximum value of A; in ff.

LAMMXD(2)=Maximum value of Az in ff.
LAMMXD(3)=Maximum value of X in ff.

LBXD(4) Orbital £y for the composite projectile system .

(In case of mp > 4, BSAXON is called for ¢p(r2). )

NOSTX # of bounds states in case of mp > 4.

Used subroutines : DCP2, DCHEK1, DCHECK2, PDENST, FFCALD, FFCALDM,

XLMCAL, FFCALE, TRECAL, DENST, GFAC, PACALE,
FFCALEM, TRECALM, DENSTM, GFACM.

55



B.2.8.3 COMMON block CCKF

Variable name Definition

Stores t1, 1,41, k, and ¢; values in possible combinations of {t1s1¢1k¢;}.
LIKFD(KFM) ¢;, =L1R(NLS)*.
ISKFD(KFM)  s7, =ISR(NLS)*.
KKFD(KFM) k, =0 or 2.
LTKFD(KFM)  ¢;, =LTR(NOLTR)*.
KFMAX # of all possible combinations of {¢;s1¢1k¢;}.
ITKFD(KFM)  ¢;, =ITR(NLS)*.
NLSKFD(KFM) Corresponding # (NLS) of {{1s1t1} set.
NLTKFD(KFM) Corresponding # (NTS) of 4;.
LTMIM Smallest ¢; value.
LTMAX Largest ¢; value.

Used subroutines : DCP2, DCHEK1, DCHECK2, FFCALD, PACALD, FFCALDM, XLMCAL,
FFCALE, TRECAL, GFAC, FFCALEM, TRECALM, GFACM, CROSS.

B.2.9 CGFACA, CGFACB, TREDEN - Exchange form factor calculations
B.2.9.1 COMMON block CGFACA

Variable name Definition
KAMAX Max. possible combinations of KA={KF=(t1s1¢1kl;), M} in [Eq.(35)].
KCMAX Max. possible combinations of KC:{KB:(tlslﬂl)\l%), A2} in [Eq.(33Db)].
KGMAX Max. possible combinations of {KC, A} in [Eq.(33b)].
JLSMX Max. possible number of {¢;s101kl;, .05} in [Eq.(36)].

KBBSD(10) Stores KB value for a given {t1s1/1} set.
LAMD(KAA) A for a given KA set.
KBC(KCC) Stores KB value for a given KC set.
LAM2PC(KCC)  \g for a given KC set.
LPP1C(KCC) ¢, for a given KC set.
LLP1D(KCC) ¢+ 1 for a given KC set.
NINTC(KCC) 3t; + s1 + 1 for a given KC set.
Used for choosing correct array of the effective potential.
KAD(KGG,5) Stores KA value for a given (KG,NLS) set. NLSMAX=5 is set.
KCD(KGG) Stores KC value for a given KG set.
NLSD(KGG) Stores NLS value for a given KG set.
CLEBF(KAA,5,5) Calculated following geometrical factor in [Eq.(35)].
CLEBF(KA,M1,NLS) = 52220((0Am/[¢ym) 15— (=)™
Calculated in subroutine GFAC.
CLEBQ(KCC,5)  Calculated geometrical factor of partial projectile density in [Eq.(33b)].
CLEBQ(KC,M2) = 52 10(£0¢,ma| Ayms)
Calculated in subroutine GFAC.
COEF(KGG) Calculated following geometrical factor in [Eq.(33b)].
COEF(KG) = ﬁ(—)%12(A10A20|A0)W(A1A251£; L)
Calculated in subroutine GFAC.

2
1+5m20 :

Used subroutines : DCHECK?2, FFCALE, TRECAL, GFAC, TENSOR, PACALE,
FFCALEM, TRECALM, GFACM.
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B.2.9.2 COMMON block CGFACB

Variable name Definition

JLSPMX JLSMX for tensor part. Max. possible number of {t1s5101,k = 2,4, 00y}
JLSCMX JLSMX for central part. Max. possible number of {¢15101 = £, £,0p}.
NLTD(NLS) Store NLT value for a given NLS. NLSMAX=5 is set.
KKD(KJL) Store KK=A*NLSMAX+NLS for a given {t1s1¢1kl;, loly} set.
LAD(KJL) l, value for a given {t1s101kly, 0ol } set.
LBD(KJL) ¢, value for a given {t1s101kl;, C, 0y} set.
LYD(KJL) =0 if /1 = ¢;, otherwise 1, for a given {t1s101kl;, (o0} set.
LTD(KJL) ¢, value for a given {t1s101kl;, 0oy} set.
NND(KJL) Store LB*NOLTR+NLT for a given {t1s101kl;, Loy} set.
CLEBD(KJL,10) Calculated the following factor in [Eq.(18)] for a given {t1s1¢1kl;, Loy} set.
CLEBD(KJL,M1) = ite=%%70, (0,00ymy, |ymy, ).
Calculated in subroutine PACALE.
CCDD(KJL,10)  Calculated following geometrical factor in [Eq.(33b)].
CCDD(JLS,M1) = {3(¢omls0|¢1m)
Calculated in subroutine GFAC.

Used subroutines : FFCALE, GFAC, TENSOR, PACALE.

B.2.9.3 COMMON block TREDEN

Variable name Definition

GWT(N1X,NIN,LM?2) The following part of nonlocal target density of [Eq.(31b)].

2 s (60N 041 [ Ry (7)Y, (8,00, (67,00t
Argument (N1X,NIN,LM2) = (ry,r, {€}, A\1}).

Calculated in subroutine DENST.

TRHO(N1X,NIN,KBB) The nonlocal target density, p%h/\léc (r1,7), of [Eq.(31b)].

Argument (N1X,NIN,KBB) = (r1,r, KB = {t15101, A\1£4.}).
Note that £, = £, in the original paper.

Calculated in subroutine TRECAL.

Used subroutines : FFCALE, TRECAL, DENST.

B.2.10 CGGR, AMPD, OVDE - Form factors and Transition amplitudes

B.2.10.1 COMMON block CGGR

Variable name Definition
GGRI(KFM,N1X) Direct form factor, f7 , 1/, (ra), of [Eq.(27)].
Argument (KFM,N1X) =({t1s101kl}, 14).

or
GGRIE(KFM,N1X) No-recoil exchange form factor, ft]:zbelket (rp).
Argument (KFM,N1X) =({t1s1¢1kl:}, ).

Used subroutines : FFCALD, PACALD, FFCALE, PACALE.
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B.2.10.2 COMMON block AMPL

Variable name  Definition
AMPD(700,8) The direct overlap integral, 055141,%74@& of [Eq.(19a)] multiplied by
a geometrical factor CLEBD(KJL,M1) calculated in PACALD.
Sums over {t1s101k,{,} are done.
Argument (LBLT,M1) =({¢y¢;}, my,). LBLT=700, and M1=8 are set.
AMPE(700,8) The same as AMPD, but for the no-recoil exchange form factors.

Used subroutines : PACALD, PACALE, TENSOR.

B.2.10.3 COMMON block OVDE

Variable name Definition
OVDD(50,10,10) The direct transition amplitude, Q?SIZIMWQ, of [Eq.(18)].
Argument (NT,LT,M1) =(6, ¢, my,). LT=10, and M1=10 are set.
OVED(50,10,10) The same as OVDD, but for the no-recoil exchange form factors.
TH(50) Angle 0.

DELWN(50) Momentum transfer corresponding the angle 6.

Used subroutines : PACALD, PACALE, CROSS.

B.2.11 CPWFAC, CGFACC, CXLM - Plane wave approximation for exchange

form factor

B.2.11.1 COMMON block CPWFAC

Variable name Definition
TFAC(3,10,10) CG coefficient in the transition amplitude in [Eq.(12)].
TFAC(MT ,MJT,LT)=(s¢mjim;, |leme, )/ (
Argument (MT,MJT,LT) =(my, m;,, 4;).
LRP1MX* Maximum angular momentum of ¢, + 1 in the PW approximation.
(By inputting LRPIMX=1, NR approximation can be obtained.)
FACNR* Recoil factor a.. 1.0 is suggested. (See Formulation 3.3.)

1+5i%0) for a given (s; =1, j;)

Used subroutines : DCP2, DCHECK?2, FFCALDM, FFCALEM, GFACM.

B.2.11.2 COMMON block CGFACC

Variable name Definition

KADD(KGG) Stores KA value for a given KG set for the modified version.

CCDDD(KJL) Calculated following geometrical factor for the modified version.
CCDDD(JLS) = i™ =t kA(KOX0|6,0) 010, W (EsMik - 10,.)
Calculated in subroutine GFACM.

Used subroutines : FFCALEM, GFACM.
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B.2.11.3 COMMON block CXLM

Variable name

Definition

XLMRI(LTL,LM1,NXA)

LLPIMX

(47r)3/2

The distortion factor, Iz,m, (ra), defined as

Tk 2laly ita=tF 74 (0,00, |0ymg, ) e, 0,0, X0, (Ta) X0, (Ta)-
Argument (LTL,LM1,NXA) =({;, my,, 7q)-
LLPIMX=L1R(NLSMAX)+LAMMXD(1)+1.

Used subroutines : DCHECK2, FFCALDM, XLMCAL, FFCALEM, GFACM.

B.3 List of Key variables

Variable Function Argument Current Calculated Stored
notation dimension subroutine common
USAVP(NP*N1) Ry, (r1) r1 X # of £,) NPS*N1X BSAXON CBST
USAVH(NH*N1) Ry, (1) r1 X # of £p) NHS*N1X BSAXON CBST
DISWA(LA*NA) X¢, (Ta) (rg x # of £,) LXA*NXA OPT DISW
DISWB(LB*NB) Xe, (75) Ty X # of ) LXB*NXB OPT DISW
ALPHA(NLSK,NT) aﬁi’;zk& (K, ly) (30,6) AFACAL SPECFC
R = {t131€1 k}
VV(NI,12) tilslk(r) (r, {t1s1k}) (NIN,12) EFFINT(I) FFCC
1=0, Dir. 1=1, Ex.
DENTY(NA) pp(re) ro NXA DCP2 CDENS
RHOD(NX,NI,LM) pg/\Q (rh,r) (rh,r, A2) (NXA,NIN,LMM) PDENST(0) CDENS
0; Dir.
RHOT(NH,LM) pg/\zwl (ra,r1,7) (r, \2) (NIN,LMM) FFCALD Dim.
(fixed rqr1; €il7)
RHOE(NX,NI,LM) plg& (rh,r) (rh, 7, A2) (NXANIN,LMM) PDENST(1) CDENS
1; Ex.
RHOT(NH,LM) PIE;,AQ&& (ry,r1,7) (r, A2) (NIN,LMM) FFCALE Dim.
(fixed rpry; €elr)
TRHO(N1,NL) pﬁgl (r1) (r1,41) (N1X,5) FFCALD Dim.
TRHO(N1,NLLKB) p%hhfc (ri,7) (ri,7,0)) (N1X,NIN,KBB) TRECAL TREDEN
B = {l i}
GGRI(KF,NA) ff(ra) (v,7a) (KFM,NXA) FFCALD CGGR
Y= {tlslﬁlkét}
GGRIE(KF,NA) N (r,) (v, 7a) (KFM,NXA) FFCALE CGGR
GGRI(KA,NH,NL) waﬂlﬁb/\(rb’ T) (o, 7ym) (KAA,NOU,L1X) FFCALE Dim.
(fixed ryp) a = {l\}
n={tisilr}
FFRIT(JLS) f'febfa (ry,7q) {7, tla} (KJL) FFCALE TAPE
(fixed rp,7rq)
AMPD(KF,M1) OD,éaéb (v, my,) (700,8) PACALD(1) AMPL
AMPE(KF,M1) O .0, (v, my,) (700,8) PACALE AMPL
AMPE(KF,M1) O&ﬁéb (v, my,) (700,8) PACALD(2) AMPL
OVDD(NT,LT,M1) Té]tjmet (l%b) (O, £, my,) (50,10,10) PACALD OVED
OVED(NT,LT,M1) Tfmet (/%b) (O, Ly, My, ) (50,10,10) PACALE OVED
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B.4 Variables on the TAPE

Variable  Arg. Function WR unit Tape # Write Read remarks
subroutine subroutine

FFRIT  (JLS) wao,Ma (ro,7a) {70, lola} 13 FFCALE TENSOR Central Ex. ff
(fixed rp,74) JLSCMC
7 = {tisiti, k=0,¢4}

FFRIT (JLS2) fsz,Zbéa (ro,7a) {72, lola} 14 FFCALE TENSOR  Tensor Ex. ff
(fixed 1y, 7) JLSPMX
vo = {tisil, k=24}

GGRIT  (JLS)  fE +fEy {10, 0la} 15 TENSOR PACALE Total Ex. ff

(fixed 1, 74)
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