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Prgface

Tﬁi;-ﬁ;nﬁai déscribes the new export versiom of the DWBA code DWUCK4.
This program has undergone many changes and additions aince the previous
version 09/AUG/1969 was released. The main features of the program over
the older version are 1) coherent summing of amplitudes for different
angular momentums, 2) and spin(s) transfers, 3) change in the angular
momentum algebra to agree more closely with that of Satchler (Nuclear Physics
33 (1964) 1), 3) first order finite range correction for multi-nucleon trang-
fer,
may be divided into two roughly equal sections for overlay purposes, 6) an
automatic spin shut-off feature on the distorted waves when no spin orbit
potential {s given so that only the needed radial wave functions and radial
matrix elements are computed, 7} a slightly smaller physical size of the
compiled program even though the number of FORTRAN cards has increased con-
siderably, 8) correction of overflow difficulties in the angular momentum gub-
routine for lerge angular momentum transfers, 9) comversion carde for use on
an IBM 360/370 serles computer.

The input data for DWUCK4 is compatible with the previous version except
for three instances. The first is that the Q-value convention for the second
distorted wave is now the standard option, the second 1s that the two-nucleon
form factor input has been revised, and the last change is that the order for
the form factor cards and distorted wave 18 reversed, the distorted wave cardg
are now card sets 5 and 6 and the form factor card sets then follow behind ag

card aet 7,

The conversion to other computers other than the CDC 6600 and 7600 series

computers should be atraightforward except for the double precision cards needed

by the IBM 360-370 series machines. The present program contains a subroutine

4) the slagtic and inelastic cross sections may be plotted, 5) the program

&

CUDATE which converts the CDC display code for the TIME and DATE into

integer form so that other ugers may construct a similar decoding routin?

for their in;tallation. If this i3 too much trouble‘you may just replace

the subroutlr;e CUDATE with one which sets the TIME and DA’[‘EV to zeros., (me
further n;ce is.that the program contains an internal storage of 2048 words

for a buffer in order to reduce the number of requests to access the. massg
staorage unit (TAPEL) for storage of the distorted wave radlal wave fqnctions.
This is necessary at the University of Colorado facility because the charging
algorithm penalizes heaﬁily for access requests to magnretie¢ disk or tape, This
featurc 1s easlly removeble for 2 107 reduction in storage requirements for the
program, ‘ ' )

The program DWUCK4 1is at chis‘time thought te be free of the more easily
féund errors although there may be some difficulties arieing from cases which
surpass the testing 1imit§ which 1 have bgcn able to reach with a finite number
of test cases. )

If theré ig difficulty with the program usually one can uncover some
i;compatibility in the data cards, but in case of unfathomable trouble, I
would like to know about it in case our error exists in the program, The begt
way to inform me of your tgoubles is to send the output and da?a'cards'from
the run that is éausing_the treuble along with a short note of what caused
you té suspect sn erroneous output. If I cannot find the trouble from the -
output then I can run your teést case with my versionm to seg‘ifll can reproduce
the symptoms, If rhis falls, then I will request further information frgm you,
The main vaiue of the prog;am, I feel, is that the user should be able to solve
any difficulties that he may have with it,

1 wish to thank Professor Ernest Rost for his interest and helpfu{,coumnnts

on the program during the seven years of evolution to the present versigq and 1 .
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also am grateful to Professor J. R. Comfort for his suggestions of some of

the additcions and {mprovementa to the program,

S8incerely yours,

P. D. Kunz
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&, General Degcription of DWUCK

The cbmputer program DWUCK calculates the scattering differentisl
¢ross section for a genersl form of the distorted wave Born approximation
(DWBA). The incoming and outgoing waves may be in any combination of
spin O, spin 1/2, or spin 1 particles. The spin dependent parts of the
optical potentials for the distorted waves must be diagonal in the total
and orbital angular momentum, The calculatione are performed in a gzero
range form between the coordinates of the incoming and ocutgoing waves,

This specialization is not important for the usual inelastic scattering
theories, The particle transfer reactions can be treated with this program
with a local energy approximation for the finite range effects, However,
reactions such as heavy particle stripping and knock-on teactfons cannot be
calculated with the program since the finite range effects are important and
are not included in the present computer code,

The DWBA computer code DWUCK calculates a tramsition amplitude for the

reaction A(a,b)B of the form

T- JJ?.*:J“@ X G (bBIV I A> X, (i) @

where x; and ‘x: are the distorted waves, Xq and I, are the relative coordinates
for the systems (a,A) and (b,B) respectively and J is the Jacobian of the
tranaformation to these coordinates. The quantity {bB|v] 2A) is the form
factor for the resction and must contain a delta function for the coordinates
I and Iy In the absence of spin the distorted wave x: describes asymptoti-

cally a plane wave of momentum k plus an cutgoing scattered weve which in the

case of no Coulomb potential has the form

G
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The final srate distorted weve which has an incoming scattered wave condition
is relsted to the solution with outgoing waves by time rever551

- (3)
D) = TR,

- +
When the particles 2 and b have spin the functions ¥~ become matrices in

8pin space X:'m' The relevant time reversal condition is

1
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The factor (bB|V|as) which contains the nuclear structure information
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The quantity BLS_‘I 1z a measure of the strength of the interaction and is equal

§ ,
to ‘!_.‘_.,__‘“ A
. J)qol ﬁa“

JULIE,

'th.ere AL” is the spectroscopic coefficient wsed in

The distorted waves xm.m(k,r) ¢an be written as
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With the definitions of (bB|v|aA) and the distorted waves Ayt (RT) we

The dgm are the rotation ﬁmcl:itmsl) for integer spin. The radisl part of

P o -
the distorted waves satisfies the equation. A Y Toly N Lhuda O wmg 1 wa <LB Bl Macemy g | J, me 9
A (]
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vhere the boundary condition at the origin is XJL(k,O) = 0 and for large r C‘ Ly (-_5__ IJ PR 4 basbe -k
& - 1 adq Tp Xy
{where U + U‘ll' may be neglected) the xn(k,r) slso satisfies the boundary o Wasta -Wy, A
condition
] e 0 In the above expression the usual nine -j symb0122 appears,
| 1 Ckny - Rl er]e " { 3, appears.
’X {kr) — L _ The radial integrals are defined as
Je

r~sow e

I e Can X (ke dn) B, 00 Xog Lhen)

Jefalp 2,

Here IIL(kr) - GL + 11’1 is the outgeing wave Coulomb function, ‘n‘;‘ is the 3

N -1
reflection coefficient and a is the Coulomb phase ghift, The quantity -—gi— )
If we define the bet e :
is the usual elastic partial wave scattering asmplitude, The functions XL ico fﬁ.cientsL as
' M g WMy N\ LTl T :
are computed by numerically integrating the differentisl equations to a value of = Tab Jp L < Lo 2,0 MmulTam,

Aays Ly .
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r where either the potentiale U + Ui are negligible or where the form factor

lej(r) makes a negligible contribution tc the reaction, The % g, are matchad

to the Coulomb functions Gl. and FL at the last two integration points to g (,: ib ;_l. L _Ulua lmir! I tay
determine qi and the overall normalization constants. * ia da Te 5 L atmid! JataJu b,
1 and '
) A, R. Edmonds, Angular Momentum in Quantum Mechanics, Princeton University LY PR - N Mo~ angy
& Wy
Press, Princeton, N.J., {(1957), p. 55. _ SJ,"' = L Ly ﬁ}.ﬂ P I3L|. (9 )
2)

A. R, BEdmonds
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then we may write the transition amplitude in the form

. hA Wy e
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The differential cross section for the A(a,b)B reaction is defined in terms of

T by

}Aﬂ/“b k_s ! !
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where Ea and 1’1’ are the center of mags energies for the entrance and exit
channels respectively.
The program DWUCK computes the cross sections with the different normaliza-
tion depending upon whether the case is a particle transfer reaction or im-

elastic scattering reaction. The two cross sections are

T
4 _ LS PN
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ow 4 £ By kol ABT 25,4 T omeate By
s ma X i “
14 ! 1 b Mea g
G.—p-'-‘f' - __,l._ —'-- _E_? £.) 2 +! Z‘W\Wak‘b \ S’ea . l
bw 40 . B, ke {AB o !

% Ma = My
v v - 107t
in units of -Fm /STeY [: | 'rm = jo wmb = {0 _] .

i0

Therefore the c¢ross section is
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Card Set 1
{t card)
i 1CoN(1)
1 0

1,2
9
2 0
1
2
3
3 [}
1
2
4 0
1
2
5 1]
#0
6 [+}
$0
7 1]
0
8 0
*0
9 4]
N
A(LD) 0
0
B(11) 0
$0

b

TCON(16), ALPHA
FORMAT (1611, 4X, 15A4)

Function

Do not read in card set 2 (angle data}
Read in card set 2
Calls EXIT to terminate program

Computes collective or single particie form factors
Use form factors from previous run

Computes two-particle form factors

Computes collective form factor and two-particle form
factor, Read in two card sets 7 for each L transfer:
collective first; two-particle set second.

Use same form factor for each L tramsfer,
one form factor card set 7.)

Use different form factor feor each L tranafer,
one set of card set 7 for each L transfer.)
Same as ICON(3)=] except the cross section is the coherent
sum of amplitudes from each L transfer

(Read in only

(Read in

Prints form factor before finite range and non-local
corrections

Suppresses form factor printing

Suppresses form factor and intermediate print-out from twe-
macleon form factor caleulation

Prints elastic § matrix = (exp(thLj)-l)l21
Suppresses elastic § matrix print-olt

Suppresses elastic scattering cross section print-out
Prints elastic scattering cross gections

Suppresses radiai matrix element prinmt-out
Prints radial matrix elements

Suppresses inelastic scattering amplitude print-out
Prints inelastic scattering amplitudes

No plot of inelastic cross section
Plots inelastic cross section with N-decade log scale

Usual non-relativistic kinematics
Relatiwvistic kinematics

Suppresses form factor print-out after finite range and non-
local correcticns

pPrints form factor after finite ramge and non-lecal
corrections

c(12)

D{13)

E(14)

F(15)

G(16}

Alpha

Card Set 2
(1 card}

Card Set 3

21 of the card

il

Suppresses radial wave function of DW print-cut
prints out radial wave function of DW every NER point

juppresses inelastic cross sectlon punching
punches inelastic cross section

Suppresses elastic cross section punching
punches elastlc cross section ratio to Rutherford

Suppresses print-put or K(r}»*2 of disterted waves
prints out K(r)**2 of distorted waves

No plot of elestic cross sections
Plots elastic c¢ross sectlons ratio to Rutherford
with N-decade log scale

Aoy 60 alpha numeric characters to identify the run, beginning in column

Angle lnpuc
I1f ICON{1)=1 the input of card set 2 is interpreted as

No., of angles, First angle, Angle Increment,
FORMAT (3¥8.4)

if ICON(Ll)}=2 the input of card set 2 is jnterpreted as

Last anple, Flrst angle, Angle increment,
FORMAT (3F8.4)

The program has z set of standard angle data pre-stored for
the interval 0° to 180° in 5 degree intervals which will be
used untll changed by reading In a card set 2, The first

angle may be +00.00 since the program will check for a zero
angle when computing the elastic scattering cross sections.

LMAX, NLTR, (LTR(I),I=1, NLTR), (JTR(L},Y=1,NLTR)
FORMAT (1213)

LMAX the maximum partial wave used in the c¢ross section, The
limit is glven by 300/ (2s +2s,+2)-1, where s_ and 8, are the
sping of the initlal and %ina? projectiles,

NLTR the number of angular momentum transfers allowed per
case. A maximum of 5 is allowed.

LER(1)
JTR(1) twice the total angular momentum tramsfer., If the spin

transfer ocn the form factor cards 1s 0 then JIR(I) can be
omicted and JTR(I)=2%LTR(I) 16 used as a default value,

the orbital angular momentum transfer

-
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Card Ser & DR, RMIN, RMAX, COUEX, FNRNG, AMASS FORMAT (5F8.4)

DR integration step size Card Set 5 Initial distorted wave data set

RMIN lewer cutof{f on the radlzal integrals (wlnimum of

+RMAX upper cutoff on the radial integrals : 2 cards)

COUEX Coulomb excitation scale factor

FNRNG finite range parameter

AMASS sets the relative DR scale for the form factor and

distorted waves Card 1 £, MP, ZP, MI', 2T, R__, AC, PNLOC, 2*FS, QCODE
(Kinematic card) FORMAT (10F8.4) oe

The limitation on DR and RMAX iz RMAX/DR < 400, A plus sign

tfor RMAX allows the pragram to override RMAX by bullt-in E [.aboratory energy of initial projectile {(must be non-zero)

eriteria up to the maximum of 400 integration points altowed MP Projectile mass (in AMU unlts)

by storage. The minus sign defeats the override provision Zr Projectile charge

and uses iRMAX| as the upper cutoff on the integration of Mr Target maszs (In AMJ units)

the distorted waves and radial integrals, ar Target charge 1/3
R . Coulomb charge radius (R =Ry ML )

If AMASS=0.0, then the mass of the target of the first dis- aB Coulomb charge diffuseness (not used)

torted wave 1s used in the relative scaling of DR. This may PNLOC Non-local range parameter

give an uncomventionai scale of B*DR/A for the radial points 2%Fs  Twice the projectile intrinsic spin

of the form factor for pick-up reactions. If you don't mind, QCODE @ coptlon {used for card set 6)

lec the program use the default option, AMASS=0.0. However, Cards (2-N)

1f you do mind, then ser AMASS equal to the target mass used (Potential cards) OPT, VR, Rqy, AR, VSOR, VI, Ryy, AI, ¥SOI

in the form factor. FORMAT (lOFg.ﬂ}

A positive FNRNG will generate a Hulthen form of the finfte QPT Potential option

range corraectlon facror while a negative FNRNG will generate VR Real well depth 1/3

a Gaugsian form of this factor except for multinucleon trans- ROR Real well radius (RR=RDR Mr )

fer reactions, 1In this instance only the Gaussian form is AR Real well diffuseness

allowable, VSOR  Real well Thomas spin orbit factor
V1 Imaginary well depth 1/3

Imaginary well radius (R1=R01 ML )]

Ror

A? Tmayinary well diffuseness

VSOOI  Imaginary Thomas spin arbit factor

POWRE  Extra warlable used for some potential options
(described later in potential option desgcriptions)

Any number of potentlal cards may be used and the resulcing potential will be
the sum of potentlals defined on the cards. If OPT is a negative option that option
wlll be computed and the potential string will be ended and the next card set will
be read in, 1If QP! is zero, ne potential will be computed and the mext card set will
be read in,



Card Set 6
(minimum of
2 cards)

15

Final distorted wave data set

card 1 is the same as in card set 6 except the parameter
E i1s interpreted in three different manners depending upon
the QUODE parameter.

QCODE > (.0 E is ELAB of time reversed reaction
QCODE = 0.0 E is ¢ of reaction
QCODE < 0.0 E is the partial @ where Q = E + QUODE

This last option allows ome to enter the ground state in the fleld
for E and allows minus the excitation emergy of the state to be
entered in the field of QCODE so that the total Q is computed by the
program,

The remaining cards of set 6 are defined in the same manner as cards
(2-N) for card set 3.

Card Set 7
(ninimum of
2 cards)

Card 1
(kinematic card)

Card (2-N)
(Potential cards)

Card (M+1)
{quantum number
card)

i6

Form factor data set for ICON(2)=0. This option will
give a single particle or collective type form factor.

E, MP, ZP, MT, ZF, R, AC, PNLOC, 2#FS
FORMAT (1OT8.&)

£ Binding energy of single particle

MP Mass of single particle

e Chexrge of single particle

MP Mass of core binding single partiele
ir Charge of core binding single particle

R.o Coulomb charge radius (Rc=R°cM'1‘1 3

A% Coulomb charge diffuseness {not used)

PNLQC Non-~local range parametex

2%F5  Twice the spin transfer for this form factor

game as for card sets 5 and 6 of the distorted waves.

if E ¢ 0.0, the form factor computes a single particle
orbital bound by E in the potemtial defined by the
potential cards, In this case an addicional card is
needed to define the sngular momentum quantum numbere
of the orbital,

FN, FL, 2%FJ, 2%FS, VTRIAL, FISW, DAMP
FORMAT (10F8.4)

N Number of nodes excluding the origin and infinity
FL Orbital angular momentum of the particle

2¥%FJY Twice the total angular momentum of the particle
2+F5 Twice the intrinsic spin

YTRIAL Scaling factor for the bound state potentials
FISW Search control for bound state

DAMP Damping factor for single particle wave function

FISW = 0 Search on well depth, 1.e, VIRIAL, for fixed
binding energy
1 Search on binding energy, i.e. E, for fixed
potentials
2 No search {for E> 0 only)

DAMPAOC A damping factor exp{-DAMP*r) multiplies the
Yhound”" state functiom and the function is then
renovmalized to 1,0,

‘the total potential is the product of VIRIAL and the real

part of the potential defined by cards (2-N). For the usual

bound state VTRIAL*VR must be less than zero. If VIRIAL ia
left blank a standard value of VIRIAL = +60.0 is used. In
this case VR should be -1,0.

1§ E=0.0, a form factor defined by the potential optiens is
computed and card M+l should be omitted.

o



Card Set 7

Card 1
(option card)

Cards (2-N)

17

Form factor-data set Ffor ICON(2)=2, This option will
compute a twg-particle type form factor.

13

CNiRL, QCOUE, FLMU, VZFRG, FJ2, FJI, FiF
FORMAT (7F8.4)

CNTRL = 0.0 Read zers sets of orbital cards and EXIT From
form facter calculattion

.0 Read one set of orbital cards

0 Read Lwo sets of orbital cards

"

QCOovL 0.0 No option

1.0 Yukawa potential microscople form factor
2.0 Coulomb potential microscopic form factor
3.0 Tensor potential microscopie form factor
4.0 Not used

5.0 1
6.0

[wo nuciecn transfer microscopic form factor
Zerc range knockout microscople form factor

FLMU = (Range)"l of potentials for options 1 and 3 above
= RMS radius of Gaussian wave function For "triton"
in option 5 above,

VZERO = Strength of potential for options 1, 2, and 3
= Spectroscopic amplitude for transfer reaction in
option 5
= Volume integral of two-Pody potential in option 6
Here volume integral = | V{rlexp(iK-1)dr

FJZ = 2% spin of core (j2) to which single particle ig
coupled in optioms L, 2, 3, and &

FJI = 2% spin of initial nucleus 31 + J2 = JT
in options 1, 2, 3, and 6

FJF = 2% gpin of final nucleus il' + 32 = JF
in options 1, 2, 3, and 6

Following card 1, place one or two sets of cards defining
the single-particle orbital, See card set 7 for ICON(2)=0.
1f the second orbital Is ideatical to the first ¥ou may use
CNIRI=1.0 and the program will use the results of the first
orbital calculation as the second orbital wave function and
will not read in the second set, The program will attempt
to read in a new card 1 of this data set and coherently

add the forwm factor contributions until a CNTRL=0.0 is
detected and the preogram will terminate the caleulation

of this form Factor, A negative CNTRL will alsa give &
coherent contribution to the form Factor but the calcula-
tion will terminate similarly to CNTRL=0.0,

13

A number of varlations to the standard options may be
made, The list deseribed for QCODE < 10.0 will treat
the form factor as a purely real functlen, If you
increase the QUOLE by 10.0, i.e, 1.0 becomes 11,0,
ete., the program will treat tha* part of the fonn‘
factor as purely ilmaginary, 7Thus by use of a QCORI
number less than 10,0 and another one greater than
10.0 one can gencrate both reel and imaginary parts

of the form factor. Further, the use of a negative
QCODE will use the single-particle orbitals generated
by the previous QCODE to caleulate the contributlon

to the form factoy, Hence the sinpgle-particle orbital
cards can be owitred snd in this way one can calculate
multiple contributions such as a Yukawa interaction
plus a Coulowmb term without repunching the orbltal
cards for the second potential option,
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Potential optivns available for card sets 3, 6, and 7. OPT = 7.0 Surface Wood-Saxon potential #*r#*POWR

OFT = 1.0 Volume Wood-Saxun potential v(r) = [VR*df(xR)/dXR “+ iv}mlf(xl)/dxl]*r*.,\-y@wR

V(r) = VRX ) + iVI¥E(X ) OFT = 8.0 External Form Factor
1/3 This option reads Ilm a form factor from the input file, In
TRy M -1 addition Lo the option card you must add g separate cerd to
f(xi) = (1 + exp A =] specify the number of poimts to be read in and whether the
i form factor is real or imaginary,
Note that for attractive real and absorptive imaginary F1,F2
potentials VR and VI must bhe negative. FORMAT (2F8.4)
OFT = 2.0 Surface Wood-Saxon potential FL Number of points to be read in
¥2 =0,0 places points in real part of form factor
v(r) = Vk*df(xR)IdXR + 1VI*df(XI)/de =1,0 places points in imaginary part of form factor
Note that for attractive real and absorptive imaginary This card is followed by the necessary cards containing the
potentials VR and VI must be positive. Further, this form factor 5 points pexr card.
form has no factors of 4 s¢ that Visé4 Wy where Wy 1s the
other convention of expressing the strength of tHe surface FF(L) Form factor points
shape potential. FORMAT (5E16.7)
QPT = 3.0 Second derivative Wood Saxon potential The form factor FF{I) is scaled by VR or VI depending upon
2 whether F2 ia 0.0 or 1.0, If VR and VI are zero ot blank,
V(r) = VR*d E(XR)/dxzR + iVIﬂ—dzf(xI)/dxl2 the form factor is scaled by 1,0,
-9, Normalized Harmonie Oscillator
OPT = 4.0 L'S potential from a volume Wood-Saxon potential OPT = 9.0

1 V(r) = VR*N L{r/R__} exp{-y(r/R __)#*2}
Vig(®) = (-VR* — dE(X }/dr - {VI* ;L dE(X)/dr) LS ( OR ¥ OR
where N=normalizing constant for the harmonic oscillator functions

Note that the potential is defined im terms of L+S and such that

contains no (h/mnc)2 == 2 factor. The streagth VYR is 4
times the strength used when the (/myc}® factor and L'c
conventions are used for protons and neutcrons, but only
a factor of twe is needed for deuterons since the Vv
then 1a usually given in terms of L-5.

!(V(r))zrzdr = (VR)2

o

3
LS Kﬁ+‘(rlR0R2) is the Laguerre polynomial

Note that the radius parameter fs R __, the quantity input on

the potential card and mot RR’ which®is RORMT**(IIB).

The VSOR parameter used in option 1 will give a spin orbit
potential the same as option 4 with the same geometry as
used in option 1., The VSOR parameter is then the usual A

factor used im multiplying the Thomas term and has a value of OPT = 10.0 GAUSSIAN #T#rPOWR
about 25 for protons and neutruoms. 1n this case
= YR¥ - AKZ) * p KR
V. () = -vge YSOR 1 df(XRl s V(ry = VE% exp(-(r)/R, )¥*2) * r *¥POWR
LS 45.2 r dr +ivix exp(—(r/ROR)**Z) * 1 *kPOWR
OPT = 5.0 L-5 potential from a surface Wood-Saxon potential OFT = 11.0 Legendre expansion of volume Wood-Saxon potential
1 d d
= {+YR¥ — - i - . " °
Yis) = CVRE T g AT/ - WIX e dEGE)/AXg) LS v(r)= [[VR % £(X (x,0)) + VIEX,(£,6))] ¥ (@) do
OPT = 6.0 Volume Wood-Saxon potential #r**POWR ks
where E(X) = 1.0/01.0 + exp(X)]
VET) = [VR¥E(X ) + iVI*F(X_ )] r**pOoWR N . @
ES 1 X o= {r = R(LO+ B e Y png) 174y

vy

i kad



OPT = 12,0

OFT=1.0

OPI=2,0 and
OPT=3.0

OPT=4.0 and
OPT=5.0

OPT=6.0 - 11.0
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LTR is the L transfer specified for this form factor from
card set 3,

An extra card 1is needed to follow the OPTION=11.0 card,

BETA, LDRF
FORMAT (2F8.4)

BETA is BLDRF’ the deformation parameter

LDRF is the multipole of deformation and can be different
from LTR.

Legendre expansion of surface Wood-Saxon potential

df df °
v(r)= T{vn* a= (X)) = IVI*® (X )] ¥ {540
LTR i dXR K dXI I LTR T

where f{{) and ¥ have the saswe meanings as in GPTION=11.0,

The extra card is needed here also to specify ELDRF and LDRF,
In options 11 and 12, VR and VI have the same sign conventions
as are used in options 1 and 2, TFurther DWUCK treats LTR=0
differentiy Irom other values of ITR when used as a form factor
as a result of options 1,2,3,11, and 12. 1In these cases the
V(r) for LTR=0 is congidered to be the coefficient of P_(0),
the zero Legendre polynomial, whereas V(r) for LTR>0 %a
considered to be the coefficient of YBTR’ the usual assumption
of DWUCK angular momentum algebra. 7 Hence the LTR=0
calculations need to be multiplied by an extra &7 factor,

This ambiguity does not apply to the single particle, miero-
scopic, or twe nucleon transfer form factors.

GPTIONS 11 and 12 may also be used as potential for the disteorted
waves. In this case, LTR=0 is set by the program.

Form factor aptions for ICOM{2)=0 and E=0.0,
These options have the basic form as dencted in the potential

option description except for the following cases.

F(r) = VR*f(XR) * (RR/AR)**(POWR+1.0) + VI*F(XI)*(RI/AI**(POWR+1.0)

The real amd imaginary parts of the form factor are maitiplied by
(RR/AR)**(PUWR+1.O] and (RRIAR)**(POWR+1.G) regpectively, as in
the case of OPT=1.0. .

These options are not avallable as form factors,

These options give the same Jorm and normalization as in the
options for the potential functions.
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Conlomb Excitation Addition to the Form Factor

In many cases the inelastic scattering cross section is strongly affected
by the Coulomb part of the interaction of the projectile with the nucleus,
This may be put in the scettering prescription two ways. The first 1s the
collective form and this is controlled by the parameter COUEX which Ls entered
on card set four, An additional term is added to the form factor during the
time of computation of the radisl integrals of the form

3.0*gk2T e2 RC *&L

Ecoul
2+ 1 rHk(E4+1)

Lot

(r) = COUEX * r > RC

= 0,0 r < RC

where the parameters Z, IT, and RC are taken from the kinematic card for the
form factor, In this fashion the radius used for Coulomb excitation can be
different from the radii for the distorted waves, For the usual colleetive
excitations one uses COUEX = +1.0 although any other scaling may be used that
the physics requires,

The secend way is via the microscople inelastic form factor. This method
is separate from the collective form described above and COUEX should be set
to 0.0, Tor this method one uses the Coulomb option in the microscopic form
factor version and the strength of the interaction sust be 2Z'e? where 2zz' ig
the effective product of the projectile and target charges and e?s1,44 MeV-fm.
Care mist be taken in order to correctly phase the nuclear strength and Coulomb
strengths to obtain the correct interference between the two interactions.

Finite Range Correction Factor
1f in a stripping reaction
a+ A-b+ B wvhere awb 4+ ¢ and B=A + C

one can write the transition amplitude as

™

- -% *
To= [T ak & pex) Xp (RH) @, (R) X] (Rt=> x)

By
X; the distorted wave of the ¢.m, of particle b
@, the bound state function of the kransferred particle
XI the distorted wave of the c.m, of particle a

D(x) the "overlap" of b with a
1 ]
where, D(x) = j-‘”'“ W be. G?Q
If we define
G LR = _fe

then the zero range normalization is glven by

DD-G(O)

o
L Hex

Dley dX
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and the finite range correction parameter R is given by
2
2 1 G(K
R=s - MT)'IZ
G(Kz) A(XK4) ‘K'=0

The first order correction factor from the local energy approximation for
D(x) which multiplies the form factor is

Wr) = [1a4 a7t Hulthén form
= exp{~A(r)) Gaussian form
where
I .
Ao = ;E- _;;— : [Ebbvb{‘b) * Ec—vc(rc) - B4 Va(ra)}

where E_, Eb’ E, and V_, ¥, , V_are the ererzies and potentials for the three
a c a b .,

light particles of mass Ry M, @, The parameter

R is the finite range parameter FNRYG from card set 4. A positive

FNRNG will select the Hulthén ferm of W.r) ard a negative FNRNG will select the

Gaussian form of w(r).
Typical values of the range paramecer b ars

Reaction R

(d,p) .621-,695
(3Be,d) 770
(e,d) LB45
4 3

( He, He) =0.7

Non~Loc il Correction Factor

The correction needed for the use of an equivalent local potential mulei-
plies the form factor and is of the form

Zmi

-~
P

2
- 8L
HNL(r) exp( 8 Vi(r))

for each of the projectiles and the bound state functions used in the form
factor, The variable P:is the PNLOC parameter on the kinematic card of card
sets 5, 6, or 7. Th: my; are the masses FM and the vy are the potentials for
the particles, In the case of a bound state the factor W... multiplies the
bound state function and then the function is renormalizetho unity. The
Vi(r) include any Coulemb potentiazls for the prejectile or particle. Typical
values of the R parameter are

Particle a
= W85
d == .54
3
He a 0,2-0.3

He ~A, 2
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Application to Reactions
1) Collective nuclear excitations by inelastic scattering
To first order in the deformations we can write the interaction term v

(VAR A ST AR AL

“ Ar

where x = (r - Rb)/a and 6 1s the angle between the ascattering particle and

‘ the nuclear symmetry axis., If we take the atrong coupling form of the initial

and final atate wave function

. g f
; ' - oindf gt o
J‘d x ’cgi;_i ] u’i Diﬁu 4 @ U "I P
M T W - )

we find that .
. \/ I - . L . - @ ﬁ% o v
< Jg Mg Ay M, i Ua My dg g L s e = dx ¥ 2741

s LI KK T TaUS (T 4 My My iag [Tk >

The form factor computed by DWUCK for form factor option 2 or 3 is

L‘#i = - -g_—a Ve At/ optien 2
.
fraqter = - Ry Vo A ride option 3

and since g=0 we have

2 Juth

Bive = 3 < JadKo 13KD TTJ;,

+

The cross section is

_J o T
.(_Li*-, 3, j\'Jh.-(koiJ;SK>l JPw(&}
A !



In option 11 or 12 the form factor to. first order in B-t is computed as

A value of Do when the deuteron wave function s described by a Hulthen fﬂhctit;n
,’ s -3, R Vadl
Avx = i* ';‘f *

optien 1l @, (v = N (QA'P('—dV“P) - exp(‘[-’rthJ //"
{ia.ﬂ" 3 "'\" Q/: V. LlllY/’:i"‘ option 12 where ) .
Noeo ] XELLISIRE
8o that in this case - 27 (‘3‘0.')1 )
AT5 L ) T lke 1Tk ] Taite)

"Lwl

)‘h -ﬁl rl 7 o

is .
00 - (.I-C ?

Twlg

2) Stripping reactions (d,p)

The matrix element for a (d,p) reaction may be written as If we take B = 1,48 F-l then we find

- ) C o N y R 1 2 372
< Ja Mgdima { V ivaMe 2 m ™S> Ly ,X” K FREM LTS D~ -1.244 x 10° Mev - F /
2,2 2 3
- ) or (D /10%)° a 1,55 Mev* - ¥°,
x <X07M/H-*"{d/"> ¢d5A by, 1’"1,_-361;,!-4&“1) °
- e - Y‘“ YA
. L 9ng M mpemy "‘Jr.; Mg D D Tes) P ( hoa ) 3) Pick-up reaction {p,d)
where ,g“ is the spectroscopic factor, Ryq(r) is a normalized radial Ffunction, From time reversal invariance of the (d,p) reaction described ghove we
and D(rxb) is the product of the neutron-proton potential times the deuteron may write the cross section for th.e (p,d) reaction in terms of the (d,p)
internal wave function, By making use of the zero range approximation which cross sectlon, .
Py T - —fe
gives d‘JH . Zia4 b 2da ki _k_‘t i3 Ay p d
—_ ) 2
= - g 1I3gr 1 2, kg e S
D(rxb) = DO(S(rx l‘h) . oq
< —~ £
3 : D J {pa
we find that — /SJ‘E - _Dw . P _]
2 IRY) x1p? FR

Lz
B.i g - /jj,{’ Do where L 13 calculated with protons {n the incident channel and deuterons in
where the form factor is the exit channel,

{(r) = &

EL” j4.4(1’)-

The cross section then is written as

do“wf ')J o D‘L :‘_. Yy
— b ;_‘L—*- /"‘JE e —_ ___{lf.m
A5 EQNFE 1.01104 ZJ'+f
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4) Plck-up stripping cross section tables

Reaction

{d,p)
(3ue,d)

(v,4d)

(aHe,sﬂe)

(*He,7)

(P, )
(d, ey
(d,m)

4

(3He, He)

(r ’Aue)

2
(do/dQ) fm” = FNRNG Parameter

2
Jf+t UDW(B)

1.55 2Ji+1 E‘m 0,675 - 0,621
PN L 1] " 0.770
5.06 " " " 0,845
(24 - 46) n " " a2 0.7
(24 — 46) " L] L = 0.]
o ..(8)
DW
2,33 73+ 1 0.695 — 9.621
295" v 6.770
3.33 " 0.845
{12 - 23)» » 2 0,7
(12 - 23) " " ~ 0.7

In the above table Ji 13 the initial target spin, J_ is the final

f

target spin, and ) 1s the total angular momentum transfer,

18 Avgust 8, 1977

.Users of DWUCK and CHUCK:

There has been a major change in the codes in regard to the phasing
of the microscopic inelastic and two-nucleon transfer form factor. This
change alao carries over in CHUCK to the sequential transfer case, The
new two-particle wave functions should carry an extrs phase in the amplitude
of (1)11 +1z -LIR over the old amplitude convention. This will cause &
ground state to ground state L=0 transition to have all positive coefficients,
90, ; )
¢ - +.B(p1,2) + '6(8Q/2) .
Another change has been made in CHUCK for the collective form factor
(ICODE=0). When using options 1, 2, or 3, the power of the (Rfa} factor
starts with one, not zero, 8o that the usage is now consistent with DWUCK,

Form factor « (Rla)**(POWR + 1.0).

e
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5) Microscopic Interaction Model for Inelastic Scatcering

a) -Central interactions the factor accounting for the number of identical particles and amplitudes for -
The potential between the projectile and one of the target nucleona may be the configurations used J.”“d
expanded in a Legendre polynomial series , : : '
a4 8 = a Y Z f2 3 ‘ : / .3 ‘
Vll-0) o Vo g e Yot ) Pot #0072 Hoe Ihdn Talndy L0 LN TS IS G0 L4, 300 Yyl D
»
oA N If VZERG includes Bp, ¢ , then
/ - ~ .
T AT AR O AT
) dg® R (’( 5)
= G"Du.l

AR

b) Ui.Uj interaction
Uging this form we find for the matrix element of V

<‘TBH8A61"5 l\/(’:y'{a )] KJ‘A Ma Aa\‘"“ﬁ) =

A central interaction V(ro-ri) with a ;0- 1 dependence can be written

in the following form

- — i 4 i 7 g- 41 ' -

4nVs 3 K Tp 4 pg mg-ralJame? L g I Vetrt) (OIS V (Ve -1) Gor§, = 4nV, Z?j,u Vetry iy ™ /#:j .,.La}y,eu'/a t

-yt YRyt
x £ AE A W, kg by, fﬁﬁ h‘ﬁ) ¢ 2 L/—z_\]-;:-f_ . where
' _ . R % A4~
The program IWUCK calculstes for the form factor the expression qgfl Jum - Z"« ( ’eé.’u A "'{ﬂ )e }; (£4) Oﬂ' :
[~ 1 g " N)
FF : 4nvay2 I41 Zj, j_ng“ Y‘?_l"-J“.‘f-L, A > The matrix element for V in the transition amplitude is
X J‘Rglj"_n)vzcrb;m} Rﬂ‘j‘lr']rl‘l‘l'r.! J : ‘TBMGA&,MH/V ’JIA MAA*‘M>

' H.f
T 4r VDZR])( ér?amﬂ-u‘)'j/«)(-gje }L(Vh)

where the R,.j(rl) are the nermalized radial funcrions for the initial and final

N r T Zj.
nucleon utatgs. and the reduced matrix element (‘j; I~ js “ \/} I -'ru f.. 4 > ¥ é s, & W, Wy, '.dgl«g> 7 \'},Aa(Ac.“f (=)
is defined by Edmonds.l The quantity _12 is the apir for the coupling of the
1 T 7 1 R i 1
A-1 nucleons. The reduced matrix element \,““T Zj.‘J, Jc “ Yx" H f. T Iﬂ > g é J' do i 8 ” Ve Comvi Bftj (k. 5} “ jlj‘b J;>
is printed out as RME in the output. x < JA j Moa Mp-raa ]JE {\«st.;___
i
If there 1s more than one particle in the shell then the strength VZERO in 2 Jar /

the microcopic form factor opcion for each configuration 1s to be multiplied by
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where s=1 and_saﬂab. ) _ 6)

The form factor computed by DWUCK4 is

. !__.—-—-—r—— 11’ ' . 1 . -~ =
+.?44' frod 3 2ydaldamy J4d e L) yﬁq(r'?‘)“j""l.fd>

x J{aeans —_—

(Afet) L2 3at1}

In the above expressions for the form fzctor ve have used

Lagt Goltda > = 2 datdary)

which is the reduced matrix element appropriate to 1lnelastic scattering 8,78, .
if the spin of the projectile changes such as in (6L1,6He) inelastic scattering

then the appropriate matrix element ratic

Z b T A /( 2 b.a.n(hnHMu-l)

must multiply the form factror.

The quantity ia

when s _=3
a

[A%} [N
We obtalin the cross sectien
do _ o 213
dit m
dote: It should be poin:ed out czain thzt the ercss section for the microscopic

interaction is done in terms of 1 sfngle particle transition jl+j1'. If there
is more than one equivalent pacticle then the matrix element ratle
‘ -
/ . : 4
S 3o W Yoy 1T [ 2352361 Gujerdy 51302

.
[3

will have to mulciply the Bjsj factors which are ocutlined here.
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Tuo-nuclgon transfer option
The description for the (p,t) reaction is given in the article, H Baer et al,.,
Annals of Physics (NY) 76, 437 (1973), Appendix.

The usual normalization condition gives the cross Qeccinn for (p,t) as

. ‘
Ao o (many " (Te Wt [ Tema)T GI/ (2100),
AR

where (MTA72)/2= 9.72 £ forp= A" = 1.7 fu.

For the (t,p} reaction, we have

- . 244 ]
AT | pr(MaY (Tut Ma [ [Tews) 2052t G /(aqvy
AN 3,_]}'4'\ .

- 3
Tha watnat - Do Adprguir %,«- 15 = 3o nuv-Fv-«'

-

-



