Preface

This write-up describes the preliminary version of the finite range
DWBA code, DWUCKS. The program is still under development but it is in an
advanced encugh form to be used by others. The input format follows very
clogely that used by the zero range code PWUCK4 and the user should note
the differences where they cccur. These differences occur in the use of
the control integers on card set 1 and the specification of variables on
card sets 3 and 4. The distorted wave and form factor card sets remain
the same except in the 1attet.case where two sets are now required, one
for the heavy particle bound state and a second one for the light particle
bound state.

The program is in a multi-level overlay form and uses about the same
core space as DWUCK4, namely (24K)10 on a CDC 6400 under the RUN compiler.
The present version of the program has a limit of 200 partial waves, 400
integration steps, and 40 expaﬁsion coefficlients for each distorted wave.
These capabilities take care of most cases .evzun- heavy ion cases where the
present version has . been tuned asd tested. The full spin capabilities.
for the distorted waves will be very uéeful for all the light ion reactions where
polarizations and asymmetrigs are needed.

The ﬁethod of calculation of the full finite range is via the momentum
expansion technique of Lowell Charlton (Phys. Rev. C 8 (1973) 146). This
method has been found to be extremely efficient and.faét for most cases that
have been tested.

Since the program is a preliminary version there may be instances of i

incorrect calculations or logical bugs walting to be found. I would appreciate
any comments from the user concerning any difficulties in using the code. %
There are several parameters which control the accuracy of wvarious operations.

These have conveniently set default values although for any particular case



they may not be sufficient for your purposes. One convenlent way of testing
whether you have sufficient accuracy is to run a set of cases with increasing
accuracy requirements and see how much the cross section changes in your
reglon of interest. Of course increased accuracy requires a penalty of
increased running time. Another way to test is to run & zero range case
for a projectile £ transfer of zero and compare the results with DWUCK4 .

I wish to thank Professor Rost.and Dr. Chariton for their help and

useful suggestions during.thE'development of this code.

Good luck!!

Sincerely,

VDKM\D

P. D. Kupz
Professor of Physics



Card Set 1
(1 card)
i ICON(i)

A(10)

.B(ll)

c(12)

D{13)

e

TR

o

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

Function

Do not read In card set 2 {angle data)
Read 1n card set 2
Calls EXIT to terminate program

Not used at present

Use ditferent form factor for each L transfer. (Read in
one set of card set 7 and card set 8 for each L transfer.)}
Same as ICON(3)=0 except the cross section is the coherent
sunt of awmplitudes from each L transfer

Prints form factor before finite range and non-local
corrections
Suppresses form factor printing

Prints elastie & ratrix = (exp(216£ -1 /21
Suppress:.s elastic S natrix print-ount

Suppresses elastic scattering cress section print-out
rrinte elsstic scattering cross sections

Prints and plots elastic scattering cross sections.
Plot is an N-decade log scale.

Suppresses radiél matrix element print-out
Prints rzdial matrix elements

Tuppresses inelastic scattering amplitude print-out
Prinrs inelastic scattering amplitudes

No piot of inelastic cross section
ilots inelastic cross section with N-decade log scale

"aral con-—relativistic kinematics
Felativistic kinemztics

Reads in a full cet of form factor cards for 2nd bound
state and computes ¢ (T). g

Zero range option., Sets Fg(q)/q = ~100.0 for 2nd bound
statea. . : -

EvT:rnal Fotm Fa:.Tur bt 'WLOW\F*\L*\M Npﬂjeutﬁ-[qm
Supprasses radial wave furction of DW print-out

F-ints cut oxpancion coefficients for radial wave function
of DW '

Tees full range of angles in Fourier transform Aq
Cucoff at 90° used in Fouriler transform Aq



E{14)

F(15)

G(16)

Alpha

Card Set 2
(1 card)

Card Set 3

Card Set 4

0 Program does entire calculation for case
1 Program discontinues case after distorted wave expansion

0 Suppresses print-out or K(r)#*2 of distorted waves
¥0 Prints ocut K(r)**2 of distorted waves
¢ Not used at present

Any 60 alpha numeric characters to identify the run, beginning in column
21 of the card

Angle input
If ICON(1)=1 the input of card set 2 is interpreted as

No. of angles, First angle, Angle increment.
FORMAT (3F8.4)

If ICON(1)=2 the input of card set 2 is interpreted as

Last angle, First angle, Angle increment.
FORMAT {(3F8.4)

The program has a set of standard angle data pre-stored for
the Interval 0° to 180° in 5 degree intervals which will be
used until 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
FORMAT  (213)

LMAX the maximum partial wave used in the cross section.
The limit is given by 200.

NLTR the number of angular momentum transfers allowed per
case, A maximum of 8 is allowed.

DR, RMAX, (ACC(I),I=1,6) FORMAT (8F8.4)

DR integration step size
+RMAY upper cutoff on the radial wave functions

(Card Set 4 continued on next page)



Card Set 5 Initial distorted wave data set
(minimum of

2 cards)
Card 1 E, Mp, ZP, MI, ZT, R__, AC, PNLOC, 2%FS, QCODE
(Kinematic card) FORMAT (LOFS8.4) oc

E Laboratory energy of initial projectile (must be non-zero
Mp Projectiia mass (in AMU units)
Zr Projectile charge
ML Target mass (in AM! units)
zr Target charge 1/3
R . Coulomb charge radius (R =R,. M[ " 7)
a8 voulomb charge diffuseness (not used)

PNLOC ilsn-local range parameter
2%FS  Twice the projectile intrinsic spin
QCODE Q option (used for card set 6)
Cards (2-N)
(Potential cards) OPT, VR, Rnp, AR, VSOR, VI, Rsy, AL, VSOI
FORMAT (10F8.4)

CPT Potentizi option
VR kReal w21l depth 1/3
R, ‘Renl we’l radius (Rp=Ra~p MI )]
OR : ‘ R~ OR
AR Reai well diffuseness
VEOR  Real well Thomas spin orbit factor
Vi lmaginary well depth 1/3

Rai Imaginary well radius (Ry=Rgy MI )

A? Imagpinary well diffuscness

V30I Imaginary Thonas spin orbit factor

POWE  Ixt—a veriable used for sowe potential options
{described later in potential option descriptions)

Any number of potential cards way be used and the resulting potential will be
the sum of’ potentials defined on the cards. If OPT is a negative option that option
will be computed and the potential strimg will be ended and the next card set will
be read in. If OPT is zero, no potential will be computed and the next card sei wili

be read in.




Card Set 4 continued

The limitation on DR and RMAX is RMAX/DR < 400. A plus
eign for RMAX allows the program to override RMAX by
built-in criteria up to the maximum of 400 integration
points allowed by storage. The minue sign defeats the
override provieion and uses IRMAX[ as the upper cutoff
on the Integration of the distorted waves and radial

integrals.

ACC(L) Controls wave number spread for initial distorted
wave. Default value = 1.0.

ACC(2)  Controls wave number spread for final distorted
wave., Default value = 1.0.

ACC(3) Controls variable wave number width for initial
distorted wave. Default value = 0.0.

ACC(4) Controls variable wave number width for final
distorted wave. Default value = 0.0,

ACC(3) Controls value of classical turning point search
for initial distorted wave. Default value = 1.0.

ACC(6) Controls value of classical turning point search

for final distorted wave. Default value = 1.0.




Card Set b
(minimum of
2 cards)

Final distorted wave data set

Card 1 is the same as iu card set 6 except the parametér
E is interpreted in three different manners depending upon
the QCODE parameter,

QCODE > 0.0 E i1s ELAB of time reversed reaction
QCODE = 0.0 E is Q of resction
QCODE < Q.0 E is the partial Q where Q = E + QCODE

This last option allows one to enter the ground state @ in the field
for E and allows minus the excitation energy of the state to be
entered in the field of QCODE so that the total Q is computed. by the
program, T N

' The remaining cards of set 6 are defined in the same manner as cards
"{2-N) for card set 5.



Card Set 7
(minimum of
3 cards)

Card 1 d
(kinematic caf?’

Card(2-R)
{Potential casz)

Card (N+1)
(quantum sumber
card)

Form factor for first bound state.

E, Mp, 2P, MT, ZT, Rbc’ AC, PNLOC, 2%FS
FORMAT (10F8.4)

E Binding energy of single particle

MP = Mass of single particle

zp Charge of single particle

MT Mass of core binding single particle
FAY Charge of core binding single particle
ROc Coulomb charge radius (Rc=RocHT1/3)

AC Coulomb charge diffuseness (not used)

" PNLOC Non-local range parameter

2%F§ Not used

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

If E # 0.0, the form factor computes a gingle particle
orbital bound by E in the potential defined by the
potential cards. In this case an additional card is -
needed to define the angular momentum quantum numbers
of the orbital. :

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

FN Number of nodes excluding the origin and infinity
FL Orbital angular wmomentum of the particle
2%FJ Twice the total angular momentum of the particle

2%FS Twice the intrinsic spin

VTRIAL Scaling factor for the bound state potentials
F1sW Search control for bound state

DAMP Damping factor for single particle wave function

FISW = 0 Search on well depth, i.e, VTRIAL, for fixed
binding energy
1 Search on binding energy, i.,e, E, for fixed
poteniials
2 HNc search {(for E > 0 only)

DAMP£00 A dzmping factor exp(-DAMP#r) multipliies the
"hound" state function and the function is then

renctmalized to 1.0.

The total potential is the product of VTRIAL 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 VTRIAL is

left blank a standard value of VTRIAL = +60,0 13 used., 1In
this ‘case VR should be -1.0,

If E=0.0, a form factor defined by the potential options is

computed and card N+1 should be omitted,

4



Card Setr 8
{(minimum of 3 cards)

Card 1

Card 2-N

Form factor for second bound state. This bound state
giver the Interaction potential for the tranafer
renction.

ICON(11) = 0 Bound state calculation
These cards ere identical to card set 7.

ICON(11) = 1 Zero range option
Only card (N + 1), the quantum number card, 1s specified.

ICON(1l) = 2 External Fourier transform read-in option

FN, FL, 2%FJ, 2%FS
FORMAT (4F8.4)

FN = number of voints read in at intervals Ag=0,05 fm_l

and starting with first q = Aq = 0.05 fm~l.

(F(qv), N=1, FN)
FORMAT (5E16.7)
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DWUCKS
General:

This is a short note to describe the function of the aeccuracy parameters
in DWUCK5 and to aid in assigning them. I hope eventually to do all this
automatically within the program with a set of default algorithms.

To begin, one must have an i1dea of what the momentum dispersion of each
partial wave looks like. This is shown in fig. 1.

Figure 1
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The low partial waves see the full potential and hence can have mementum
components which differ considerably from the free value of k . These
additions are not only from the increase in the local momentuf inside the
potential but also are from absorption effects of the imaginary part of the
potential. Hence deep optical potential families will require more expansion
coefficients than will the shallow family potentials. The high partial waves
do not see the nuclear part of the potential and receive a small dispersion
from the coulomb potential.

A rough estimate for the number of expansion coefficients needed where
the real potential causes the dispersion is

n =/§‘2i (E+V(0)) *RMAX/r V(0) > E
n =/§~§— (2V(0))  *RMAXAr V(0) < E

il



where RMAX is the expansion radius. From this we can see that the smallest
EMAX that gives good accuracy should be used so that the number of expansion
coefficients is minimized.

Accuracy:

The general accuracy required for the expansion of the distorted waves
is variable although a figure less than .2-.3 percent is the value one should
strive for. A badly mismatched reaction case may require that the waves be
expanded to .0l or even .00l percent to give acceptable results for the cross
section. A check with DWUCK4 using the zeroc range option ICON(1ll)=1 may be
advised. Of course an increased accuracy beyond the needs cof the preblem will
carry a heavy penalty in increased computing time and the time required is
roughly proportional to the product of the maximum number of expansion coef-
ficients in each distorted wave.

Accuracy Parameters:

There are three accuracy parameters for each partial wave and this section
will describe their function and general rules for their use.

ACC(1) and ACC{2)}:

This set scales the width of the expansion range about the central momen-
tum value k. If k is the maximum momentum found in the well from r=RMAX
to r=%/k_ then for'°F that %, k =SORT(k 2+ (k2 -k2)%ACC(N)#**2. Similarly
the lowe? limit to the expansioﬁpg%rextende% from* th8 minimum momentum
k ., to 2 2 2
min klower~SQRT(ko+ (kmin -ko)*ACC(N)**Z).
For some cases ACC(N) needs to be set to values of 1.2+1.5 over the default
value of 1.0 in order to achieve the necessary accuracy for the low partial

waves.,

ACC(5) and ACC{6)

In many cases the low and high partial waves are expanded with satis-
factory accuracy but the transition partial waves with £V kR have a relatively
large error value. Rather than increase ACC(1l) and ACC(2) which gives more
accuracy than is needed for the low partial waves and at the expense of
increased computation time one can shift the effective expansion range of
fig. 1 to the right (or left) by searching the potential not to r=L/k,but to
r=({L-ACC(N+4))/k . This will not affect the very low and very high partial
waves in the numBer of expansion terms needed but will increase the number of
terms for those partial waves about the transition region. Thus one increases
the accuracy for those partial waves only. Tt is hoped that & better expansion
algorithm can be found which will eliminate the need for this parameter.

ACC(3) and ACC(4)

These are perhaps the most difficult of the parameters to understand and
use, Their function 1s to increase the linear dependence (or nom-orthogonality)
between the expansion function, jz(knr), so to eliminate some boundary

} 2
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condition difficulties at RMAX. This allows one to achieve a greater
accuracy in the expansions with the same or fewer number of terms. These
parameters sSet a non-comnstant wave number spacing by the formula

kn= ﬁr/RMAX)*Tl*(l.O-T**Z/(3.0*(?**2*Tl**2)+k0
where

T'= 5.0%ACC(N+2)
Ti= n—no
n0=number of central momentum

A value for ACC(N42) of zero gives the usual egqual spacing of wave numbers.

In general one can tolerate a degree of non-orthogonality between the
expansion functions and this tolerance becomes smaller as the number of
terms needed for the expansion increases. A useful check may be made.
This is to inspect the quality of the orthogonalization matrix of the
expansion functions which must be inverted. The value of DET is the
determinant of this matrix where 1.0 denotes an orthcgonal expansion set.
If the value of DET becomes smaller than 10~% or 1072 one must look at
the contributions to the norm of the expanded function. If you take the
default value of zero for ICON(12) you will get a list of essentially the
expansion coefficients squared, ]an[ . The error of the expansion is

2
ERR = 100%(1-0 - zn[an| ).

Because of the non-orthogonality some [a [2 may be negative. If any, at
least for the partial waves in the transition region and below, are less
than —-0.02 or so the value of ACC(N+3) must be decreased. The inversion
routine INVERT will try te remove rews and columns of the matrix for the
lowest wave numbers to try to circumvent this problem. This number of
removals is given by AUG. However, this may not be sufficient and ACC(N+3)
must be decreased.

A useful rule to approximately preset this accuracy parameter is for
expansion coefficients

n =20 ACC(¥N+2)
n >20 ACC(N+2)

It

1.0

These settings depend upon the particular case and are given only as
a rough guide.
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