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ABSTRACT 

Two Fortran programs have been written to provide a method for the analysis 
of (p,y) resonance yield curves for targets that may be thick compared to resonance 
width but which have a total energy loss small compared to the energy of the indi- 
dent particle. For the s a ke of definiteness, (p,y) reactions are discussed but the 
programs may be used for some other incident particles as well. 

The programs are designed for several kinds of inview usage; in each, calcu- 
lated and experimental yield curves are to be compared. A subprogram for plotting 
yield curves on a Calcomp plotter facilitates this comparison. Other subprograms 
provide plots that are useful in insuring that suitable parameters have been chosen 
as input data. Among the uses en v i s i one d are: (1) the extraction of resonance 
widths and energies from experimental (p,y) yield data from homogeneous targets 
and for targets that have a layer of in e r t matter or matter that contributes to the 
yield but which is d i f f e r e n t from that of the target; (2) the determination of the 
energy loss characteristics of a layer of matter on a target whichproduces a reac- 
tion with a sharp resonance of kn own properties; (3) the determination of target 
thickness, e.g., for solid targets used in neutron production; (4) the determination 
,of the atomic composition of certain kinds of thin films; (5) the calculation of 
energy loss distributions; and (6) the calculation of the beam energy distributions 
after the beam has passed through a slab of matter. 

The necessary energy loss distributions for the target are calculated by means 
of a theory due to P.V. Vavilov wh i c h gives a mathematically rigorous solution of 
an integro-differential equation for the many-collision energy loss fluctuations ex- 
perienced by a charged particle as it penetrates matter. This solution is based on 
a free-electron single-collision energy 1 o s s probability density; the consequences 
of this assumption are discussed. 

PROBLEM STATUS 

This is a final report on this phase of the problem. 

AUTHORIZATION 

NRL Problem HOl-44 
Project RR. 002-06-41-5012 

Manuscript submitted December 3, 1970. 
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FORTRAN PROGRAMS FOR (p,~) YIELD CALCULATIONS BASED ON 
VAVILOV’S THEORY OF ENERGY LOSS DISTRIBUTIQNS 

INTRODUCTION 

Mathematical descriptions of resonant (p,~) yield curves provide a means of extract- 
ing the resonance energy and the resonance full width at half maximum (FWHM) from 
experimental data. Since such descriptions depend on the average energy loss and energy 
loss fluctuations of charged particle beams as they penetrate matter, valuable insight and 
understanding of the theories of energy loss and energy loss fluctuations may be had by 
correlating measured yields with calculated yields. The work herein described is con- 
cerned chiefly with yield curves taken from narrow isolated resonances in nuclear reac- 
tions with incident charged particle beams of small energy inhomogeneity. For the sake 
of definiteness, (p,~) reactions are discussed but the results can be applied to some other 
kinds of incident particles as well. 

The yield from a (p,~) reaction for a homogeneous target is described by the formula 

Y(E,,t) = NiN, IE IEi ~~tu(E,Er)g(Ei,E,)f(Ei - E,X) dEdE,dx, 

Y(E,,t) = number of reactions at an average bombarding energy E, 
Ni = number of incident beam particles 
Nt = number of target particles per cubic centimeter of the kind 

contributing to the yield 
Er = resonance energy 

m(E,Er) = cross section per atom at energy E 
g(E i ,Eb) dE i = probability that a beam particle in free space will be in energy 

interval dE, at E, if the average beam energy is E, 
f(Ei - E,x) dE = probability that a particle which has an energy in dEi at E i 

before entering the target will be degraded into dE at E as it 
penetrates the target and loses energy through many collisions 
with the atomic electrons along ‘the path with a length in the 
range x to x+dx (measured in cm along the beam direction) 

t = target thickness in cm. 
The integration with respect to dE and dE, is to be carried out over energyregions where 
the cross-section function andbeam energy distribution function g(E,,E,) have nonnegligible 
values. 

Since the concern here is only with the relative yields, the constants Ni and N, will 
be dropped. The energy loss Ei - E will be designated by A. Since the loss is assumed 
to be proportional to the path length, the average energy loss Z will be taken as the 
target-penetration-depth variable, and the energy loss distribution function f will be 
written w(A) n). The yield formula then becomes 

c”: 
r- 
a* 
cc: 
u-4 
c- 
CI: 
e- 
n: 
e: 

where T is the target thickness in keV. 

1 



,2 K. L. DUNNING 

Two Fortran programs, named WINTGRL’I and YIELDG, for calculating and plotting 
the relative (P,r) yields according to Eq. (2),have been written. Some results obtained 
with the programs, a brief discussion of Vavilov’s theory, and a discussion of related 
work appear in Ref. 1. Preliminary versions of these programs appear in Ref. 2. 

The energy loss distributions w(A,z) are calculated by program WINTGRL’I accord- 
ing to the Vavilov formula (1,3,4): 

I 
al 

f(A,s) =-+ eK( ’ tp2y) eKfl COS(yh,, +Kfa) dy, 
0 

(3) 

where 

K = 56 max 

5 = 0.30058 (mc a/p 2)(2/A) s, in which m = rest mass of the electron, 
c = velocity of light, p = ratio of the velocity of the incident particle 
to the velocity of light, Z = number of electrons per target atom 
(molecule), A = atomic (molecular) weight of the target, s = target 
depth variable in grams/cm2 

X” =A&- ‘d+p2-Y) 

y = 0.577216, which is Euler’s constant 
f i(y) = p2 [log y - Ci(y)l - cos y - y Si@) and 
f,(y) = y[log y - Ci(y)l + sin y + p2 Si(y), in which Si(y) = JoY%du, 

the sine integral and Ci(y) = s,’ ydu, the cosine integral. 

Formula (3) gives a family of energy loss distribution functions each labeled by a value 
of K . ‘,! The subroutines that calculate these functions are based on a program listing 
kindly, furnished by Seltzer and Berger (4). WINTGRL’I also integrates with respect to 
2 and punches the integrals on cards. 

Program YIELD6 reads the set of integrals punched by WINTGRL’I and other data 
from punched cards and calculates the (P,r) yield. This program will also modify the 
free-space beam energy distribution for the case where the beam passes through a layer 
of matter (in general different from that of the target) which may or may not contribute 
to the yield. 

The cross-section function o(Er,E) may be supplied as data to program YIELDG; 
alternatively, this program will calculate a cross-section function according to the 
single-level Breit-Wigner formula if the resonance energy and width are supplied as 
data. 

The beam energy distribution g(E, ,E,,) is calculated by YIELD6 if E, is supplied. 
The shape is Gaussian. However, a modification could be readily made to accommodate 
a function of arbitrary shape. 

Although Vavilov’s development (3,4) is based on the free-electron single-collision 
energy loss probability density, he diminishes the effect of this approximation on his 
result by substituting for the first moment of this distribution the average energy loss 
given by Bethe’s theory (5). The present work replaces this first moment by an experi- 
mental value of average energy loss (1,2). However, the theory depends to a degree on 
the single-collision spectrum, and this dependence causes the lack of agreement between 
experimental and calculated yields for targets containing atoms of atomic weight much 
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greater than about 25. In the present work, agreement with experiment for targets con- 
taining atoms of intermediate atomic weight is improved by replacing Z, the number of 
electrons per target molecule, with Z,, , the “equivalent number of free electrons,” in 
the single-collision energy loss spectrum (1). Z,, may be found for a given target ma- 
terial by treating it as a parameter of variation for one target. The extent of the useful- 
ness of this concept will not be entirely clear until more experience with it is gained. 

The programs have been written in Fortran- (a Control Data Corporation version 
of Fortran). They have been run on the NRL CDC 3800 which has 77777, memory loca- 
tions in bank one and about 54000, in bank two available for the user’s program. Each of 
the programs described in this report occupies nearly all of the available memory. 

METHOD OF CALCULATION 

To evaluate formula (2), the target is divided into slabs by equally spaced planes 
perpendicular to the beam direction. The energy loss distributions are calculated by 
W INTGRL’I for each plane near the face of the target, for every other plane somewhat 
deeper in the target, and less frequently for other planes still deeper in the target. The 
manner in which the target planes are selected must be chosen by the user. The integral 
variable I labels the planes; I = 1 labels the face of the target; the energy loss distribu- 
tion for the target face is set equal to zero for all energy losses. In Vavilov’s notation 
(1,3,4) the distributions are labeled by the set K and in the programs they are labeled by 
the set D(1). Many of the more important names for the Fortran programs are listed in 
Appendixes A and C. Since there is no significant difference between the Vavilov distri- 
butions and the Landau distributions (6) for small K (i.e., for small average energy loss), 
W lNTGRL7 will produce Landau distributions in lieu of Vavilov distributions for the first 
ILAN values of I, where the value of ILAN is set by the user. This reduces computation 
time. The Landau functions are derived from a stored tabulation due to Borsch-Supan (7). 

Formula (2) is evaluated for a chosen set of bombarding energies, Eb = EB(M), suf- 
ficient in number and distributed so as to facilitate comparison of calculated and experi- 
mental yields. Provision is made for the plotting of selected loss distributions, calculated 
yield, and experimental yield by means of a Calcomp plotter. 

All energies at which the functions of the integrand of formula (2) are evaluated must 
belong to a “basic set; * all energy differences must be differences between members of 
this set. The interval on the basic set is named DE1 and should be chosen so that the 
density of points is adequate to represent the most rapidly varying function of the inte- 
grand; for sharp resonances, this is the cross-section function. For example, if the res- 
onance FWHM is estimated to be no smaller than 0.020 keV and DE1 is chosen to be 0.004 
keV, there will be at least 5 points on the cross-section representation above half height. 
The values of the basic set are fixed by requiring that E, be a member and the range of 
the set must be sufficient to represent the greatest energy loss that may occur with non- 
negligible probability. The set EB(M) must be a subset of the basic set. 

Program W INTGRL’I calculates the distribution function at each target plane for a 
set of energy losses A j = EIE(J5). The interval on this set, DE, must be an integral 
multiple of DE1 so that the set Aj will be a subset of basic energy set differences. This 
is done so that the energy interval on the distribution functions may be coarser than that 
required to represent the cross-section function and beam energy distribution. The func- 
tion W (J5), consisting of the integrals over the target depth variable, is interpolated to 
obtain values at losses corresponding to the basic energy set in program YIELD6, which 
integrates over the beam energy distribution and cross-section function. 

c: 
22: 
c: 
I=- 
5r. 
“‘I 
-44 
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m: 
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l-l: 
C: 



4 K. L. DUNNING 

The average energy loss between target planes, DKX, is related to DE by the relation 
DKX = DE * NDKX/AG, where A6 is a constant near unity and NDKX is a small integer; 
the origin of this formula will be discussed later. Typically, for a narrow resonance, DE 
might be chosen to be 0.020 keV and NDKX = 2 so that the average energy loss between 
target planes would be about 0.040 keV. The quantities DE and NDKX must be chosen 
small enough so that a further reduction will have a negligible effect on the resonance 
parameters deduced from the calculation. 

Ten or fewer distributions may be specified by the I value on a data card read by 
WINTGRL’I for plotting. These plots are an aid in assuring that a resonable choice of 
parameters for the calculation has been made. 

After calculating the energy loss distributions at selected target planes, WINTGRL’I 
integrates with respect to Z = KX(I), that is, it calculates the set of integrals 

s 

T 
W(J5) = Wj = W(Aj ,~)da; 

0 
(4) 

there will be as many integrals plus one as there are energy loss increments A j . These 
integrals represent the probability that, somewhere in the target, a particle will suffer an 
energy loss J5*DE where 55 = 1, 2, 3 . . . JSSTOP and J3STe)P=HIL@SS/DE +l; HIL@SS is 
the maximum loss any particle will suffer in the target with nonnegligible probability. The 
function W(J5) is plotted if selected energy loss distributions are plotted. The set W(J5) 
and other parameters are punched on cards for input to program YIELD6. 

Program YIELD6 has three modes of operation, depending on data constants NSLA 
and NSLP. If there is no surface layer on the target, NSLA and NSLP are set equal to 
zero. If there is a surface layer which does not~contribute to the yield (for example, a 
layer of carbon on an aluminum target used to produce the 
is set equal to zero and NSLP is set equal to unity. 

27Al (p,~)~*Si reaction), NSLA 
The program then broadens and shifts 

the peak energy of the free-space energy distribution to take into account the effect of the 
layer. To accomplish this, the Vavilov distribution at the layer-target interface is calcu- 
lated by subroutine BEAMl. To accommodate the case where a layer on the target contri- 
butes to the yield (for example a layer of Al 203 on an aluminum target for the reaction 
cited above), the yield from the layer is computed in the usual manner by means of 
WINTGRL’I and YIELD6 (with NSLA = NSLP = 0) and punched on cards by YIELD6. The 
yield from the target proper is then calculated by means of the two programs with NSLA 
set equal to unity and NSLP set equal to zero; the layer yield is read from cards by 
YIELD6 and added to that of the target proper after being multiplied by a constant named 
YLDFAC. 

As an aid in the use of program YIELDG, subroutine GRAPHB is provided to plot the 
free-space beam energy distribution, the energy loss distribution at the layer-target in- 
terface, and the interface beam energy distribution. A subroutine GRAPHA is provided 
to plot the experimental yield which is read from data and to plot the calculated yield so 
that judgements may be made as to the choice of resonance parameters read from data. 
If agreement between experiment and calculated yield is not satisfactory, these parame- 
ters are varied and another calculation made. 

More detailed descriptions of the programs and subprograms are given in subsequent 
sections. 

PROGRAM WINTGRL7 

Program WINTGRL’I and its subprograms W6, VAVG, TRIGEX, LANl, GRAPH5, and 
NORM2 produce the distribution functions at specified target planes, integrate with respect 
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to the target depth variable KX(1) = z, print certain quantities, graph certain distributions 
(specified in data) and the integrals W (J5) =W(Aj ) = s W(Aj , A)dh, and punch the set of 
integrals W (J5) on cards which are to be read by program YIELD6; 55 is an integer vari- 
able labeling the set of energy losses for a yield calculation. A  nomenclature list which 
gives the meaning of most of the important quantities in the program appears in Appendix 
A; a program listing, a sample print-out, and a sample plot appear in Appendix B. All 
energies are in keV unless otherwise stated. 

The main program statements numbered 96 and below are FORMAT statements. 
Statements with numbers between 100 and 120 specify the data to be read from cards 
(Table 1). Certain constants and arrays are then computed. Although there are defini- 
tions and explanations in the nomenclature list, a few points are worth considering in 
greater detail. 

Table 1 
Data Cards for Program W INTGRL’I 

Cards For mat Data 

1 Comment in columns 2-70 
2 Comment in columns 2-70 
3 8F10.4 Z, A, DE, DEI, ZIP, TT, HIL@SS, CUTFAC 
4 8F10.4 RM, SEL, ERA 
5 8110 NMAX, NC(Z)MP, LCOMP, LCQ)UNT, LC@JNT2, 

NDKX, NLANDAU, ILAN 
6 8F10.4 DYMAX, CQ)MP, SLCZ), PCUT, CUTFAC 
7 8110 NTW@S, NF$&lRS, NEIGHTS, KSIZE(B), KSIZE(3), 

KSIZE(4), KSIZE(5) 

8 15, 1015 NPMAX, NP(I), 1=1,2 . . . N;N<ll 
9 8110 NPRINTl, NPRINTB, NQ)PI@T, ICTLOW, INRM, 

IQUIT 
10 8110 IPRINT( 1=1, . . . IM, IM<ll 

11 8110 KPRINT(K), K=l . . . KM, :KIVI<ll 
12 8F10.4 SFX, SFY, SFXLOW, SFYL@W 

13-111* 5(F6.1,3X, 486 pairs of values specifying the Landau 
ElO.4,6X) distribution. 

*These cards may be omitted if the program is never required to produce 
Landau distribution. 

The parameter Z is not always the actual number of electrons per target molecule 
as in Vavilov’s theory but is equal to the number of “equivalent free electrons” Z,, , 
which determines (to a good approximation) the set of distribution functions appropriate 
to the target, i.e., those labeled by the set D(1) = K leading to a yield curve which agrees 
with experiment. For targets of low atomic number, Z will be equal to or nearly equal to 
the actual number of electrons per atom (molecule)but for targets composed of elements of 
intermediate and high atomic number, Z will be substantially less than the actual number. 
The integer variable I labels the planes of the target and the parameter set K = D(1). 
D(1) is the parameter set that labels the distribution functions in the Vavilov formula, 
where I = 1 for the face of the target and I = IMAX for the back surface of the target. 

5: 
-3 
I-” 
tm 
CI: 
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C” 
T 

F;: 
C: 



6 K. L. DUNNING 

There is an option in the program that permits the low-loss distribution functions to 
be determined from the Landau distribution function which is stored on data cards. This 
saves computation time and is feasible because the Landau and Vavilov functions (plotted 
as a function of the Landau parameter A ) are essentially identical for K < 0.01 - see, 
for example, Fig. 1 of Ref. 4. This option is entered (not entered) if the control constant 
NLANDAU is set equal to unity (zero) in data. Values of the Landau A = (XV/K ) - log K = 

GL(LL) and Landau distribution function cp = GPH(LL) were taken from the table of Ref. 7 
and are entered in data, 5 pairs to a card, for values of X = -3.5, -3.4 . . . 99.5. These 
cards need not be present if the Landau option is never used. If NLANDAU = 1, the dis- 
tribution functions labeled by I = 1, 2, 3 . . . ILAN will be determined from the Landau 
table and the remaining distribution functions will be obtained by means of formula (3). 

For very small values of K (i.e., for the low-loss distributions) for a target subdi- 
vided into very thin slabs, the functions determined either from the Landau function cp (X) 
or the Vavilov formula (3) would have nonnegligible amplitudes for some negative values 
of energy loss; this is judged to be physically unrealistic and the lowest loss permitted is 
zero. For very small values of K, this means that the functions are cut off at X * 0. 
These functions are then renormalized so that they envelop an area of unity. This, in 
effect, changes their shape so that they are more asymmetric than the Vavilov functions 
and more nearly resemble the single-collision loss distribution given by Eq. (9) of Ref. 1. 

The target thickness (in keV) is read from data but is recomputed after IMAX is ob- 
tained from it so that the target thickness will be exactly equal to the sum of the average 
energy losses in all of the target slabs. This is done as follows. The average energy 
loss between target planes is DKX: 

IMAX = TT/DKX + 1. (5) 

The integer IMAX is then compared with the real value TT/DKX + 1 and set equal to the 
integer nearest it. Then TT is re.computed by 

TT = (IMAX - l)*DKX. (5’) 

Often, the target thickness is not known to within an uncertainty of size DIM. In fact, 
the most probable value of target thickness is usually judged to be that which leads to 
agreement between calculated and experimental yields. Both the set of distribution func- 
tions and the target thickness must be correct to obtain the correct shape for a yield 
curve that is taken over a bombarding energy range greater than the target thickness. 

Although the energy interval DE1 is not used in program WINTGRL’I, it is read from 
the data cards and together with other parameters is repunched on data cards for trans- 
mission to program YIELD6. The energy interval DE gives the spacing of points on the 
distribution functions and, hence, the spacing of set W(J5); DE must be an integral 
multiple of DEI. The set W(J5) is later interpolated to obtain a set with energy loss inter- 
val DE1 prior to integration over the beam energy distribution and the resonance shape. 

The quantity DKX cannot be chosen independently but is obtained in the following way 
so that one set, X, = PV(K), can be used for the calculation of all distribution functions 
obtained from the Vavilov formula, where K = 1, 2, 3 . . . KMAX: 

-77 A” =a 
%lax 

- KB = pV(K) = ErE(;;)iF(l) _ D(I)*B, 

where EIE(J5) is the set of energy losses for the problem at hand, GEMAX = emax , the 
maximum energy that an incident particle of resonance energy can transfer to a free 
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electron, and B = 1 + fi2 - y, where p is the ratio of the incident particle velocity at res- 
onance energy to the velocity of light and y = 0.57’7216, which is Euler’s constant. There 
is a discussion in Ref. 1 of the manner in which the experimental value of the average 
energy loss per unit length for the target matter enters the calculation; Eq. (14) of Ref. 1 
is rewritten here as 

._. 
A K = ___ = D(I) zz J=(I) 

LE max KX2*GEMAX’ 

where L = KX2 in Fortran notation. Now let 

27 = KX(1) = (I - l)*DKX, where I = 1, 2, 3 . . . IMAX, 03) 

r- 
5r. 
u-l 
"7 
w-- 
T 

F;: 
C: 

and 

EIE(J5) = (J3SToP - J5)*DE, where 55 = 1, 2, 3 . . . J3SToP. (9) 

If Eqs. (7), (8), and (9) are substituted into Eq. (6), we have 

PV(K) = (DE/GEh!AX)*(J3ST@P - 55) - (I - l )*DKX*AG/GEMAX, 00) 

where A6 = 1 + B/KX2. Now introduce a new integer variable 

K  = 55 + (I - l)*NDKX, (11) 

where NDKX is a small integer, and let 

DKX = DE*NDKX/AG 02) 

to get 

PV(K) = (DE/GEMAX)*(J3ST@P - K), (13) 

where K  = 1, 2, 3 . . . KMAX; KMAX = JSST(Z)P + (I - l)*NDKX. NDKX is approximately 
the ratio of the energy loss interval between target planes to the interval between points 
on the energy loss distributions. 

The energy loss distribution functions have negligible amplitudes for losses which 
are large compared to 7%; and values of a given function need not be calculated for losses 
greater than a few times b. Therefore, calculations are cut off at values of J5 = J5CUTHI 
(I) according to the empirical formula 

J5CUTHI(I) = J3STP)P - CUTC/DE - CUTFAC*J3STJbP*I/ IMAX, (14) 

where the values of CUTC and CUTFAC are read from data and can be determined from 
experience with the aid of plotted distribution functions. 

Some of the other quantities computed in the main program will be discussed in 
descriptions of its subroutines. 
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Subroutine W6 

Subroutine W6 is called by the main program. Its function is to set parameters so 
that it may call subroutine VAV6 to calculate a pair of distribution functions. Upon 
RETURN, W6 integrates over two target-plane intervals by means of Simpson’s rule 
along the target depth axis a for each value of 55 to get partial sums for the set W(J5). 

For large values of target penetration (large average energy loss), the distribution 
functions become more nearly alike and more nearly Gaussian; therefore, the intervals 
along the target depth axis may be larger than DKX and fewer than IMAX distribution 
functions need be calculated. The intervals used are under the control of the user through 
the constants N@NES, NTW@S, NFQ)URS, and NEIGHTS, which are given values in data; 
NONES is the number of pairs of distributions separated by DKX; NTW@S is the number 
of pairs separated by 2*DIM; NFOURS is the number of pairs separated by 4*DKX; and 
NEIGHTS is the number of pairs separated by 8*DKX. 

If IMAX is even, there will be an odd number of bins for integration over zi. There- 
fore, provision is made so that integration over the last bin is carried out by means of 
the trapezoidal rule if IMAX is even. 

Subroutine VAV6 

Subroutine VAV6 is based on a program listing kindly furnished by Seltzer and Berger 
(4) of-the National Bureau of Standards. This subroutine is called by W6, and, if 
NLANDAU = 0, it computes a pair of distribution functions on each call (except possibly 
on the last call). If NLANDAU = 1, distribution functions labeled by I = 2, 3, . . . ILAN 
are derived from the table of the Landau function cp (x) stored in data by calling subrou- 
tine LANl. For K -< 0.01 and somewhat larger, there is no significant difference between 
the distributions derived from the Landau table and those computed by means of the 
Vavilov formula. 

The distribution functions calculated by means of the Vavilov formula are calculated 
as a function of A, = PV(K) and stored in SUM(K). However, they must be expressed as a 
function of the energy loss variable A = EIE(J5) and renormalized. Once this is done, 
they are stored in WLCl(I6,JG). 

Some of the relationships in this subroutine can be better understood by picturing a 
fictitious rectangular array with the columns labeled by I = 1, 2 . . . IMAX. The first col- 
umn should be labeled with I = 1. If NDKX = 2, the third column should be labeled with 
I = 2, the fifth with I = 3, etc.; if NDKX = 3, the fourth column should be labeled with I = 2 
and the seventh with I = 3, etc. The rows should be labeled with K = 1, 2 . . . KMAX. The 
diagonals (upper left to lower right) should be labeled with 55 = 1, 2 . . . J3SToP where 
they project from the left side of the array. The relationship between 55 and K is: 
K = 55 + (I - l)*NDKX; KMAX = JSSTGP + (IMAX - l)*NDKX. The locations in the first 
column from 1 through J3ST@P represent the energy loss distribution function at the face 
of the target and should be filled with zeros. The first time VAV6 is called, it will com- 
pute values for columns 3 and 5 (assuming NDKX = 2) between diagonals 1 through J3STaP. 
The numbers in the first three columns filled are divided by 6 = Z /L = KX(I)/KXB (to 
provide distributions that envelop unit area when plotted as a function of A ) and stored in 
array WLCl(I6,J6), where 16 = 1, 2, 3 and J6 = 55. Upon RETURN to subroutine W6, inte- 
gration by Simpson’s rule with respect to Z over the first two slabs of the target takes 
place. On the next call of VAV6 (assuming NONES > l), the locations in columns labeled 
with I = 4 and I = 5 that are pierced by the J3STQ)P diagonals will be filled, renormalized, 
and the contents of 3rd, 4th and 5th columns to be filled will be transferred to array 
WLc1(16,~6) for partial integration. The partial integrals are accumulated in array 
W(J6). This procedure constructs energy loss distributions w(A,a) for each target plane 
and integrates with respect to a over lines of constant A. In regions of the fictitious 
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array where I > 2*N@NES, not every column will be filled and the bin width for integration 
over the target depth variable will be increased correspondingly. The goal is to obtain 
“fine-grained” integration near the face of the target where the distribution functions are 
rapidly varying functions of z and to use coarser intervals to save computer time deeper 
in the target. 

Not every value obtained in the Vavilov mode of VAV6 is obtained by means of form- 
ula (3). Where the distribution functions are slowly varying, functions of A, some values 
are supplied by interpolating between nearby values that are obtained by numerical inte- 
gration. The manner in which this is done is controlled by the contents of array KSIZE(M), 
M  = 1, 2, 3, 4, which is stored in data. For example, if KSIZE(4) = 50, K  will be advanced 
with an increment of 4 for the first 4*KSIZE(4) = 200 values of each distribution. This is 
the high-loss region of the distribution functions (near the top of the fictitious array). The 
next 3*KSIZE(3) values will be computed with a K  increment of 3. The values not com- 
puted are supplied by interpolation from nearby values that are computed. This procedure 
also saves computer time. The extent to which such approximations can be made is a 
matter of experience; a criterion for increasing the degree of approximation is that its 
effect on the final yield curve shall be essentially negligible. 

The integrand of formula (3) oscillates about a line lying parallel to the y axis and 
above it. The amplitude of the oscillations decreases as y increases; the integrand takes 
on values of both signs except for large y. Care must be taken to choose DY small enough 
so that there will be several bins per quarter cycle of the integrand and yet large enough 
so that there is a reasonable compromise between accuracy of numerical integration and 
computation time. DY(1) is different for each distribution and is given by 

DY(1) = DYMAX* GK$N *SQRTF(RI - l.O), (15) 

where GKMIN is the smallest value of K  = D(1) for a particular yield calculation (this 
occurs for I = 2), RI is the real .representation of I, and DYMAX is the value of DY(2) and 
is the largest value DY(1) will assume for all I. DYMAX is specified in data. 

The number of bins per quarter cycle of the integrand for a given I value and DY(1) 
tends to decrease as y nears the region where convergence occurs. The number of bins 
per quarter cycle for the Vavilov integrand is given approximately by 

NPQC(1) = 1.57/[PV(K)*DY(I)l. (16) 

The largest value of h, = PV(K) for the Ith distribution occurs at 

KCUT(1) = J5CUTHI(I) + (I - l)*NDKX. (17) 

The array NPQC(1) is evaluated for K  = KCUT(1) in the main program and printed. This 
array aids in choosing DYMAX sufficiently small; DYMAX %  1.0 is typical. 

The numerical evaluation of the Vavilov integral, formula (3), must be carried out to 
obtain each value of the Ith distribution function unless this value is obtained by interpo- 
lating between nearby values so calculated. Simpson’s rule is employed, and the partial 
sums for pairs of bins, each of width DY, are stored in array S(M) of VAVG; a maximum 
of 1250 partial sums (2500 bins) may be stored. The values of these partial sums oscil- 
late about the exact value of the integral, and, for small values of y, the partial sums are 
often negative. 
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In the analysis of (p,~) yield curves, it is sometimes useful to calculate the low-loss 
distributions at closely spaced energy loss intervals where the average loss may be of 
the order of 10 eV. The Vavilov integral converges slowly for such cases and the conver- 
gence criterion of Seltzer and Berger has been modified. Subroutine VAV6 approximates 
the Vavilov integral as follows. Let us define convergence criterion one as that for which 

S(M) - S(M - 1) < C(ZJMP, M = 1, 2 . . . 
S(M) 

(18) 

(where CQjMP % 10-S) is satisfied for NC@MP successive values of M (where NC(Z)MP * 10) 
This is the convergence criterion used by Seltzer and Berger and in the present method is 
tested for after each partial sum is computed-even though other tests are also applied. 
If convergence criterion one is not satisfied after LC@UNT/B partial sums (LC@UNT 2 
500), a test is made to see if 1 S(M) 1 is less than SL@, where SL(zJ 2 0.3. If this inequality 
is satisfied for LC!@MP z 10 successive partial sums, condition two has been satisfied. 
If condition two is satisfied, the accumulation of the subsequent partial sums is begun in 
location ACCS. If after the accumulation of 100 partial sums in ACCS, convergence has 
not been obtained via condition one, the value of the distribution function is calculated 
from the average value of the accumulation. If convergence is not obtained through con- 
dition two after (LCOUNT + LC(I)UNT2)/2 partial sums (where LC(Z)UNT2 5 2000), the 
value of the distribution function is computed from the average value of the next 100 par- 
tial sums. 

Up to ten distribution functions can be printed from VAV6 by specifying the number 
desired in NPMAX and the I values of the desired functions in NP(M). These functions 
will also be graphed by subroutine GRAPH5 except that if one or more of the functions 
requested is skipped due to computation in the modes specified by NTW@S, NFOURS, or 
NEIGHTS, these functions will not be printed or graphed. 

By storing the I values of up to six distributions in IPRINT( N = 5, 6, 7, 8, 9, 1Oj 
a table will be printed from VAVG. The following quantities will be printed: Landau 
lambda, Vavilov lambda, the distribution (normalized to have unit area when plotted as 
a function of the Landau lambda), the number of terms (i.e., the number of times the inte- 
grand was evaluated) to achieve convergence, the maximum value of K, the maximum 
value of J6 (stored in JGSV), the value of ACCS (stored in KACCS(K)), the value of I and 
the value of 16. If this table is not desired, some or all of the array IPRINT may be 
filled with zeros or left empty. 

Certain other quantities may be printed or not from VAV6 depending on whether cer- 
tain control constants (described in the nomenclature list of Appendix A) are one or zero. 

Subroutine TRIGEX 

Subroutine TRIGEX is called by VAV6 and computes certain functions used in the 
calculation of the Vavilov integral. 

Subroutine GRAPH5 

Subroutine GRAPH5 causes the CALCOMP plotter to graph distribution functions 
against energy loss if NGRAPH5 in data is equal to one. No graphs are plotted if 
NGRAPH5 = 0. Functions W, the integrals over the distribution functions with respect 
to the target depth variable, are also plotted against energy loss if NGRAPH5 = 1. There 
are control constants in data that determine the size of the plots; these constants are 
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defined in the nomenclature list of Appendix A. Appendix B  contains a plot from this sub- 
routine (Pig. Bl) of a few energy loss distribution functions and of the integrals with re- 
spect to Z for the 992-keV resonance in the 27Al(p,y)2* Si reaction; the aluminum target 
was 4.923 keV thick at resonance energy. ’ 

Subroutine NORM2 

Subroutine NORM2 normalizes the distribution functions labeled by I = 2, 3, . . . 
INORM. This is necessary for the low-loss distribution functions whether they are de- 
rived from the Landau table in data or calculated by means of the Vavilov formula. When 
entry point NORM2 is called by VAVG, the areas of the distributions printed from VAV6 
are calculated, stored in array AREAC(lO), and printed by the main program. 

Subroutine LAN1 

Subroutine LAN1 is called by VAV6 when I 4 ILAN and causes the distribution func- 
tion for the current value of I to be derived from the Landau distribution function stored 
in data rather than to be calculated from the Vavilov formula. The values of A  are stored 
in GL(LL): the least value of A is -3.5, which is less than any value of A needed in the 
program. The values of Landau function p(A) were taken from Ref. 7 and are stored in 
GPH(LL). The value of A corresponding to the current value of 55 is calculated and stored 
in P(J5); the value of LL is then increased from 1 until GL(LL) exceeds P(J5) and a linear 
interpolation is made between GPH(LL) and GPH(LL - 1) for the value of q(A) correspond- 
ing to the energy loss labeled by 55. 

PROGRAM YIE LD6 

Program YIELD6 reads constants and arrays from cards, including the W  function 
which is punched by program W INTGRL’I. The quantities read and their assignment to 
data cards may be ascertained from statements 102 through 132 in the YIELD6 listing in 
Appendix D (also see Table 2). A  nomenclature list defining some of the more important 
names that appear in YIELD6 and its subprograms appears in Appendix C. 

This program and its subprograms calculate the (p,r) yield according to formula (2) 
by integrating over the beam energy distribution and the cross-section function and pro- 
vide for certain plots. Operation may be said to occur in any one of three modes: 
(a) target with no surface layer, (b) target with a passive surface layer which does not 
contribute to the yield and, (c) target with an active surface layer which does contribute 
to the yield. Operation is in the first mode if data constants NSLP and NSLA are set 
equal to zero. Operation will be in the second mode if NSLP = 1 and NSLA = 0. In this 
mode, the energy loss distribution at the interface of the layer and the target is calculated 
and the free-space energy distribution is modified to take into account the broadening and 
the shift in average energy which occurs as the beam traverses the layer. Operation is in 
the third mode when NSLP = 0 and NSLA = 1. The surface layer yield must now contribute 
to the total yield. The surface layer yield is first obtained from a separate calculation 
with W INTGRL’I and YIELD6 (in mode 1) in which the layer is treated as a separate tar- 
get but with NPNCH = 1. The set of bombarding energies must be the same in the layer 
yield calculation and the calculation for the yield from the target proper plus that of the 
layer. 

The subprograms of YIELD6 are named SETS5, BEAMl,  TRIGEX, G7, YM4, YM5, 
GRAPHA, and GRAPHB. Brief descriptions of the subprograms follow. 
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Cards For mat ~- - Data 

8110 

Comment in columns 2 - 70 
Comment in columns 2 - 70 
NPRINTl, NPRINT2, NPRINT3, NGRAPHA, NGRAPHB, 

NSLA, NSLP 
4 8110 MPRINTl, MPRINT2, LPRINTl, LPRINTB, LPNCH, 

NSIGMA 
5 
6 

Ll* 
L2” 

Yf=t 
Wlf 

we 

W(J5)? 
EXPl 

EXP(N) 

7 
8 

E(L)§ 
BW(L)§ 

3(Fl0.4,110) 
lOFl0.4 
lOFl0.4 

8110 
lOF8.5 
5Fl0.3,F10.5, 

F10.3 
315, 5F12.6 
lOF8.5 

13 
4(13,F9.2, 

F8.2) 
4F20.10 
4Fl0.3,3110 
6312.5 
6312.5 

DEBl, NEBl, DEBB, NEB2, DEBS, NEB3 
EBNRM, SFN, YLDFAC 
ZSL, ASL, SLT, SELSL, HIL@SSL, SLe), PMIN 
LCOUNT, LC(Z)MP, NCOMP, LC@JNT2 
NEB3 values of surface layer yield 10 to a card 
Z, ZIP, A, TT, SEL, DYFAC, HIL@SS 

IMAX, JSSTQ)P, KMAX, DE, DEI, BSQ, GEMAX, A7 
J3STe)P integrals W(J5) 
NEXP 
NEXP triads of experimental yield data 

SFAX, SFAY, SFBX, SFBY 
ER, GAMMA, BFWHM, EB(l), NBW, NGAM, LMX 
LMX values of cross-section function energy 
LMX values of the cross-section function 

Table 2 
Data Cards for Program YIELD6 

*Omit unless the calculation is for a target which has a surface layer. 
tOmit unless this calculation is for a target with an active surface layer. 
$From program WINTGRL7. 
§Omit these cards if the cross-section function is to be generated internally. 



e: 
NRL REPORT 7230  13 

Subroutine SE TS 5 

SETS5 is called by YIELD6. It generates a  set of bombarding energies at which the 
yield is to be calculated; these values are stored in array EB(M). It generates a  free- 
space Gaussian beam distribution and stores it in GLC(L2). 

The set EB(M) is computed with three different intervals.DEBl, DEB2, and DEB3, 
which are specif ied in the input data. There are NEBl values of EB(M) with interval 
DEBl; there are NEB2 - NEBl values of EB(M) with interval DEBB, etc. If DEBl, etc., 
are entered into data with values which make the set EB(M) nonmembers of the basic set 
of energies, DEBl, etc., are recomputed so that EB(M) will belong to the basic set. ER 
is a  member  of set EB(M). 

If LMX = 0 in data, SETS5 generates a  set of energy values at which the cross-section 
function is defined and stores them into E(L). These values will be spaced by NBW*DEI 
for the eight values on each side of the resonance energy; the interval will be doubled for 
the next outlying eight values, on each side of resonance, etc. The set will continue to be 
generated, in groups of 16 until 1  E(L) - ER 1 5  NGAM*GAMMA. If the cross-section 
function extends to about lOO*GAMMA on either side of resonance, the area under the 
Breit-W igner resonance curve defined will be within a  few tenths percent of the true area 
under such a curve. The resonance function is then generated and stored in BW(L). 

If LMX > 0, functions E(L) and EW(L) will be read from data cards; L  = 1, 2, 3  . . . 
LMX. In constructing arbitrary sets E(L), they must be members of the basic set of 
energies for the problem. LRES, the value of L  at resonance, must also be read from 
data for the case of external E(L) and BW(L). 

Subroutines BEAM1 and TRIGEX 

Subroutines BEAM1 and TRIGEX calculate the energy loss distribution at the layer- 
target interface by means of the Vavilov formula (3). Values of this function are calcu- 
lated at energy loss intervals DE at all loss values where the loss probability density is 
significant. No values are obtained by interpolation as was done in VAVG. This distri- 
bution function is stored in array WLCB(K). 

The second task of these subroutines is to calculate the shape of the beam energy 
distribution after the beam has passed through the surface layer using WLC2(K). This 
“distorted” beam energy distribution is first calculated at energy interval DE and then, 
by interpolation, values are supplied so that the final energy interval is DEI. The calcu- 
lation is made by selecting a  value on the distorted distribution energy axis and computing 
the probability density that a  beam particle will exist at some higher energy on the free- 
space distribution‘and will be degraded to the selected value. The sum of .such probability 
densit ies gives the probability density for the distorted distribution at one of the selected 
energies which are separated by the interval DEI. Subroutine TRIGEX is called by BEAM1 
to calculate certain functions. 

Subroutine G7 

2: 
c: 
f-’ 
P* 
u: 
Cd, 
C. 
CI: 

;I;: 
C: 

Subroutine G7 integrates over the beam energy distribution by means of Simpson’s 
rule for each value of the cross-section function BW(L). These integrals are stored in 
array H(L). This integration is performed for each value of the bombarding energy EB(M); 
M  and L are set in YIELD6 which then calls G7. The set EB(M) belongs to the basic set 
of energies. 
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The function W(J5) was computed by WINTGRL’I and transferred to YIELD6 by means 
of punched cards. It was computed at energy loss points DE apart. The beam and cross- 
section functions are computed at energies DE1 apart; DE must be greater than DEL The 
function W(J5) is interpolated to interval DE1 and stored in array WINT(L2); only those 
values needed for integration for a given M and L are stored in this array at one time. 
Interpolation is facilitated by the introduction of a set of parameters 52 = J2A . . . J2P . . . 
J2MAX. Where J2A corresponds to the largest loss needed for a given M and L, J2P 
corresponds to the loss required to degrade the particles in the peak of the beam to en- 
ergy E(L), and JBMAX corresponds to zero loss in the target. 

For each M and L setting, the appropriate limits LI and LF on the beam energy dis- 
tribution independent variable L2 (which is also the independent variable for array WINT 
(L2)) as well as the parameters J2A and J2P are computed by three different strings of 
statements, depending on whether EB(M) is less than, equal to, or greater than E(L). If 
EB(M) > EBLOW = E(L) - 2*BFWHM, there is a jump past the integration routines since 
there is no yield under this condition. Precautions are taken to assure that the indices 
LI and LF and J2A do not take on values less than unity. 

For diagnostic purposes, certain sets of parameters used in G7 may be printed out 
for selected values of M and L under the control of constants MPRlNTl, MPRINT2, and 
LPRINTl, and LPRINT2 which are entered in data. It should be noted that the beam en- 
ergy decreases with increasing values of L2 and the energy loss decreases with increasing 
values of 52 and L2. 

Subroutine YM4; Function YM5 

Subroutine YM4 and function YM5 integrate over the cross-section function BW(L), 
where L = 1, 2, 3 . . . LM@X by means of Simpson’s rule. The subroutine YM4 sets limits 
on the integer variable L and calls YM5 to sum products BW(L)*H(L) over eight intervals 
per call. The partial sums are multiplied by the appropriate bin width in YM4, and the 
final sum (for a given value of M) is multiplied by YLDFAC, a factor which accounts for 
the generally lower atomic density of contributing atoms in a surface layer than in the 
?arget proper. n 

Because of the structure of YM4, care must be taken to construct external functions 
BW(L) and E(L) with the same interval scheme as is used for these functions when 
generated internally. 

Subroutine GRAPHA 

Subroutine GRAPHA causes the Calcomp plotter to plot the experimental points 
(stored in data) and the calculated yield if NGRAPHA (in data) is equal to one. If there 
is a layer on the target which contributes to the yield (NSLA = 1), the yield for the layer 
(which is calculated in a preliminary run by YIELD6 with NSLA = NSLP = 0) is plotted 
separately and the total yield (layer plus target proper) is also plotted. 

The ordinates of the experimental points may be adjusted so that the areas under the 
experimental yield curve and calculated yield curve will be equal out to the bombarding 
energy of some experimental point named EBNRM; EBNRM must be specified in the input 
data and must lie in the energy range bounded by NEBl*DEBl and NEBl*DEBl + (NEB2 - 
NEBl)*DEB2. This leaves the fraction of the areas to be matched to the user’s choice. 
It is often desirable to compare the early parts of the calculated and experimental yield 
curves since the shape of the high-energy part of the experimental yield curve is affected 
by target thickness inhomogeneities. For sufficiently thick targets, the value of ER and 
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GAMMA determined by comparing curves are independent of the high-energy part of the 
yield curve. In fact, if the target is sufficiently thick, ER and GAMMA may be deter- 

P. Ge CI: I-.. 
mined without calculating the high-energy part of the yield curve. 

If it is desirable to plot the experimental yield curve to an arbitrary vertical scale, 
set EBNRM = 0.0 and specify constant SFN in the input data. The experimental yield 
curve will then be plotted according to YX = YEXP(N)*SFAY*SFN*6.0, where YX is the 
height in inches and SFAY is a scale factor (of the order of 1.0) in data, Figure Dl, 
Appendix D, illustrates a plot by GRAPHA for the 992-keV resonance in the 27Al(p,r)2aSi 
reaction. The target consists of 4.934 keV of aluminum with an 0.156-keV layer of AlzO,. 

Subroutine GRAPHB 

If NGRAPHB = 1 in data, subroutine GRAPHB will cause the Calcomp plotter to plot 
the energy loss distribution at a layer-target interface, the free-space beam energy dis- 
tribution, and the beam energy distribution at the layer-target interface. Figure D2, 
Appendix D, shows plots for proton beam with 0.198-keV FWHM incident on an aluminum 
target with an AlaO, layer 0.156 .keV thick at resonance energy. 

Area Under Yield Curve 

The area under the yield curve should be numerically equal to the target thickness 
(when there is no yield from a surface layer and YLDFAC is 1.0) since the beam energy 
distribution, the cross-section function, and the energy loss distributions are all normal- 
ized to unity. This area is named AYLD and is computed and printed in YIELDG. If 
there is a surface layer which contributes to the yield, the numerical value of the yield 
curve area will be increased over the target thicbess by an amount computed for AYLD 
in the preliminary yield calculation for the layer. 

The value of AYLD is usually less than TT due to truncation of distribution functions 
and approximations in intergration routines. Typically, the difference is within 2 percent. 
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Appendix A 
NOMENCLATURE FOR PROGRAM WINTGRL’I 

I-’ 
51. 
V’I 
VT 
h. 
T 

F;: 
CE: 

4 (read from data) is the molecular weight of the target matter. 

A7 = 0.30058 mc2/P2, where the nomenclature is that of formula (3). - 

ACCS is a location in which the partial sums representing the Vavilov integral are 
accumulated in connection with convergence criterion two-for the current distribution 
function calculated in VAVG. 

BSQ = p2 is the square of the ratio of the velocity of the incident particle to that of light 
at resonance energy. 

C@MP (read from data) is a positive number of the order of 10-c used to test for con- 
vergence of the Vavilov integral formula. If the absolute value of the fractional change 
from the partial sum M - 1 to the Mth (representing the integral in VAVS) is less than 
CQ)MP for NC@MP % 10 successive values of M, convergence criterion one is said to be 
satisfied. 

LCQUNT (read from data) is an integer such that if the number of partial sums formed 
in the integration of the Vavilov formula exceeds LCOUNT, the second convergence cri- 
terion is applied to all subsequent partial sums representing the current integral. 

CUTC (read from data) is a constant that appears in the formula J5CUTHI(I) = J3SToP - 
CUTC/DE - CUTFAC*J3ST@P*I/IMAX. A typical value for this parameter is 0.8; It 
insures that no distribution function will be cut off at less than a loss of CUTC keV. 

CUTFAC (read from data) is a constant (on the order of unity) that determines the I 
dependence of the way in which the energy loss distribution functions are cut off in the 
high-loss region through the formula J5CUTHI(I) = J3ST@P - CUTC/DE - CUTFAC* 
J3ST@P*I/IMAX. 

DE (read from data) is the energy loss interval for the calculation of the Vavilov distri- 
bution functions. It must be an integral multiple (greater than one) of DE1 so that these 
functions can be conveniently interpolated to intervals of size DEI. Thus, the probability 
densities computed will be for losses which are equal to exact differences between par- 
ticle energies and energies at which the cross-section function is represented. Typi- 
cally, the size of DE will be about 0.020 keV. DKX is computed, is dependent on the size 
of DE, and is approximately NDKX*DE. Therefore, the choice of DE fixes the thickness 
and number of target subdivisions and the time required for integration over the target 
depth variable 3. 

DE1 (read from data) is the smallest energy interval (in keV) in the basic set of energies 
which contains all energy differences that enter the calculation. Energy loss increments 
are also eventually reduced to size DEI, although the energy loss distribution functions 
are initially calculated on interval DE which must always be greater than DE1 and is an 
integral multiple of DEI. Choose DE1 by first estimating the smallest value of GAMMA = 
(r) (in keV) that is likely to be assumed for the resonance under consideration; then make 
DE1 8 F/5.0. This will cause the program to. represent the cross-section function with 
5 points above half height for the smallest r assumed and with more if r is larger. If 
DE1 is not an integral submultiple of DE (in data), it will be recalculated to be such. 
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D(1) = K is the parameter that labels the Ith distribution in Vavilov’s theory. 

DKX is the average energy loss in keV between target planes. 

DY(1) is an array in which are stored the values of bin width DY for the Vavilov formula 
which calculates the energy loss distribution labeled by I. 

DYMAX (read from data) is the largest bin width (DY) that will be used in the integration 
of the Vavilov formula. Since the integrand is oscillatory, a value of DY that is large 
compared to the period of oscillation will result in meaningless integration. 
this parameter will be unity. 

Typically, 

EIE(J5) is the energy loss A labeled by the integer variable 55 = 1, 2, 3 . . . J3SToP. 

ERA (read from data) is the first estimate of the resonance energy in keV and is used 
to compute a value for p 2. 

GEMAX = E,,, is the maximum energy in keV that can be transferred in a’ collision 
between an incident particle and a free electron. 

GL(LL) (read from data if NLANDAU = 1) is the set of Landau lambdas, A, paired with 
values of the Landau distribution function in data. 

GPH(LL) (read from data if NLANDAU = 1) is the set of values for the Landau distribu- 
tion function stored in data. Each value is paired with a value of A on the data cards. 
This array is read and printed from SUHRJbUTINE LAN1 if NLANDAU = 1. There are 
486 values. 

HIL@S (read from data) is the maximum loss in keV that any incident particle will suf- 
fer nonnegligible probability) while traversing the entire target thickness. A value 
for this parameter can be obtained by inspecting plots of the energy loss distribution 
functions for various target thicknesses. 

I is an integer variable that labels the planes which’subdivide the target (I = 1 labels the 
&get face). Hence, I also labels the set D(1) = K and the set of energy loss distributions. 

IC&lNT is a location in which is stored the ordinal number of the distribution function 
about to be plotted and printed; ICj&lNT = 1, 2, 3 . . . 
ICOUNT 

NPMAX. If the maximum value of 
that appears in the printout is less than NPMAX, this means that not all the 

distribution functions designated in NP(lO) were actually calculated. 

ICTLOW (read from data) is an integer which controls the height of the plots of the low- 
loss distribution functions which tend to be sharp. The first ICTLOW distribution func- 
tions plotted by GRAPH5 will be plotted according to Y = SFYL@W*lO.O*WLCl(I6,J6). 
Y is in inches. 

ILAN is an integer that determines the I value of the last distribution function derived 
from the Landau table in data. If I > ILAN, the distribution functions are calculated from 
the Vavilov formula. 

IMAX is the I value labeling the final target plane (back face). 
the program is stopped and an abort message printed. 

If IMAX exceeds 400, 

KPRINT(10) (read from data) stores values of K for which certain parameters may be 
printed. See IPRINT(l0). 
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KSIZE(NBL@CK) is an array that governs the manner in which the values of the distri- 
bution labeled by 16 and I are calculated in the K loop of VAV6 and stored in array WLCl 
(16,J6). NBL@CK = 1, 2, 3, 4, 5 is the ordinal number of a block of values. J6 = 55 = 1, 
2 , . . . J3ST@P labels the distribution values; J6 = K - (16 - l)*NDKX. If KSIZE(5) # 0, 
the calculation of the Ith distribution function begins with KSIZE(5) blocks with interval 
MK = 16, then the KSIZE(4) blocks with interval MK = 8 are determined-then KSIZE(2) 
blocks with interval MK = 2. Only the first and last values of each block are calculated 
by means of the Vavilov formula; the intervening values are obtained by linear interpo- 
lation from the first and last. If KSIZE(5) = 0, the calculation begins with blocks of the 
4th kind, etc.; KSIZE(N) may be zero provided KSIZE (N + 1) = 0. If K is less than 
J5CUTHI(I) + (I - l)*NDKK or greater than J5CUTLO(I) + (I - l)*NDKK zeros will appear 
in array WLCl(I6,JG). The distribution values in blocks of the first kind (NBLOCK = 1) 
are all calculated by the Vavilov formula unless I -< ILAN; then they are supplied by inter- 
polation from the values of the Landau function stored in data. KSIZE(5)-KSIZE(2) are 
read from data; KSIZE(1) is calculated according to KSIZE(1) = J3STQ)P - 1 - 2*KSIZE(2) - 
4*KSIZE(3) - 8*KSIZE(4) - 16*KSIZE(5). Thus, the user may determine the degree of 
approximation with which the distributions are calculated by specifying KSIZE(NBLOCK) 
NBLOCK = 2, 3, 4, 5-and by specifying ILAN in data. 

KSTQjP contains the final value of K in the K loop of VAVG. 

KSTOPSV stores the value of KST@P before entry is made to the K loop in VAV6 for the 
first time for the current I value. 

KSTRT contains the starting value of K in the K loop of VAV6 where the values of the 
Vavilov distribution are calculated. 

KSTRTSV stores the value of KSTRT before entry is made to the K loop of VAV6 for the 
first time-for the current I value; these numbers are used as a basis for calculating 
KSTRT for the next I value. 

KK(1) is the average energy loss iz (in keV) of an incident particle that has penetrated to 
the Ith plane of the target. 

Kx2 is the ratio SEL/S, where SEL is the experimental specific energy loss in units of 
keV-cm2/gram and c = z2(mc2/p2) (Z/A) s; z is the number of electron charges on the 
incident particle; mc2 is the electron rest mass in keV; Z/A is the number of electrons 
per target molecule; p is the ratio of the velocity of the incident particle to that of light; 
and s is the penetration depth in grams/cm2 and is set equal to one when KX2 is 
calculated. 

LC@MP (read from data). See LC@UNT. 

LC!(I)UNT (read from data) is a positive integer of the order of 500. If convergence cri- 
terion one in VAV6 is not satisfied after LC@UNT/2 partial sums, a test is made to see 
if the absolute value of the Mth partial sum is less than SL@ z 0.3. If this test is satis- 
fied LCP)MP * 10 successive times, convergence criterion two is said to be satisfied. 

INORM (read from data) contains an integer such that if I s INORM, the distributions will 
be renormalized so as to envelop unit areas. 

c: 
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IPRINT(l0) (read from data) is an array whose contents control the printing of certain 
quantities from VAV6 (see listing of WINTGRL’I). If I = IPRINT( this printout can 
occur. The first location of this array, in conjunction with the first two locations of array 
KPRINT(lO), controls the printing of certain quantities in the integrand of the Vavilov 
formula for the stored values of I and K. The second location of IPRlNT(l0) and the third 
and fourth locations of KPRINT(lO) are similarly associated. 
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IQUIT (read from data) is an integer that will cause the calculation of distribution func- 
sto be stopped at I = IQUIT and a plot made by SUBROUTINE GRAPH5. This feature 
shortens the computation time if only distribution functions are desired. 

ISTOP is the value of I labeling the second distribution of a pair calculated in VAV6 prior 
-partial integration (in Subroutine W6) over the target-depth variable. 

ISTRT is the value of I labeling the first distribution of a pair calculated in VAV6 prior 
-partial integration (in subroutine W6) over the target-depth variable. 

55 is an integer variable that labels the set of energy losses when they are spaced at 
interval DE. J = 1 corresponds to the greatest energy loss of the set. 

J5CUTHI(I) contains the value of J5 corresponding to the value of K contained in KCUT(1). 
Low values of 55 correspond to large loss values; 

JSCUTLO(1) stores the value of J5 at which the computation of the Ith distribution func- 
tion is cut off at the low-loss end. This corresponds to cut-off specified by PCUT. This 
array is printed as a diagnostic aid. 

JSST@P = HIL@SS/DE is the maximum value of the integer variable 55 that labels the 
energy loss values separated by DE. 55 = J3STQ)P is the value of 55 associated with 
zero energy loss, i.e., the energy loss associated with the face of the target. 

JGSV stores the value of J6 corresponding to the value of K stored in KSTRTSV. 

K is an integer variable that labels members of the set P(K) = k and PV(K) = A,. - 

KCUT(1) contains the value of K at which the computation of the energy loss distribution 
will be cut off in the high-loss region. Low values of K correspond to high values of loss. 

KMAX = J3ST@P + (IMAX - l)*NDKX is the maximum value of the integer variable K 
that labels values of the distribution function and the Landau A, P(K). If KMAX exceeds 
1700, arrays P(K) and PV(K) would overflow; the calculation is stopped and an abort 
message is printed. 

LC@UNTB (read from data) is a positive integer on the order of lo3 and less than 2 x 103. 
If convergence is not achieved in VAV6 after the computation of (LC$ZklNT + LC@lNT2)/2 
partial sums, the value of the integral is computed from the average value of the next 100 
partial sums. 

MI is the increment in I between distribution functions of the pair calculated by VAV6 
prior to partial integration (in subroutine W6) with respect to the target-depth variable. 

MK contains the increment in K for the K loop of VAVG. 

MAXT(K) is the value of the number of bins spanned in the integration to obtain the Kth 
value of the current Vavilov distribution function. These quantities are printed in a table 
under the control of IPRINT( 

NBL@CK denotes the subscript for the array KSIZE(NBL$?kK), where NBL@CK = 1, 2, 
3, 4, 5. 

NCALL is an integer denoting the number of times subroutine VAV6 has been executed. 
The last statement in VAV6 causes NCALL to be increased by unity. If NPRINT2 = 1, the 
statement “END OF PRINTOUT FROM CALL M OF SUBROUTINE VAV6” has the value of 
NCALL for M. 
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NC@MP (read from data). See C@MP 

NDKX (read from data) is a small integer (usually 2 or 3) that determines whether the 
distribution functions are calculated for every I value (NDKX = 1), every other I value 
(NDKX = 2), etc. Since DKX is always approximately equal to DE, a choice of NDKX 
allows the average energy loss between target planes at which distributions are calcu- 
lated to be substantially greater than the loss interval on the distribution functions. 

NEIGHTS (read from data) is the number of pairs of distribution functions (in the region 
of large A) for which the bin width for integration with respect to the target-depth 
variable (Z) is 8.O*DKX. 

NFOURS (read from data) is the number of pairs of distribution functions (in region of 
moderate X) for which the bin width for integration with respect to the target-depth 
variable (a) is 4,O*DKX. 

NLANDAU (read from data). If NLANDAU ‘= 1, the first ILAN distribution functions will 
be derived from the table of Landau distribution values that is stored in data. Jf 
NLANDAU # 1, all distribution functions will be calculated by means of the Vavilov 
formula. 

NMAX (read from data) is the maximum number of partial sums that can be stored in 
the numerical evaluation of the Vavilov integral in VAVG. 

NONES is the number of pairs of distribution functions (in the region of small b) for 
which the bin width for integration with respect to Z is DKX. N@NES = (IMAX - 1 - 
4*NTWm - 8*NF@URS - 16*NEIGHTS)/2. 

N@PL@T (read from data). If N@PL@T = 1 (#l), GRAPH5 will (will not) be called by the 
main program. 

NoPRINT is an integer controlling the printing of the Landau table stored in data. 
If NQ)PRINTl = 1 (fl), the table will (will not) be printed. 

NoPRINT (read from data) controls the printing of the following quantities from VAVG: 
ISTRT, lST@P, NCALL, KSTRT, KSTGP, MK, and LC@UNT. If NoPRINT = 1 (fl), 
these quantities will (will not) be printed every time there is a change in KSTRT and 
KSTGP. 

NP(lO) (read from data) may contain NPMAX I values which designate the energy loss 
distribution functions that the user wishes to be plotted by subroutine GRAPH5. Those 
distribution functions will be plotted and printed only if they are calculated by VAVG. 
Recall that the distribution functions labeled by some values of I are not calculated, 
i.e., in the region of the target where the integration with respect to target-depth var- 
iable has a bin width greater than DKX*NDKX. The actual number of distribution func- 
tions plotted and printed is given by an integer stored in ICQUNT. 

NPMAX (read from data) is an integer equal to or less than 10 that indicates the number 
of distribution functions that are designated for plotting by subroutine GRAPH5 and 
printing by VAVG. 

NPQC (I) is approximately the number of bins per quarter cycle of the integrand of the 
Vavilov formula for the Ith distribution function. If DYMAX is chosen too large, the num- 
erical evaluation of the Vavilov formula will give misleading results. The array NPQC(I), 
I = 1, IMAX is printed as an aid to insure meaningful integration. 
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NTW@S (read from data) is the number of pairs of distribution functions for which the 
bin width for integration with respect to the target-depth variable (z) is 2.O*DKX. 

PCUT (read from data) is the value of A at which the calculation of the Vavilov distri- 
bution is cut off at the low-loss end. 

P(K) is the set of Landau parameters A. 

PV(K) is the set of Vavilov parameters A,. 

RM (read from data) is the rest mass of the incident particle in keV. 

SEL (read from data) is the specific average energy loss of the target in keV-cm2/gram. 

SFX (read from data) is a scale factor that governs the abscissas of the plotted distri- 
bution functions whose ordinal numbers are greater than ICTLOW. SFX is typically of 
the order of 1.0. 

SFXLQjW (read from data) is a scale factor that governs the abscissas of the plotted 
distribution functions whose ordinal numbers 1, 2, S-are ICTL@W or less. SFXLOW 
is typically of the order of 5.0. 

SFY (read from data) is a scale factor governing the heights .of the distribution functions 
plotted by GRAPH5 which have ordinal numbers greater than ICTLOW. 
is of the order of unity. 

Typically, SFY 

SFYLOW (read from data) is a scale factor (typically on the order of 0.02) that governs 
the height of the first ICTLOW distribution functions plotted by GRAPH5. 

SLQ) (read from data). See LC@UNT. 

SUM(K) is the Kth value of the current Vavilov distribution function as calculated in 
VAV6 and printed out under control of IPRINT( where M = 1, 2, 3, 4, 5 in a table, 
These values are normalized to unit area when the distribution functions are expressed 
as a function of A = P(K). 

TT (read from data) is the target thickness in keV. 

W(l700) is an array in which the integrals W(J5) of the distribution functions over the 
target-depth variable are stored. 

WLCl(3,1700) is an array into which are stored (temporarily) the values of three distri- 
bution functions for the purpose of integrating with respect to h over two adjacent bins- 
by means of Simpson’s rule. 

Z (read from data) is the number of equivalent-free electrons per target molecule. - 

ZIP (read from data) is the number of electron charges on the incident particle. 



Appendix B 
LISTING OF PROGRAM WINTGRL7 AND SAMPLE RUN 

2 1 
C 
c FIRST TwQ DATA CARDS MAY CQNTAIY CGMMENTS, 
C 

12 FGRMAT(GFlO,4) 
13 FORMATt8FlO,7) 
14 FGRMAT(4F15,5) 
15 FORMAT(ld110, 
16 FGRMAT(8IiO) 
17 FORMAT(lijI5) 
16 FORMAT(~5,10!5) 
19 FSRMAT(liiF6,5) 
21 FGRMbl(jb* QUANTITIES READ FROM D4TA CARDS,*) 
30 FQRMAT(/* 2~~,F5,1,~3X~*21P~~,F4,1,12X,*A8~,~7,2~11X,*RM8~,F10,2, 

27X,rNLANDAU8*,13;9X,.*ILANir,l3) 
32 FGRMAT( e SEL~~,Fla,l,6X*ER48~,F~,2,6X,~DEa~,F6,~,ilX,*DEI8~,F9,6, 

2 7x,rTTrr;F7,3,10X,*NDKX8*,12) 
34 FGRMAT( e NMAX8*,15,lOX,~NCOYP~*,I3,~~X,*L~~MP8~~!4,lOX,~L~~UNT2~* 

215,7X,*DYMAX,i*,F6,3,GX,*HIL@SS~*;F6,2) 
36 FGRMAT( I COMP3*,F~,5,7X,+SLBrrrP5,2,iiXlrPCUT8*~F5,2, 9X,* cUTC8* 

2,F6,2,9x;rCUTFAC8*,F5.1) 
38 FGRMAT( e NSNES~*,I3,1lX,*NTWGSs,rl3riiXI *NFAUR'S8e:)3,lDX,*NE)GHTS 

~~~,I~,~x;+IQU~T~~,I),~DX;,INQRM~*,~~) 
40 FGRMAT( * SFX8*,F5,2,1lX;~SFYo~,F5,2,llX,~SFXLmWI*F5,2,8X,~SFYL~W~ 

2~,F5,2,GX;*ICTLGW8*,)3,iDX,*NBPLdTrr,I3) 

23 



24 . 

42 POI?MAT( e NOPRINTl~~I3,8X*NOPR!~T2~~,IS,BX,~LCmUNT~~,I4) 
44 FQRMAf(/r KS!ZE(M), M=l,S+) 
46 FORMAT(/* NPMAX NP(M), Y@l,NPMAX*) 
48 FORMAT(I~,IOX,~I)I~! 
50 FORYAT(/* IPRINT( I~l,lO+I 
52 FORMAT(/, KPRINTtKl, K=l,lO*) 
60 FORMATI//* QUAYTITIES COMPUTED IN MAIN PRO~RAM,~! 
62 PORMAT(/ e A39*,f!l2,5,5% ,~44a*,E12,5r5X,~A3s*,E12,5,~X,bA6u~,El2,5 

2,5X,~A7r*,El2,5,4X,*NONES+*rl4) 
64 FQRMAT ( e GEM4X~*,El2,5t2X,~KX2~*,El2,5,4X,~IMAXe+,I4,llX,*J3ST~P 

~~*,~~,~x,~KMAX~~,I~,~~X,*DKX~*,F~O,~) 
70 
72 
74 
76 
78 
80 
(Jl 

.t: 
86 

ii 
91 

xz 
94 
95 
96 
97 
98 

1 Fl 
102 
104 
106 
108 
110 
112 
116 
118 
120 

: 
c 

150 
152 
154 
156 
158 
160 
161 
162 

F@RMAt(/ 1 KX(I), I=l,*i4) ~- 
FORMAT(/(lX,lOBl2,5~~ 
FOpMAT(/ I DY(I), Ia:,*,14) 
FQRMAt(/ e D(I), I=l,*,I4) 
CBRMAT(/ I KCU~(I),I~~,~,I~) 
FORMAT(/ e NPQC(I), Iol,*,IrO 
FQRMAT(/e JSCUTLfl(I), 1=1,*,14) 
FORMAT(/ L JSCUTHI(I)r X11,*,14) 
FORMATI/ I EIE(J'51, J5~1,*14, 
FOpMAT(/ e PV(K); K=l,*,I4) 
FOpMAT(//* QUANTITIES PRINTED FROY SUBRBUTINES LANK AND V~v6,*) 
FORMAT(//* FINAL PRINTmUT FROM MAIN PROGRAM,~) 
FQRMAT(/ 13, 
FORMAT( 

*DIST FCTMS REQ~ESTEO,*,2X,IS;* DISi FCTNS SAVED,*,/) 
!5,* INTEGRALS w(J5, OvE? VARIABLf Kx FI?LLGw,!) 

FORMAT(/r AREAS QF PLOTTED DISTRfBuT10M FUNCTIAIJO 
FO~MAT(4F~0,3,Fl~,l,FlO,5,FlO~4) 

l,!COUNT*) 

FOpMAT(3i5,4F12,6,F12.2) 
FQRMAT( *NEXT TW8 CARDS CONTAIN CONSTANTS FR8M WjNTGRL7,r) 
FORMATte J3sTOp EXCEEDS 1700 OR KYAX EXCEEnS 1900, ABORT*) 
FORMAT(r IMAX EXCEEDS 400, l 

F@RMAT(r KSIZE(l) @R NmNES I:B%:jr:R NEGATIVE, 
READ 8 f, READ 10 

ARQRT,*) 

READ l2,Z;A,bE,DEI,ZIP,TT,HIL~SS,CuTC 
READ 12,RM,S@L,ERA 
READ lQ,,NtdAY ,NC~MP,LCO~~P,LCOU~T,LC~UNT~,N~KX,NLAN~AU,ILAN 
READ 12,DYMAX,C@MP,S~O,PCUT,CUTFAC 
READ l6,NTWOS,NF6URS~NEIG~tS,KSIZE(2),KSIZE(S),K~~~E~4~,KSIZ~(5~ 
READ I~,NPMAX,(NP(L),LBI,NPYAX) 
READ ~~,N~~R~NT~;NBPRI~T~,~~PL~T,I~TL@W,IN~RM,!Q~JIT 
READ 17;~1~R!NT~I~,1~1,10~ 0 R@Af) it, (KpRiNT(K):K;l,lO) 
READ l2;SFX,SFY,SFXbPW,.SPYL@W 

COMPUTE CONSTANTS, 

BSba2rERA/RM S A3~l,O/SQRTF(l~BS3) 
A4o2,orERu*BSQ*A3**2 S EMBPYIER!J~/RM 

S ER~e5/0,976 

AS~~,O/(~,O+~~EMBPMIA~*E~~~~~~~~ $ GEMAXmAIeA5 
A7~0,3OOY8*ZfP*~2~ERM/RSO IF KX2sSEL/(A7*Z/A) 
8al,O+BS6,0,577216 S A6nl,O+B/Kx2 S DKXrDEerqbKX/A6 
IMAXwTT/DKX+l si RIMAX=TT/DKXcl,o s DIFFI,RIMAX.IM~X 
IF(DIFP,LT,O,S ) GD TO 162 0 IMAXsIMAX*l 
IFtIM4X;GT,400) 163,164 
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$63 WRITE(63,,98) S Step 
164 TToDKX*(IMAXa~) 
165 J3STQPmHTLQSS/DE I KMAXrJSSTQP~(IMAXol~*NDKX 
$66 IF(J3STQP,GT,~70O,QR,KMAX,GT,~900~ 167,169 
167 WRITE(61,97) SST@'? 
169 NQNESm(~MAX&4*NTWQSIB,NFQURSal6*NEIGWtS~/2 
170 KSIZEtl~rJ3STQPel~2*KSIZE(2~~4~KSIZE~3~~8~KS~ZE(4~~~6~KSIZ~(S~ 
171 IF~KSIZE(l),LT,l,QR,NQNES,LT,I) 172,190 
172 WRITEt61,99) S STQP 

i COMPUTE CERTAIN ARRAYS, 
C 

190 DEN=KXZeGEMAX 
193 DQ195 I cl, I.MAX 
194 KX(I)=(Isg)*DKX J D(I)aKX(!)/DEN 
$95 CONTINUE 
210 DO 218 J5r $,J3StQP 
214 EIE(J~)TCJ~SYQP-J~)*DE 
218 CONTINUE 
220 GKMINFDKX/DEN S DYFAC-DYMAX*GKMIN 
222 DO 228 Xo2,1MAX 
224 RI=1 S DY(I)~DYFAC~SGRTF(RI=~,O)~D~~~ 
226 J5CUTHI(t)oJ3STQP=CUTC/DE~CUTFAC*J3STQP*~/IMAX 

IF(J5CUTWI(I~,LT,l)J5CUTHI(~~=l 
227 KCUT(I)rJSCUTHI(!)*(!Pl)rNDKX 
228 CQNTlNUE 
230 DQ 238 KoO,KMAX 
232 PV(K)O(J~STQPIK)~DE/G~MAX 
238 CQNTINUE 
250 DO 258 Ir2,IMAX 
252 KeKCUT(Il 5  NPPC(I)rl,57/(RV(K)*DY(f)) 
258 CONTINUE 

c 
C PRINT QUANTITIES READ FROM DATA CARDS, 
C 

400 WRITE (61,8) S WRITE (61,101 5 WRITE(61,21) 
402 WRITE (61,301 Z,ZIP,A,RM,NLANDAU,ILAN 
404 WRITE (61,321 SEL,ERA,DE,DQl,TTrNDKX 
406 WRITE (61,341 NMAX,NCQMP,LCQMP,LCQUNT2,DYMAX,eHILQSS 
408 WRITE (61,361 CQMP,SLQ,PCUT, CUTC,CUTFAC 
410 WRITE(61,38) NQNCS,NTWQS;NFQURS,NElGHTS,~QUIT,!NQRM 
412 WRITE (61,401 SFX,SFY,SF%LQW,$FYLBW,!~TLQW,NQFL0T 
414 WRITE (61,421 NBPRINT$,NQPRINTZrLCQUNT 
416 WRITE (61,441 
418 WRITE (61,16) (KSIZf(M1, ME%,51 
420 WRITE (61,461 f WRITE (61,481 NPMAX,(NR(M)', Wsl,NPMAXI 
422 WRITE (61,501 S WRITE (6lrl7) (IPRINT( Ic~,lOb 
424 WRITE (61,521 S WRITE (61,171 (KPR!NT(K), urlrlO) 

: PRINT QUANTlfIES' CQMPUTED IN MAIN PRQGRAM, 
C 

430 WRITE (61,601 
432 WRITE (61,621 A~,A~,A~,A~PA~,N~NES 
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434 
436 
438 
440 
442 
444 
446 
448 
450 
460 

: 
c 
C 

500 
C 

i 
400 
601 
602 
604 
604 

2X 
C 
C 
C 

:g 
904 
904 
908 
910 
800 

WRITE 
WRITE 
WRITE 
WI?! TE 
WRITE 
WRITE 
WRITE 

%E 
WRITE 

(61,641 
(61,701 
(61,741 
(61,761 
(62,781 
tblt80) 
(61,82) 
(61,841 
(61,861 
(61,881 

GEMAX,KX2,;MAX,J3STBP,KMAX,DKX 
IMAX f WRITE (61,72) (KX(I),Irl,IMAX) 
IHAX S WRITE tb1,72) (DY(I),IrlrIMAX) 
;MAX E WRITE (41,721 (D(I), !=l,!MAX) 
IHAX S WRITE (61,15) (KCUT(I):, I$,IMAx) 
IMAX S WRITE (61,151 (NPQC(I), I~l,IMAX) 
IMAX S WRITE (41,15) (J%UTH!(j)r IrlrlMAX) 
;5,:;BP S WRITE (61!72) (EIE(JS), J5el,J3STGP) 

S WRITE (61,72) (PV(K), KrltKMAX) 

CALL W6 TQ INTEGRATE THE ENERGY LBSS DISTRIBuTIQN FUNCTIQNS 
BVER THE TARGET DEPTH VARIABLE, 

CALL Wb 

FINAL PRlNTQUT AND PUNCHCJUT FROM YAIN PRBCRAM, 

WRI;IE (61,OO) 
WRITE(bl,Bl)IMAX S WRITE(6lt15) (JSCUtLB(I)r Id, IMAX) 
WRITE (61,911 NPMAX,ICGUNT 
WRITE (61,92) J3SfQR 
WRITE (61,72) (W(J5)r J5~l,J3STBP) 
WRITE (61;93) 
WRITE (61,72) (AREA( ICol,ICBUNT) 

PUNCH NUMBERS FBR PRBGRAM YIELDb, 

WRITE (62,96) 
WRITE (62,94) Z,ZIP,A,TT,SELL.DYFAC,H!LBSS 
WRITE (62195) IHAX,J3~TBP,KMAX,DE,DEl,BSG,GEMAx,~7 
WRITE(b2r92) J3STSP 
WRITE (62,19) (W(J5), J5~1,J3STBP) 
CALL GRAPH5B 
END 

SUBRGUTINE Wb 
CQMMGN/~/Z,A,DE,DEI,RM;SEL,ERA,TT,HIL~SS~NDKK,NLANDAU,ILAN 
CGHMON/S/CUTC,CUTFAC,NGNES,NtWIS,NF~URS,NEiG~TS,N~MAx,IC~uNT,I,I6 
C~MMBN/~/ISTRT,IST~~,MI,MK,KSTRT,KST~P,NCALL;~Q~~T;NBL~CK 
CBMMGN/5/KSIZE(5),NP(lO),IRR!NT(;O),KPRINT(l9) 
~GMMGN~~~Kx(400),DY(4OO),D(4OO),KCUT(4oO),NP~C(4oo~,J5CUTH!(4oe) 
CGMMGN~9/EIE(l7oO),RV(l9Oo),DIF(l7oO),P(l99o) 
C8MMGN/lO/A?,A4,?5,Ab,A7,GEMAX,KX2,IMAX,J3ST~P,KUAx,DKX,BSQ 
~6MM~N~ll~WLCl(?,~7OO),W(l7OO),AREA(lO),WA(l7oO);GL(5oO),GPH(5Oo) 
ISTATR~S IStGRn3 0 MI:1 t NCALL@O S ASSIGN 4i TO NS 
KSTRYel f K$.TGPsl*l64KSfXEtS) S MY- 
MKSVVMK S NBLBCKSV=NBLQCK 3 IP(K§IZ 8 

6 S NBLBeKm$, 

NBLBCKoNBLBCK-i ! MKrfdK/S 
(NBLBCK).EQ,9) a,20 

9 KST@Prl+MK*KSIzEtNBLaCK) f GQ TB 7 



27 er 
2’ 
e: 

20 
22 

E 
C 

24 
26 
28 
36 
40 

;; 

5: 
b0 
62 

;; 

E 
80 

iii 
102 
104 
110 
12s 
130 

C 

: 
140 
142 
144 
144 
148 
150 
200 

MK=MKSV $ NBL0CKtNBLOCKSV % CALL VAV6 
J6S=J5CUTHI(I) 

PIECEWISE INTEGRATIQN QF WLClt16rJb) 

DO 28 J6=JbS,J3STOP 
WA(J6)~WA(J6)+WbC1(StJb)~4,O~WLCl(2tJb)~wLCl(3,J6) 
wLCl(l,Jb)=WLCi(3,J6) 
GO T0 NS,(4O,50,60,70,140) 
IFtNCALLsN'3NfS) 80,42,50 
ASSIGN 5O TQ NS t N@TaNQNES*NTWBS b W1D!!O13333rDKX S G0 T0 100 
IF(NCALLoN0T)80,52,60 
;F(NTW0S,EQ,O) 140153 
ASSIGN 60 t0 NS S NQTFoNdTrNF0URS S w)D~O,666661bKX % G0 T0 1OO 
IF(NCALLnN0TP)80;62,90 
IF(NFOURS,EQ,O) 140,65 
ASSIGN 70 T0 NS S NGTFE=NOTF *NE)GHTS % W10=%,3333*DKX S 60 T0 100 
IF(NCALLsN0TFE)80,72,140 
;F(NE;GHTS,EG,O) 140r73 
ASSIGN 3.40 70 NS '5 WID=2 6666*DKx 3 GO TO 100 
ISTRT~ISTQP4HI $ ISTIP.)~TRT+HI 
IF(ISTRT,GT,IGU~T)1OO,2O 
D0 104 J~=J~S,J~ST~R 
W(Jb)?w(J6)+wA(Jb)+wID 
WA(J6)nO,O 
MI=2*MI 
IF~ISTRT,Gf,IQUIT~ 2OOt13O 
GO T8 ~S,(4o,5o,6o,70,14o~ 

IF IMAX IS EVEN, DQ TRAPEZ0IDAL IVTEGRATTON 0VFR THE LAST 01N, 

;@DD=;MAX-(;MAX/2)+2 
IF(IRDD,fQ,l~GfJ Ta a00 
ISfRTsIST0P+1 % ISTOP =ISTRT S 'I!:1 
MKsMKSV S NBLQCKoNBb0CKSV S CALL VAVb 
D0l50 J6=1,JJST@tP 
~~~6)=w(J6)*(WLCl(1tJ6)+WLCi(2rJ6))*O15 *DKX 

I-’ 
rw 
CI: 
V’I 
C. 
T 

F;: 
e: 



28 

CO~MON/il/WCCl~3,l70a)rWorAREI(iO~,AREA~lO~~~A~l7O~~,GL~5O~~~G~~~5~O~ 
DIMENSION FlF(25O0),F2F(2500),rPCio, 

~FAC2(250b),FAC3(2500),G~2500),HhXT(~900)~ 
2S(13oo),Sl(2500);SUM(l9OO)~Y~25~o),KACCS~l~~~) 

C 
10 FORMAT (lH0) 
11 FORMAT(/* ISTRT~~~4,5X,~IST'~P=~,I4,5X,*~!~.,l3,9X~*NCAL~~~,~4) 
12 FORMAT( * KSiRfpr~4,5X,,KSTOP=,r4,5X,~MK=~~3~9X,~~C~lJNT~~I~) 
30 Y~ll=O,o $ S(l)iO,O B KEN=1 $ MKSV=MK P; NSLQCKSVBNRLOCK $ 1602 

C 
40 DB 450 IrISTRT,ISTQP,MI 
41 KST@P:KSTBP*Ml*NDKX % KSTRT:KStRt+Ml*~DKX.Q KEY:fl,o 

DO 42 J6=l,J3STOP 
42 WLCl(I6,J6)rO,O 

IFtNLANDAU,NE,l)GQ TO 45 S IF(I,GT,ILAN) G@ PB 45 
IFfI,EQ,2) 43,44 

43 CALL LAN1 % GQ Td 605 
44 CALL LAN11 % GO 10 605 
45 KSTRTSVxKSTRT % KSTOPSV=KSTflP F J6STRfrKSIQTSV.(I~l)+NDKX 
46 MK=MKSV B YBkOCK=NRLflCKSV 

$00 FORMAT(jX,1OE12,5) 
110 LMAX=NHAX $ HAXYaO 's MAXB=tJ 

C 
115 DL=LOGF(D(I)) % KPSTBP=KSTRT+J3St3P 
;;; ;';'K;18 K=KSTRT,KPSTOP 

= PV(K)/D(X) 9 DL 
14A G(l)=ExpF(=D(I)r(1,0~0,5772l57~aS~ )) 

C=DtI)~DY(I)/(3,0+3,141593~G(l)) 
C 
C IF NOPRINT2=1, NCALL ETC,WILL 9E PRINTED BY vAV6, 
C 

149 IF(NOPRINT2 EQ,O) GO 10 150 
PRINT ll,ISiRT,ISTflP,MI,YCALL $ f'R1NT $~,KSTRT,KSIBP,MK,IC~U~JT 

C 
150 DO 320 K=KSTRT,KSTOP,MK 
152 IF(K,LT,KCUTtI)) Go TQ 320 
156 IF(PtK),GT,PCUT) Gb TB $80 
158 IF(KEY,EQ,l) GQ TO 320 
160 JSCUTLO(I)=K-(Iel)+NDKX 3 KEY=1 'k G3 TQ 320 
180 NCOUNTrO S MC@UN'I:O $ ACCS=O,O $ VACCScO $ LFLAGnO 

08 255 L=2,&MAX 
182 IF(MAxYrL) 190,200,200 
190 Y(L)=Y(L,-l)*DY(?) 
195 CALL TRlGiX (Y(L)tSItL),CI) 

FACl(L)=LOGF(Y(L))*C! 
FAC2(L)rCOSF(Y(L))*Y(L)eSi(L) 
FAC3(L)tY(L)*fACI(L)*S!Nv(Y(L)) 

200 IF(MAXRsL) 210,220,220 
210 FlF(L)r~XPP(D(I)~(SSQ *FACl(L)+FACZ(L))) 

F2F(L)rD(I)*(FAC3(L)+BSQ *SI(L)) 
220 G(L)*FlF(L)*CBSF(Y(L)*PVtK) l FZF(L)) 
225 IF (Fi@ATF(L)-Z,O+FLQATFtL/2)) 255,255,230 
230 M=tL+1)/2 



29 c: IE 
c: 
r- 
*- 

231 S(M)=S(M+l)cG(Ln2)*4,O*G(L-l)+G(L) "'I 232 IF(L,LT,LCQUNT)Gd TG 239 S IF(L,GT,LCOUNT2)G@ T'S 235 U'I 
IF(LFLAG,EQ,~) GB TO 235 

C. 
"7 

233 d~':~S::S'M,,,LT,SL3, GD TO 234 S YCQUNTFO % ACCS?O,O J NACCS=O ;; 
. * e: 

234 MCGUNTmMCGUNt+1 S 1F(MCBlJNT,LT,LCBMP) GB TG 239 S LPLAGF~ 
235 ACCSF.ACCS+S(M) f NACCS=NACCSsl 
236 IF(NACCS,Lf,100) GQ TO 239 
237 S(M)oACCS/NACCS 9 KACCS(K)=NACCS S GO TG 260 
239 IF (ABSF((S(M)*S(Mcl))/S(M))-CbnP) 240,250,250 
240 NCGUNT=NCQUNT*l 
241 IF (NCOUNT-NCOMP) 2551260,260 
250 NCGUNT=O 
255 CONTINUE 
260 HAXT(K)sL 

MAXTY?MAXT(K) 
MMAXgM 
IF (MAXTYmMAXY) 275,275,270 

270 HAXYIMAXTY 
275 IF (MAxTYmMAXB) 285,285,280 
280 MAXB=MAXTY 
285 SUM(K)=C*S(MMAX) 
286 J6rK-(Inl')*NbKX 
288 WLCl(I6,Jb) g (KX2/KX(I))*SUM(K) 

: IPRINT( ~81,2 AND KRRINT(K) ~~1~4 GGVERN riR!~tt~G ,GF G(L) 
C AND S(M)# THE SEQUENCE BF VAVlLBV INTEGRALS FOR A GIVEN KcVALUE, 
C 

289 IF(I,EQ,IPRINT(l,)) GQ TO 290 E IP(!a!PR!NT(2)) 
290 IF(K,Lf,KPRINt(1)) 08 TB 320 S IP(KtKPRINT(2)) 

320,291,320 

IF(K,LT,KPRINT(3)) GQ TQ 320 0 IP(KsKPRFNT(4)) 
295/295,0320 

291 295,295,320 
C 

295 PRINT 300,MAXTY,l,K 
300 FORMAT(/* G(L)r L~~,*!4,lOX,+Jor,i4,IbXr*WI,,14) 

PRINT lOO,(G(L),L'l,MAXTY) 
305 PRINT 310,MMAXe$,K 
310 FORMAT(/* S(Y)=, M~l,*rI4,1OX,*l~*,!4,~OX,~K~~I4) 

PRINT 100,(S(M),M=l~HMAX) 
PRINT 10 

320 CONTlNUE 

f IPRINT( Js3#4 AND KPRINT(K), Ko5,8 GQVERN PdINT!NG e)F C0 Y(L)@ 
FlFtL), F2FtLlr AND FSF(l.1, 

c 
$22 IF(I,EQ,!PRINT(3)) GQ TG 323 S IF(l,EQ,IRR!N~(4)! 324,499 
323 IF(K,LT*KPRINT(S)) 04 TG 499 S IP(K,Gf,KRRINT(6)) 499,338 
524 IF(K,LT,KPRlNT(Y)) BQ TB 499 S IC(K,GT,KPRINT(@J)) 499,338 
338 PRINT 340,C 
340 FBRMAT (3H C~/PEll,4) 

PRINT 10 
PRINT 350,MAXB 

350 FGRMAT (1OH Y~L~rL=~,14~ 
PRINT lOo,(Y(C)aL~l,MAXB) 



30 

PRINT 10 
PRINT 36C,MAX0 

360 FBRMAT (12H FlF(L)tLrl,l4) 
PRINT lOO,tF;F~L),Lrl,~AXB) 
PRINT 10 
PRINT 370,MAXB 

370 FBRMAT (12Y F2F(L),L=l,FQ) 
PRINT lOO,(F2F(L),Lol,MAXB) 
PRINT 10 

C 
C THE 500 SERIES OF STATEMENTS DIVIDES ARRAY WLC¶. !NTB 5 BLBCKS WITH 
C DIFFERENT K+INTERVALS SO THAT SBME VALUES IN THE REGIBNS BF HIGH ENERGY 
C LBSS ARE NBT CALCULATED BUT ARE SUPPLIED BY TNTERPBLATIBN, KSIZE(5) 
C IS THE NBR OF STEPS bf 16 IN THE 5TH BLOCK WHICH IS IN THE HIGHEST LBSS 
c REGIQN (LBW J5), NBLBCK IS THE BLBCK INDEX, RLhCK 4 HAS KSIZE(4) STEPS BF 
c 8 K-VALUES EACH, EfC, 
C 

499 
501 
502 
503 
505 
515 
520 
522 
523 
525 
530 
532 
535 
550 

C 
560 
565 
570 
575 
5f3O 
585 

C 

t;: 
602 
605 
610 

cc 
c 

412 
614 

IF(NBLBCK,GT,l~ 501,601 
IF(KEN,EQ,l) 502,503 
J6STRT=KSTRT-(lsl)*NDKX S J~STBP~KSTBP~(I,~)IBNBKX~MK $ KENID 
J6STRT=KSTRT-(Icl)*NDKXIMK % J6SfOP~KSTOR~(fsi)rNDK%.MK 
DB 550 J6c J6STRT,J6STBP,MK 
J7mJ6*1 
DIP(J6) = (WLC~(!6r$6*MK, l WLCl(I6,J61)1MK 
KA=l 
KAENb%MKssl 
WLC~(I~,J~~TYLC~(I~,J~) l KA* DIF(J6) 
KA=KA*l 
J7=JY*l 
IF(KAeKAEND)525,525,556 
CQNTINUE 

NBLQCK=NBLQCK=$ 
IF(NBLBCK,EQ,D) GQ TO 601 
MK=tlK/Z 
IF(MK,EQ,O)GB Te 601 
KSTRl=KSTBP*MK S KSTBP=KSTBP*MK~KSIZE(NBLBCK~ 
GO TO 149 

FQRMAT (!5,5!10) 
KSTQPSVP=KSTBP 
KSTRTsKSJRTSV S KSTBPFKSTBPSV 
16SAVE=I6 
FBRMAT (lOEl2,5) 

IF(IwINBRM) 614,614,65C 
CALL NBRMA 



c: 
31 23: c: 

650 
651 
652 
653 
654 
655 
656 
657 
658 
659 
660 
661 
675 
687 
690 
691 
692 
693 
694 

IF(IC@UNT~NPMAX)651,385,385 
IF(I,EQ,NR(I I)@8 T@ 690 
IFlI,EQ,NP(Z )IGQ T9 690 
IFfI,EQ,NP(J IIQ@ T@ 490 
IF(I,EQ,NP(4 II G@ le.690 
IF(I,EQ,NP(S 1106 TO 690 
IFfI,EQ,NP(6 ))Ge T@ 690 
IF(I,EQ,NP(7 )IGB T8 690 
IF(I,EQ,NPlB )I08 18 690 
IF(I,EQ,NP(9 IIGQ TO 690 
IF(I,EQ,NPWhIG0 T@ 690 
GO TB 385 
FBRMAT(2!4,(10Fl2,8f) 
GB T@ 651 
ICOUNTtIC@UNT*l 
IF(ICQUNT,EQ,5)692,693 
CALL GRAPH5 S GQ T8 694 
CALL GRAPHSA % GfI TB 694 

l 

695 
696 

C 
385 
386 
387 
388 
390 
391 
392 

PRINT 695 
PRINT 675, ICWNT,X, ~WLC1~16SAVE,J6I,J6~l,,J3STQ~I S PRINT $0 

FORMAT{/* ICBUNTrI, WCCI(?~SAVE,J~),J~~~~J~S~~P*) 
IFfNLANDAU,NE,1)60 T0 385 '3 IF(IIILAN) 430,430,385 

IF(I,EQ,!PRINT(SII G8 TB 390 S IP(I,EQ,IPRINj(6)) GQ TI 39O 
IF(I,EQ,IPRINTlIII 00 T8 390 S IP(I,GQ,IPRIN!(~)) G8 T@ 399 
IF(I,EQ,lPRINT~9II GS T@ 390 S ~P(I,EQ,IPRINT(~O))G~ TQ 39O 
G0 T@J 425 
PRINT 400,I 
FQRMAT(IlO~ 
KC=KCUT(II 

400 FQRMAT l/ * LANDAU VAVlLSV DIFFERENTIAL TERMS F@R*, 
27X,rK*,/OXI*KACCS*,&3X,*I=*,141 

PRINT 410,16 
450 FORMAT ( * LAMBDA LAMBDA DIsTRIRuTI~N RESULT., 

248X,*168*,14) 
PRINT 42O,(P(K),PV(KI,SUM(KI,MAXTo,Y,KICeSiKI, KsKC 

2,KSTQPSVRI 
420 FBRMAT~3E13,4,111,21/2) 
421 FaRMAT{/* END QF PRINTQUT FROM CALI.*,I~,* flF' SUBROUTINE VAV6,*) 
425 DO 427 KaKSTRTSV,KST@PSVP 
426 SUM(K)xO,O $ MAXT(KI*O S KACCS(KI=O,O f f'(K)*O.O 
427 CEJNttNUE 
430 16aI6*1 
450 CBNTINUE 
460 NCALLsNCALLel S PRINT 421,NCALL 

END 

r- 
5m 
cn'l 
-21 
c- 
-7 
Cm 
n: 
c: 



32 

SUBROUTINE TRIGEX(XJSI,CI) 
x2=x*x 
IF (X2*100,0~ 10‘40,40 

10 sr=o,o 
C~~0,57721566*0,5*LQGF~X2) 
T,=X 
A=l,O 

20 SI=SI+T 
A=A+l ,O 
T=-T*(XI(AI~,O)/(A*~~)) 
1F(ABSP(T)~(1,0E-e09~~~0~30~30 

30 CI=CI*T 
A=A*l tO 

1 
=T*(X*(A~l,O)/(A*+?)) 
F~ABSF(T)~(l,OEs09~)86,20,20 

40 AMAXmO,S*(X*l,O) 
P=l,O 
o=o,o 
S:lrO/X 
A=l,O 

50 Q=Q+S 
AsA+l,O 
IFtAgAMAX)60,60,70 

60 S=-S*(A/X) 
P=P+S 
IF (ABSF(S)w(l,OE*12)) 70,62,62 

62 A=A+l,o 
IFtA~AMAX)65,65,70 

65 S=S*(A/X) 
G$ TB 50 

70 CX=COSF(X)/X 
SX=SINF(X)/X 
Sl*1,5707963-P*CXwQ*SX 
CI=P*SXaQ*CX 

80 RETURN 
END 



SUBRGUTINE GRAPH5 
COMMON/~/Z,A,DS,DEI,RM,SEL,ERA,TT,HILGSS~NDK~,N~AN~AU,;LAN 
CBMM~N/~/CUTC,CUTFAC,N~NES,NTW~S,N~~URS,NE!G~T~,N~MAX,!C~UNT,I,I~ 
CoMfloN/~/KS~ZE(S,,NP(LO),IPRINT(lO)rnPRXNT(~O~ 
COMMON/~/SFX,SFY;SFXLGW,SFYL~W,ICTLGW,~N~RM,J~~U~~Q~~O~) 
C~HMQN/B/KX(~OO)~DY(~OO~,D(~OO~,KCUT(~OO~,NP~C~~OO~,J~CUT~!~~~O~ 
~OMM~N/9/EI~(17D~~,~V(iBOO~,DIF~l7OO~,~~~9~~~ 
COMM~N/~~/A~,A~,A~,A~,A~,GEMAX,KX~,IHAYIJ~~T~P,K~AX,DKX,BSD 
CQMMON/~~/WLC~~~,~~~O~,W(~~OO~,AREA(~O~,~A~~~OO~,GL(~O~~,G~~(~~O~ 
DIMENSIQN PLTARRAY(254) 
CALL PLBTS(PLTARRAY,254,1, 

E LETTER UNITS BP THE X AXlS, DRAW X AXIS, 
C 

lib XLABEL=O,O S JJ6=HILGSS+l 
120 DO 160 J6rl,JJ6 
4,30 X=(J6=l)*SFX*2,0 
$40 CALL NUMBER(Xa0,20 ,~0,2,0,/05,XLABEL,O,0,4H~4,1~ 
150 XLABELn XLABEL*l,O 
$60 CBNTINUE 
165 CALL PLBT(X,O,Q, 3) 0 CALL PLEIT(O,O,O,Or2) 

c 
C NAME AXES, rr 
L, $70 XPHIL~SS~SPX % Ylr=O,42 S H=O,lOS 

180 CALL SYtlBBL(X,Y,H,22H EtE (r(EV ENERGY LGSS),0,0,22) 
190 x=*0,4 % Ys4,5*SFY$ H:O,lOS 
$95 CALL $YMBBL(X,YrH,$9HPR8BABILITY PER KEV,90,0,19I 

E LETTER UNITS GF THE Y AXIS, ORAW Y AXtSt 
c 

200 YLABCLsO,O 
210 
220 

98 260 J6 h&,2 
Y=(J4-1) 

230 Xo*O,2*SFXS W+O,105 
240 CALL NUMBER (X,YaO,~O3,H,YLABEL,90;0,4"F3,1~ 
250 YLABEL sYLABEL*O,2 
256 CALL PLGT(O,O,Y,Sj f CALL PLGT(O,O,0,0.2) 
260 CBNTINUE 

C 

E 
PLGT PBINTS, 

290 NUM@l 
ENTRY GRAPHSA 

300 NQDDsNUH=tNUM/2)*2 
302 IF(NGDD,EQ,OIGG TG 312 
303 J6mJS$T@P S KEYF% 
304 IF(J6,LT,JSCUTW;(I))G8 TG 350 
306 !F(ABSF(ULClii6,Jb)i@O,OOl~ 343,343,308 
308 IF(NUM,GT,ICTLGW~320,$10 
310 YoSFYLGW*~O,O+WLCI(Ib,Jb) S 08 TG 322 
312 Jb=JSCUTHI(~~ S KEY51 
314 !F(J6,GT,J3StBR) GO TB 350 
316 IF(ABSF(WLCl(14,J6,)~0,~~1~344,,344,3~5 
318 IF~NUM,Gf,!CTbBW~ 3?0,310 



34 

320 YPSFY*~O,O*WLCL~~~,J~~ 
322 IF(Y,GT,O,O) G0 T0 326 0 Y=*O,3 S GO T@ 328 
326 IF~Y,LT,10,0~ GB TQ 328 q YslO,O 
328 IF(NUM,GT,ICTCBWI 08 TQ 332 
330 X=2,O*SFWLDW*EIEfJ6) S Gb f0 334 
332 X=2,O*SFX*ElffJ6! 
334 IFtX,GT,O,O) 08 TQ 336 $ IF(J~,BQ,J~STBP) 60 TO 336 S X=*0,3 
335 GB T0 338 
336 IF(X,LT,25,O) Gb T0 330 S X125,0 
338 IF(KEY,NE,i) GQ T8 340 S KEY+0 S CALL PL0Tcx;y,3, 
340 CALL SYMB~L(XIY,O,O~,NUM,O,O,~~) 
342 !F(NfiDD,EQ,O, GB TO 344 
343 Jb=J6+1 IF GQ T0 SO4 
344 J68J6*1 .S 08 TQ 314 
350 CALL NORM2 If NUMrNUM+l E RETURN 

E PCQT INTEGRALS WtJ4) 
c 

ENTRY GRAPHSB 
500 J6=1 
505 Ya5,O*W(J6) r$FY 
510 IF~Y,GT',O,O)G9 TB 520 
515 Y=O,O 
520 CGNTINUE 
525 Xnt2rO*EIE(J6))+SFX 
530 IF~X,GT,O,O)tQ TB 540 
535 X~OCO 
540 IF~X,l,T,25,0) GO T0 550 
545 X025,0 
550 IF(Y,LT,;O,O) G8 T0 560 
555 Yr10.0~sCY 
560 NUMl;O 

lFtJ6,GT,t)GQ T8 570 
565 CALL PL@T(X,Y,S) 
570 CALL SYHB0L(X,Y,0,08,NUtl,0,0,~21 
575 J6rJ6*1 
580 IF~J6,GT,JSSTQP~b0 TQ 590 
585 GO TQ 505 
590 CALL PL8TSt2~,0,0,0& 
;I; Eb&L ST@PPL@T 



: 
INTEORATE lVER PLBTTED DISTRIBUTIBN F'UNCTfmNS t@ TEST NORMALITY, 

1 PQRWAT(lOF8,4~ 
25 1C=I6 
30 SUH=O,O S JbiJ3StQPcl 
32 SUH*SUH*WLCl(IC~Jb~~)*4,O*WLCl(IC,Jb~~WLC~~IC,J6~~~ 
34 J6tJ6s2 s !FtJ6-~5CUfH!tt)) 36,32,32 
36 AREA(IC@UNT)sDE*0,33333*SUM 
38 RETURN 

cc 
, 

RENORMALIZE LQWaLOSS DISTRIBUTIBN FUNCTI@NJ 
C 

ENTRY NbRMA 
iO1 JbeJ3STQp*l f SUMsO, 
102 Su~=SUH+W~C~(I6,Jb~~)c4,0*WLCl(~6,Jb)~W~c~~~~,J~~~) 
104 Jb=J6=2 S IF(J~wJ~CUTH~(?)) 106,102rlD2 
106 iDF=DE*SuMa0,,33333 S SF#$,O/ADF 0 Jb$rJScUTMf(r) 
112 DO 114 J6=JbS,J3STbp 
114 WLCllItS,Jb)rWLCltI6,J6)*SF 
918 END 



36 

SUGRRUTINE LAN1 
TYPE REAL KX,KX2 
COMMBN/l/Z,A,DE,BEI,RM,SEL,ERA,lt,H~L~SS~N~Kx,NLAN~AU,!LAN 
CGMMBN/2/NMAX ,NCDMP,LCOHP,LCGUNT,LCGUNT2,DYMAX,CGMP,SLG,PCUT 
COMM~N/~/CUTC,CUTFAC,NQNES,NTWQS,YPBURS,NE!GHTS,NRMAX,ICGUNT,I,I~ 
CGMMRN/b/NGPR~NTl,NGRRINT2 
C~MM8N/8/KX~400~,DY~400~,D~400~,KCUT~400~,NPQC~400~,J5CUTH1~40~~ 
C8~M6N/9/EIE(170O~,RV(IYOO~,DIP(i700),P~~9~O~ 
CBMMBN/iO/A3,A4,A5,Ab,A7,GEHAX,KX2,~MAX,J3Sl~P,KMAX,DKX,GSQ 
C~MflON/l1/WLCl~3,170O~,~~l7OO~,AREA~lO~,WA~l~O~~;GL~5OO~,G~H~5OO~ 

5 FORMAT(5(F6,2,E$O,4)1 
6 FGRMAT(5(Fb,1,3X,ElOIff,6K)) 
7 FORMAT(/* GL(LL,I,GRH(LL), LLrl,LLMAX*) 
8 LLMAXs486 

10 READ 5,(GL(LL),GPH(LL),LL=l,LLMAX) 
12 IF(NGPR!NTl,EQ,11 lb,20 
lb WRITE(6lr7) 
18 WRITE(b1,6)(GL(LL!,GPH(LL),LLsl,LLMAX) 
20 DENsKX2eGEMAX 

ENTRY LAN11 
30 GXtKX(I)/KX2 S JSENDoJSCUTHI(I1 S B=l,O~~SQ.O,S77216 
40 JLj=J3STGP 
50 P(J5)=((E1E(J5)~KX(I))/GX)-G=L~GF(KX(I)/DEN) 
52 IF(P(JS),LT,PCUT) GO Td 74 
55 LL=l 
60 I~(GL(LC~,GT,P~J5~~ 63,62 
62 LLaLL*l % GO TG 60 
63 1F(GL(LL),GT,20,0) GO TO 64 S DGL=O,l fi Go Tt?! 70 
64 IF~GL(LL~,GT,~O,OI GO TO 66 0 DGLrO,O S GG 76 70 
66 DGLaO,S 
70 WLC1(16,J5)r((GPU(LC).GeW(LL~l.))~(~(J5)8GL(L~~l,~~/~GL 

2GPHfLLs$))/GX 
74 J58J5=J. t IF(J5,Ll,JSEND) 80,5D 
80 END 
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Fig. Bl - Plot by subrout ine GRAPH5 for the 992-keV resonance in the 
27Al(p,y)28Si reaction. The target was 4.934 keV thick at resonance 
energy.  The squares (Calcomp symbol 0) represent the integrals with 
respect to h. The four energy- loss distributions are labeled with their 
average energy loss and  are represented by Calcomp symbols 1, 2, 3, 
and  4. Note that the first two distributions have scale factors SFXLOW = 
2.5 and  SFYLOW = 0.03. 



Appendix C 
NOMENCLATURE LIST FOR PROGRAM YIELD6 

Names defined in program WINTGRL’I that have the same meaning in program 
YIELD6 will not be redefined here. All energies and energy intervals are in keV. 

AGLC is the area under the free-space beam energy distribution GLC(L2). 

AGLCD is the area under the interface beam energy distribution. 

ASL (read from data if there 
surface layer. 

is a surface layer) is the molecular weight of the target 

AWLC2 is the area under the interface energy loss distribution. 

AYLD is the area under the yield function YLD(M). 

BFWHM (read from data) is the full width at half maximum in keV of the beam energy 
distribution; it is assumed to be of Gaussian shape. 

BW(lO0) is an array in which are stored the values which represent the cross-section 
function. 

DEB1 (read from data) is the approximate value of the first NEBl - 1 intervals between 
bombarding energies at which the yield is calculated. The exact value is adjusted to be 
the largest integral multiple of DE1 that is equal to or less than the value of DEB1 stored 
in data. 

DEB2 (read from data) is the size of the interval for bombarding energies between 
EB(NEB1) and EB(NEB2). 

DEB3 (read from data) is the size of the interval for bombarding energies between 
EB(NEB2) and EB(NEB3). 

E(200) is an array in which the values of energy (in keV) at which the cross section is 
defined are stored. 

EB(lOO) (EB(l) is read from data) is the array in which the bombarding energies at 
which the yield is calculated are stored. These values are calculated so as to be 
members of the basic energy set. If EB(l) is not a member of the basic energy set, 
it will be recalculated to be so. 

EBEXP(lOO) (read from data) is an array containing the values of bombarding energy 
(in keV) at which the yield was measured. 

r- 
Es& 
cd, 
U? 
C. 
m,: 

;;: 
r=: 

EBL@W is an energy 2*BFWHM below the current value of E(L). If EB(M) c EBLOW, 
there is a jump past the statements that cause integration over the beam energy 
distribution. 
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EBNRM (read from 
range EB(NEB1) to 

data) is a value of experimental bombarding energy lying within the 
EB(NEB2). The ordinates of the experimental yield curve are ad- 

justed before plotting so that the areas under the experimental and calculated curves up ’ 
to EBNRM are equal unless EBNRM = 0.0. 

ENEW(200) is an array in which are stored energy values ENEW(L) = EB(M) - MDEI*DEI. 
Since MDEI = (EB(M) - E(L))/DEI, if EB(M) and E(L) belong to the basic set with interval 
DEI, ENEW(L) should be exactly equal to E(L). Therefore, a comparison of the two 
arrays provides a check on the condition that EB(M) and E(L) shall belong to the basic 
energy set. This array is printed if M = MPRINTl or M = MPRINTB. And if LPRINTl 
or LPRINTB have appropriate values. 

ER (read from data) is the resonance energy E r in keV. 

FLAG1 is set equal to 1.0 in subroutine G? if the current value of EB(M) lies below the 
current value of E(L) by twice the full width at half maximum of the free-space beam 
energy distribution. 

GAMMA (read from data) is the full width at half maximum r of the resonance. 

GLC(2000) is an array in which the free-space beam energy distribution GLC(L2) is 
stored after being calculated in subprogram SETS5. 

GLCD(5041) is an array in which the values representing the layer-target-interface 
beam energy distribution are stored. 

J2A labels the value of loss required to degrade the most energetic particle in the beam 
energy distribution to the current value of E(L). 

H(200) is an array in which the integrals with respect to the beam energy variable are 
stored. 

HILP(GSL (read from data if there is a surface layer) is the greatest loss in the surface 
layer which any beam particle will suffer with nonnegligible probability. 

52 is an integer variable which labels the set of losses spaced by interval DEI. 52 = 1 
corresponds to HIL@S; 52 = JBMAK corresponds to zero loss. 

JIMAK is the value of 52 corresponding to zero energy loss. 

J2p is the value of 52 that corresponds to the loss necessary to degrade a particle of 
energy EB(M) to energy E. If EB(M) < E(L), this corresponds to a value of J2P > JBMAX 
and, therefore, to an energy gain. However, in integrating over the beam energy 
true energy losses are used. ! only 

KZER@L@S is the value of K corresponding to zero energy loss on the interface energy 
loss distribution; KZEREL@S = (HILGSSL/DE) + 1. If KZERaL@S exceeds 2510, the pro- 
gram will stop and an abort message will be printed. 

L2B is the value of L2 corresponding to the highest energy point on the free-space beam 
Egy distribution GLC(L2). The lowest energy point corresponds to L2 = 1. If L2B 
exceeds 2000, the program will stop and an abort message will be printed. 

L2F is the value of L2 corresponding to the smallest loss at which W(J5) is interpolated 
toobtain WINT(L2). 

3 is the value of L2 corresponding to the greatest loss at which W(J5) is interpolated 
to obtain WINT(L2). 
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LBMAX is the number ’ of values that will be calculated for the interface beam energy 
distribution. LIMAX = L2B + HIL@SSL/DEI + 1. Thus, there will be as many values as 
there are in the free-space beam energy distribution plus the number required for the 
least energetic beam particle to be degraded by HILOSSL. LBMAX is calculated in 
SETS5. If LBMAX exceeds 5041, the program will stop and an abort message will be 
printed. 

L2P is the value of L2 that corresponds to the peak of the free-space beam energy 
distribution GLC(L2). 

LMX (read from data) is the number of values of E(L) and BW(L), if these are external 
functions read from data. 

LM@X is the maximum value of L for internally generated functions E(L) and BW(L). 
If external functions are read from data (LMX > 0), LM@X is set equal to LMX. 

LPNCH (read from data). If LPNCH = 1 (fl), the values of calculated yield will (will not) 
be punched on cards. 

LBPP is the number of intervals of size DE1 in half the total beam energy distribution. 

LPRINTl (read from data); if LPRINTl = 1 certain L-dependent parameters are printed 
from subprogram G7 for the value of bombarding energy stored in EB(MPRINT1) and 
EB(MPRINT2). 

LPRINT2 (read from data) has the same function as LPRINTl. 

LRES (Read from data if BW(L) is an external function) is the value of L at resonance 
energy. 

LST@P is the maximum value of L for a particular M value. LSTQ)P is set equal to L 
in the main program just before YM4 is called. 

MDEI is the number of units of size DE1 by which the current value of EB(M) differs 
from the current value of E(L). 

MPRINTl (read from data) is a control constant which if set equal to some value of M 
will cause certain parameters to be printed from subroutine G7 when the bombarding 
energy is EB(M). 

MPRINTB (read from data) has the same function as MPRINTl. 

NBW (read from data) determines the minimum energy interval for representations of 
Tw;;;3W(L); the eight intervals on either side of resonance energy have size 

. 

NDE is the ratio DE/DE1 rounded to the nearest whole number. DE is to be chosen as 
anintegral multiple of DE1 in program WINTGRL 7 and transmitted to program YIELD6 via 
punched cards. If. DE1 is not an integral submultiple of DE, it will be altered by the pro- 
gram to be such and a statement will be printed stating that DE1 has been changed. 
NDE must be at least 2. 

NEBl (read from data) is the number of bombarding energies separated by interval DEBl. 

NEB2 (read from data) is the sum of NEBl and the number of bombarding energy incre- 
ments of size DEB2. NEB2 must be at least one greater than NEBl. 

2: 
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NEB3 (read from data) is the sum of NEBl, NEBB, and the number of bombarding energy 
increments of size DEBS. NEB3 must be at least one greater than NEB2 + NEBl. 

NEXP (read from data) is the number of pairs of e~.rimental yield data. 

NGAM (read from data) determines the energy range over which BW(L) will be repre- 
sented when it is generated within the program. This range will lie between energy 
values NGAM*GAMMA and (NGAM + l)*GAMMA keV. 

NGRAPHA (read from data) is to be set equal to one (zero) if a plot of the calculated 
and experimental yield is (is not) desired. 

NGRAPHB (read from data) is to be set equal to one (zero) if plots of the layer-target- 
interface energy loss distribution, the free-space beam energy distribution, and the 
interface beam energy distribution are (are not) desired. 

NPRINTl (read from data). If NPRINTl = 1 (fl), a set of constants will (will not) be 
printed; see program listing. 

NPRINT2 (read from data). If NPRINTB = 1 (fl), certain arrays (see program listing) 
-not) be printed. 

NPRINTS (read from data). If NPRJNTS = 1 (fl), certain arrays (see program listing) 
‘(willnot) be printed. 

NSLA (read from data) is to be set equal to one (zero) if there is (is not) an Uactive” 
layer on the front surface of the target, i.e., a layer which contributes to the yield. 
Prior to a calculation in which NSLA = 1, a separate calculation of the yield from the 
layer with the bombarding energies EB(M) must have been made with NPNCH = 1 to 
obtain data cards for the layer yield which are read when NSLA = 1. 

NSLP (read from data) is to be set equal to one (zero) if there is (is not) a “passive” 
layer on the front surface of the target, i.e., a layer which broadens the beam energy 
distribution and reduces its average energy but which contributes nothing to the yield. 

PMIN (read from data if there is a surface layer) is a value of the Landau lambda below 
which the value of the interface beam energy distribution will be negligible and will not 
be calculated. 

SELSL (read from data if there is a surface layer) is the specific energy loss (at reson- 
ance energy) of the target surface layer in keV-cmz/gram. 

SFAX (read from data) is a scale factor (of order unity) governing the widths of the 
yieldplots. 

SFAY (read from data) is a scale factor (of order unity) governing the heights of the 
yieldplots. 

SFBX (read from data) is a scale factor (of order unity) governing the width of the plots 
by subroutine GRAPHB. 

SFBY (read from data) is a scale factor (of order unity) governing the heights of the 
plots by subroutine GRAPHB and should not exceed unity. 
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SFN (read from data) is a scale factor for plotting the experimental yield when EBNRM = 
OIain data. If EBNRM # 0.0, SFN is computed internally (see EBNRM). The experimen- 
tal yield curve is plotted according to YX = YEXP(N) *SFAY*SFN*6.0, where YX is the 
ordinate height in inches. 

P. G-41 
21 
-7’ 
F;: 
c: 

ZSL (read from data if there is a surface layer) is the equivalent number of free elec- 
trons per molecule which has the same effective stopping power as the number of bound 
electrons per molecule of the surface layer on the target. 

SLT (read from data if there is a surface layer) is the thickness of the target surface 
layer in keV (at resonance energy). 

WINT (6000) is an array in which the current interpolated values of the W function are 
stored. 

YEXP (100) (read from data) is an array in which the values of experimental yield are 
stored., The units are arbitrary since the values are adjusted so that the areas under 
the experimental and calculated yield plots will be equal out to EBNRM. 

YLDFAC (read from data) is a factor which takes into account the fact that the number 
of atoms per cm3 in a surface layer which contributes to the yield may be different from 
the same quantity for the target proper. This factor is to be calculated as follows: 

YLDFAC = F (layer) * A brget) * SEL brget) 
F (target) ASL (layer) SELSL (layer) ’ 

where F is the fraction of atoms per molecule that contribute to the yield; A and ASL 
are molecular weights; SEL and SELSL are specific energy loss values. 

YSL(100) (read from data if NSLA = 1) is an array containing the values of yield of the 
surface layer, if any. If NSLA = 1, these values will be added to the yield of the target 
proper. 



Appendix D 
LISTING 0~ PROGRAM YIELDS AND SAMPLE RUN 

PHQGQAY YIELD6 
TYPE I~TEGFH FLAGS 
CBYMBN/A/~SLA,YSlP,~FWHM,HI~~SS,P~IN,HrL~S~L,J~ST~P 
C@MM@N/B/ FR;G4MYA,DFBl,NfRl,D~37,~~!E~~2,DE93,NER3:f~NRM,MT~~,NB~ 
CaMMO~/C/ySL(10o),w(l7~O),NEXP rER~YP~lCOI,YEXPllnO,,YrL,H~300~ 
CBMMB~/E/sFAX,SFAY,SFBX,SF~~,pLTA~QAy~~55 ),).PRINT7,SFN 
CBMMBN/F/SE,NDE,~EI,L~~,L~~,~EMAX,~PRI~~~,~~,.T~,YL~F~C,LM~X,LRES 
C~MM~N/W/~,~PP,J~MAX,~GL~,AG~CD,PW,C~,FL~G~,LST~P 
CBMMSN/K/SLT,SELSL,ZSL,ASL,3SO,PID 
CBYMB~/L/~LC~~~~~O~,NC~MP,L~~~~P,L=II G,DYFAC 
C~~M~N/l/~~~10~);M~~INTl,E~2~O~,~~~200)rYL~(lo~)~~~~RI~T2,N~A~ 
C~MM~N/~/GLC(~OO~),GLC~(~~~I,( EYEx(2001rL~M4X ,I..MX 
COMMRN/3/~~INT(6060),Y(~4OO),KZ~R~~~S 

c 
1 FBRMAT(lX,9F~,5,F7,4) 
2 FORMAt(lHg) 
4 FURMAf(lHi) 
6 FORMATte 

2 '1 
7 FBQMAT(* 

RZFBRMAT(4F~~,3,a110) 
9 F~RMAT(l!jFlo,4) 

lr! FORMAf(3~FlG14,11D~~ 
11 FBQMAt(loFl2,6~ 
12 FF~QM4t~~llf'l) 
14 FBRMAT(~OFR,S) 
15 F~RMAT(5Flb,3,Flb,5,Fl~,3) 
14 FGRMAT(J~) 
iA FORMAT~4(13,F9,2,FR,2)) 
19 FQQMAT(315,5F12,61 
29 FURMAT[ * NPRINTl:',I2,10X~*Y~R~Nl~=*,I2,lnX,~~~PRI~~T~~*,!2,l~X, 

2*LPNCH=r,I2) 
21 f@RMAT(/* FRs+,El2,5,5X,*GA~MAa* rfl2,5,2X,*HF~HM=+,El~"~~ 
22 F@RMAT( * NGRAPHA:~,I2,10X,~SFAXr+,F4,~,llX,~SF4~=*,F4,2;l~x, 

Z*N!?Wte,IS) 
24 F@RMAT( * NGRAPH9=*rI2rlOX,*SFRX=*,F~,2,llX,~SFBYr~,F4,2,l~X, 

Z+N!?AMr*,I5) 
26 F@RMAT( + YSLA~~,~~,~~X,~NSLP=~,~~,~~X,~L~HAX~~,~~,~~~,~K~FR~L~S:* 

214) 
28 FORMAT( e EB(l~~*~F10.4~4X~~~E~l~~,F~,4,RX,+NEQl~~,I~,l2X,~L~x:~, 

214) 
29 FORMAT(/* DEz*,E~~,~,~Y,*DEI=+ ,fl2,5r4X,*PuINt+,F6,2,9X,~N~E=*,I~) 
3? FORMAT{ e nEB21+,~7,4,RX,*N~P2~~,13,~2Y,~D~B3:~,~7.4, RXlr'!EP3:*I 

213) 
32 FBRMAf( + MPRINTi=*,I?,lOX, ~HPRIuT2=*,I2,lnX,*LPRI~lTl:*,I2,l~x, 

2*LPRINT2~*,12) 

c: 
?L 
r: 
r- 
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n: 
c: 
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40 F@RtlAT( * J3StOP=*,~4,9X,*~YAX~*I4,llX,*~~4X~*,~4,llX,*LM~X~*,I~) 
41 FORMAT{ * L2P=*I4,12X,*L2a**,I4,12x,*J2~AX**;I4,~ax~*E~NRM~*;F~,2) 
42 FORMAT[/* tcr,F6,2,12X,*?I~~+,F4,1) 
44 F@RMAt( * TT=*,FR,4,9X,*A:*,F9,4,~X,*SEL'*1E12.~~4X,*LRES~*,!5~ 
46 F@RMAT( * GEMAX:*,El2.5) 
47 FORMAft * ZSL=*,F~,~;~~X,*ASL=*,F~@,~,~X~*RLRI~*,F~~,~~ 
48 F@RMAT( * SLT=*,F6,3,l@X;*SELSLs*,Fl0,2,4X;*HIL,QSSio*,F5,2, 
49 FORMAT( * RSO=*,fa,5,8X,*A7=*FlO,2,7X ,*DYFAC=*;F~D:5;4X,*HIL%% 

2*,F7,3,6X,*YLDFAC=*(F6,3) 
50 FORMAlt/* NEXP=*)I4,10X,*N,EREXP(y), YEXp(N), N~l,hlEXp*) 
52 FORMATI/* YSL(M), M=lrMTGP*I 
54 FORMAT{/* W(J5), J5rlrJ3STOP*) 
55 FQRMAT(/* E(L), Ltl,LMox*) 
57 FORMAT (/* ERL(L21, 1,L2R*I 
58 FBRMAT(/* EB(M), M=l,MTGP*l 
6@ FOQMAT[/* BWfL), L=l,LMOY*I 
62 FORMAT{/* GLC(L2), L2=l,i2R*) 
64 FuRMAlt/* GLCD(L~),L~=I,L~MAX*) 
80 FORMATS/* YLD(M) , M=l,lOO*) 
82 F@RMAT( * VALUtS OF SURFACE LAYER YIELD; YSr.(l. ,; F@LLOW,*I 
86 FBRMATf/* WLC2fKC@YP), YC@YP=l,YZFR@L3S*) 
87 FBRMAT(* LCO~JNT~*,I~,~X,*LC~MP~*I~,~X,*NC~~~**,I~,~X,*L~~U~IT~**I~~ 
tlA FURMAT * AGLCt*Fl0,7r~X,*A~LCdr,,FiO,f,4X;*A~LC~~*,Fln,7',4X; 

2*AYLDx*,F10,7) 
90 F@RMAT(/* KZfROLmS EXCEEDS 2510, ARRAY WLC7 WILL U\IERFL@W, AB@RT*) 
92 F@RMAT(* DE1 HAS #EtN CHANGED Ta *,F7,4) 
94 FORMAT(6E12,5) 

c 
FIRST THO DATA CARDS CRNTAIV CO'lM:vTS, 

102 READ(60,6) 
103 RtADt60,7) 
104 RtADf6@;i2) NPRINTL,NPR~NT~,NPRINT~,NGRAPHA,NGRAPHR,NSLA,~~LP 
105 READ160;13) MPRINTl,MPRINT2,LPRINTi,LP9XNT?',Lp~c~ 
106 READ16b;loj nEBl;NE~l,nE92,VE32,nIg3,NFB3 
107 READ(60;9, EBNRM;SFN,YLDFAC 

MTOP*NER3 

C 
106 IF(NSLP,EQ,$) GO TB 109 % IF(Y$LA,EQ,1) GO TR 109 s GQ To 114 

C 
c 

RtAD YIELD AND CONSTANTS F81 SURF4cE LAYER; IF ANY. 

109 READ(6(3,9) ~SL,ASL,SLT,SELSL,~I~~~SL~SLB,PMIN 
ll? READ(b?,l?) LCoUNT,LCnuP,NCe~p,iC~~iNT2 
ill, IF(NSLA,NF,~)GG TO 114 
112 READ(60,14) (YSL(M),M=Z,MTGp) 

C 
c RtAD C$NSiANTS FROM WIVTGRAL'I, 
e 

114 READ(6@,15) Z,ZIP,AITT,SEL,DYFAC,~ILQSS 
ll? RtAD(6?,19) IMAX;J~SVV',KYAX,DE,~~I,~S~,GE~AX,A~ 



c 

c READ IYTEGRALS w(J5) FROM wIYTG?L7. 
c 

116 READ(60,14) (W(J5),J5=l,J3STQP) 
c 
C 
e READ EXPERIMENTAL YIELD DATA, 
c 

122 READ(60.16) YEXP 
124 READ(6O,i8) (N,ESEXP(NI,YEXp(N),VtZ,NEXP) 
126 READ(hO,B) SFAX,SFAY,SFRX,SF3y 
128 READ(6O,f+) ER,GAMMA,RFWHM,E3(1),~3~,NGAM,L~X,LRE~ 
532 IF(LMX,GT;O) 134,138 
134 RfAD(60,9a)(E(L), L*l,LMX) 
436 READ(60p94)(9W(L!, L'lrLvX) 
13A LMOX=L'IX P GJ TO 182 

c 
: C@MpUTc CONSTANTS 

182 NNmDE8l/DEI S DEBlqNN*DEI 
183 NN:DEai?/DsI % DFB~FNN*DEI 
180 NN=DEB5/DEI S DEEj3=NN*DEI 
185 YN=(ER~EB($))/DEI li; EB(i)=ERrYM*nEi 
188 NN:HILSSSl-/DE $ HILOSSL=NN*nE 
$9fl KZERnLSS+vK*l 
192 IF((~SLA,~Q,~,~R.NSL~.~Q,~~,A~D,KZ~R~~~S,GT,~~~O~ 194,202 
194 WRITE(6ir90) S STOP 
202 NDEcDE/DEI Ib RVDE=DE/DEf B DIF~SYDEENDE 
203 
205 

IF(DIF,LT:0,5) Gn To 265 S VDEaVB5*1 
~F(DIF,EQ;O,O) 210,206 

206 DEIqDE/NDF S WRIfE(61,92) DE1 
210 J~~AX~(J~ST~P~~)*~DE*~ 

C 
251 CALL SETS4 
255 IF(NSLP,EO,~) GQ TO 274 
25! IF(NSLA,EQ,I~ G@ Tb 274 
272 GO TO 306 
274 CALL ElFAM 

E CALCULATE YIELD 
C 

300 M=l 
302 LIP1 
304 CALL G7 
312 IF(FLAG~,F~,~) Gb 18 318 
314 IF(L~~Yox,316,31~~3ia 
316 LsL+l $ GB T@ 304 
318 LStePoL s CALL YM4 $ IB(NSLA,EQ,l) YLD(M~=YLD(M)+YsL(M~ 
320 IF(MIMT@PI 322,3!50,350 

r- 
P- 
G.7 
6.4, 
I-. 
-r 

;;: 
c: 



58 

322 MtMtl 
324 DQ 326 Ltr,93 
326 ENFW~L)P~:O 
328 GO TO 302 

c 
c C@vPUTE AREA UNDER YIELD CUqVE 
c 

35? MIrl s MF~NEB~ s kiIN=LlEBl % AYi.D=O.O 3 ASSIGN 380 TO hFXT 
35'5 YSM~(~L@(MI)~YLD(MF)) *8IN/2,0 6 AYL~=pYLD*ySM S YSM=O,O g, M=M! 
365 H=M +I $ 1F(M,LT,Mr)37n,375 
376 YSH~YSY+YI'D(M) S GP TQ 365 
375 AYLDsAYLD~YSY+~JN s GO 10 "dEXT,(3$n,390,4on) 
380 MIlnhJEBl 9 FlFoNEBZ S BI%.J=DEQ2 S ASSiGq 390 TO NpXf % 90 Tfl 355 
39Q MIsNEB2 !$ MFoNEB3 $ QIY?DEB3 S ASSiGh' 400 70 &FXT 0, GO 70 359 

c 
WRITE. 

400 WRITE16l;z) f WR17Efblr6) fi WR;TE(nle~) 
40% WRItE(bi,pi) ER,QAYMA,SFWHM 
403 IF(NPRI~JT~.NE,I) GO To 500 
404 WRITE161.20) NPRINTlrNPRINT2,VPSI~T3~L~~CH 
40'3 WRITE(6i,a2) NGRAPYA,SFAX,SFAY,VEd 
406 WRITE(61,24) NGRAPHB,SFBX,SPBY,VGA'4 
408 
409 

WR!fE(61,26) ~SLA,NSLP,L2MAX,~t~R~L~~ 
WRITE(61;29) DE,nEf,PMIN,NDE 

410 WRITE(61,2A) EQ(~)~DEHI,NEQI,LMX 
412 
414 

WRITEt61,sO) DER2,NEB2,!?ER3,,NE33 
WR!TE(bi,32) MPRINTl;MPRINT2,L~Rt~fl,LPR!~T2 

420 WRlTE(61,bq) J3STBP,KMAXtIMAX,LYB~ 
421. WRITE(6i,4I) L2P;L?B,J2HAX,ERNRY 
422 WR!TE(6i,42) Z,Z!P 
424 WRITE(61,44) TT,A#SEL,LRES 
426 WRXTE{61;46) GEMAX 
427 WRI?E(bi,47) ZSL,ASL,SLO 
426 WRITE(61,48) SLT,SELSL,HIL@SSL 
429 WRITE(6i,49) BSo;A7 ,DYFAC,~IL~~SS,VLDPAC 
433 WR!TE(bi,87) LCOUNT,LC~MP,NC0'lP,L=9UNr2 
432 WRITEt6i,e8) AGLC,AGLC~,AWLC2,AYLD 
509 IF(NPRINT~,NE,I) GO TO 525 
501 WRITE(6i;50) NEXP 
502 WRITE(61,lR) (v,EBEXP(N),YEXPfY), v*l,UEXPt 
504 IF(N$LA,Nf,l) CiQ lb 510 
506 WRITE161.52) 
508 WRITEt61,il) fYSL(fl), n=l,MTbP) 
51@ WRITEt6$,54) 
512 WRITE(6i',14) (W(JS),J5m1tJ3STOP) 
525 IF(NPRINT3,NE,l) Gb TO 664 
530 WRITE(61.55) S WRITEt61,9) (E(L), j=l,LM@XJ 
532 WRITE(6$;58) 
534 WRITE(61, 9) (EBfM), MoltM?aP) 
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60 

C 
c GENERATE GAUSSIAN BEAM DIST~~~UTIBY, 
c 

4c) L~P~(~,o*PFWHM)/D~I t L2PP3~2Pal 6 L~B=L~PIL~PP 
41 SIGBtePwM~/(2,0*1,177) S 37~1,0/(3~G~~SQRTF(2,~*~,~4¶6)~ 
42 !ftLk?H,GT,20~0) 44,46 
44 WRITE(61,S) e STnP 
46 L2~AXcC2R*HILOSSL/Df~+1g ERLL~PI(,~P-~)+DET % A~E~.O*SIGR*~~ 
48 If((NSLA,~QIl,~R,NSLP.FQ,I),AYD.LZMAX,GT,5n4l~49~5~ 
40 WRITEt61;4) $ STdP 
52 DO 6!l L2=1,L28 
54 EBL= (L2-1)*DfI !$ VARB=(EBL-f3LL22)+*2 
56 GLC(L~~~R~*EXPF(I(VARB/AS)) 
6r) CoNfINUE 
42 SUMrO.0 
44 DB 66 i2r I,L2R 
66 SUYSSUY+BLC(L~) 
48 AGLC~SUM*DEI 
7.p !ftLYX.GT,O) 160,iflo 

E GENERATE ARRAYS f?(L) AuD BW(L), 
C 
C 
C 

G~YERATE ~JPPER WALf OF ARRAY E( ) AND STORF IN Lmr(t=~ HALF, 

100 K=1 '% E(K)rER !i KIo2 $ KF=9 '$ '?shJ3ti+,nEI $ FMAXsER+NG4M*GAMvA 
ilii? 'Do 104 KiKI,Kf 
104 E(K)=E(K.~)+O 
fC8 KfSVmKF $ D=2,0+1! 0; KI=KF*l B Kc=<?+7 
109 IF(E(K~svI-EMAX) 102,110,110 

: TRANSFER Tm UPPER HALF, 
C 

lit! LRFS~KFSV $ LMSx=2*LRES*l B IF(LH~x,GT.~OO~ iil,jl:, 
Ill WRTTE(61,5) % STeP 
112 D@ 114 K=p,LRtS 
114 L=L!?ES*Kwl 
116 E(L)=E(K) 
$13 E(LRES):ER 

c 

i 
G~Z~~ERATE LOWEH HALF OF Et 1 

12d KF~LQES~I 
12% iI@ 124 K=q,KF 
124 E(LRESIK)t2,~*ER~t(LR~S+K) 

*I: 
GEUEQATE .~titL) 

150 C7:GAMYa/(2,0*3,1416) F A9=GAYMA*r2/4,0 
152 De 154 L=z,LMtIX 
154 Ew(L)~C~/((E(L)~ER)*+~LA~) 
16a WRITE(~I;?)L~P,L?PP,L~~ 

ENIl . 



61 c: 
Z? 
c: 
I-' 

10 

20 

3n 

40 

50 

40 

62 

65 

70 

80 

SIISRQUTINE TSIQEX(X,SI,C!) 
x2=x*x 
If tX2-100,0~ 10,.40,40 
SItO,0 - 
cIao,5772iJ66*0,5~LOGF(X2) 
7=x 
A=l,O 
SIaS[+T 
A=A+l,O 
T=¶T*(Y*IA-I,O)/(A*~~)) 
IF~A~S~~T~*ll,Ofs09~~8~,3O,3o 
CIoCI+T 
A~A+l,O 
T=T*(%+(?,l,O)/(A*+2)) 
If(ABS~~T~~~l,OEn09))8~,20,20. 
AMAX=O,Sr(X*l,O) 
P=l,O 
Q=O,O 
S=?, o/x 
A=l,O 
Q=Q+S 
A=A+l,O 
!f(AwAYAX)60,60,70 
S3*S*(4/XI 
P=P+S 
!f (A~SF(S)~~l,OE~12~) 70,62,62 
4*A+l,O 
IF (A*AYAX)65,45,70 
s=S*(A/X) 
GO TQ 50 
CXtCOSF(X)/X 
SX=SINF(X)/X 
SI:1,5707963-P*CXv0*SX 
CI~P*SX~Q*CX 
RETURN 
END 

r&T” 
CI: 
0, 
C” 
-Y 

F;: 
c: 



62 

$URRBut;NE G7 
TYPE IYiEGBR FLAG1 
C~MM~~/A/~SLA,NSLP,BFW~M,HIL~SS,PI~N,HIL~SSL,J~ST~~ 
COMMSN/B/ ER,G4MMA,DEtil,NERl,Df32,YE921DE93;NER3;E~NR~,MT~P,~B~ 
COMMON/C/YSL(~OO),W(~~OO),N~XP r~~~XP~l00),~EXPll~O~,~,L,~(2OO) 
C@YMON/E/SFAX,SFAY,SFHX,SFBY,~L~~?RAY(~~~ );LPRINTp,SFN 
CsMMoN/F/nE,NDE,ntl,L2p,L2~,G~M4X,~PR~~~Tl,A7;TT,~LnFAC,LM~X,LR~S 
COYMON/H/L~PP,J~MAX,AGLC,AGLCD,~W~C~,FLA~$~',LST~P 
COMMON/K/SLT!SELSL,ZSL,ASL,~S~,~~~ 
COMMON/I/ES(~OO),MPRINTl,E(2~0~,~~(200),YL~(lon~;MPR~NT2,N~AM 
COMM~~/~/GLC(~~~~),GLC~O~ EYfW(2Ofl),L?MAX ,l:MX 
COMM~N/~/~~INT(~O~O),Y(~~~O),KZER~;@S 

4 L21sO S L2F:O $ MDEI=O $ J24ArO X J5Arc 
5 FLAGlaO % EBLOW=E(L)~%,O+BF~HY 

C 

s 
IF ER(Y) LIES BEL@bJ EBLOw, CSYT913uTIOUS FROM ALL REAM PARTICLFS 
ARE NEGLIGIBLE, 

C 
12 IF(ER(Y)-F(L)) 30,50,6n 
30 IF(EB(~),GT,EBLOW) GB T@ 32 $ FLA;~=$ F GO f@ 5On 

E CASE WYERE E9(M) LIBS BETWEEN B3Lgu AND E(L), 
C 

32 MDEIo(E(L)-ER(M))/DEI I RDEI=E(L)-EM(M) S l?F=RnEiaMDFI 
34 IF(DF,GT,o,S) MDEI=MDEI*l % EY~~(L~)~EBIM)+MDFI~DFI 
36 J2PrJ2YAX+MDfI 3 J2A=J2P-L2PP f <2F=L2p*MDFI $ Ge, ~0 140 

C 
C CASE wNERE Eq(M)=E(L) 
C 

5d ENEW(L)gE{L) $ JZP=JPMAX 3 J24aJ2YAXmL?PP ck L2Fsl.2p B G@ TO 340 

E CASE WYERE ER(M) LIES A8SVE E(L), 
C 

60 HDEI+(Ee(~)~E(L))/DfI 0; RDEID(E3(~)cE(L))/nEI s ~+F*RI?EI~MDFI 
62 IF(DF,GT,G.S) MDEI=MDEI+l I ENEw(i)oEe(M),~n~l+nEl 

C 
70 IF(NSLA,Fn,l) GO TO 80 $ GO T@ 72 
72 IF~NSLP.EO,~) GO TO 80 
74 IF(MDEI,LT.L~PP) Go TO 90 $ J2ptJ2YAXwHDEI $ J3AoJ7PaL2PP JL2FnL2B 
76 GO TO 145 
80 LIM~~L~YAx-L~PP !% IF(M~EI,LT,LIY~) Gfl TQ 9n 
84 J2p=J2YAXnMDEI % J?A=J?PrL2PP % L2F=L2MAX 'I; r,O Tccl 140 
90 J2p:J2YAXsMDEI % J3A=J2P-L2?p 5 L2F:L2p *YnEI c fi@ TA 14n 

C 
C INTERPOLATE W(J5) TQ GE? wIYT(L2). 
c 

140 IF(J2A,LT;l) 142,144 
142 L2I:rJ2A*2 $ IF(i2I,GT,L2MAX)Gb TS 500 % JPA=l $ Gn T@ 146 



63 

144 LPIll 
146 J5Ar(J2Ari)/NDE+l S IF(J5A,GT,J3SfqP) Go Tm 5017 
149 J2AAn~J~A,l)+NDE+l %; JStJ5A “ 
150 L2:L2I $ ~2sJ2A $ J2lfSTrJ5*NDE+l 
153 DW=(W(JS+;bW(J5))iNDE 
154 WINT~L~)~W~J~)+DW*~J~-J~AA)S L?:L2+1 % J2:J2+1 
156 IF(J~;EQ,J~T~ST) GO TG 160 S GR TS 154 
160 JS=J5+1 PI WINT(LZ)=W(JS) 
170 IFIJ~,EQ,J~STOP)~~~,~~~ 
172 ,L2FzL2 % CR TO 200 
174 L2tL2+1 % J2:J2+1. s: J2TESTnJ2TESTtYDi.Z 
175 IF(L2;GT.L2F) GO TB 20@ 
176 DWI(W(J~+~)~W~J~)) /NDE 
178 WINT(L2)nwtJS) +DW*fJ2-J2TEST+NDE) S L2=L2*1 % J?cJ2+1 
180 IF(J2rJ2fRST) 178,160,160 

C 
C INTEGR4TE FLCDfL2)*YINT(L2) SR GLCtL2)*WINT(b2) AVFR THE RANGE GF 
C INTERSECTTGN, USE SXMPSGNS RULE, 
c 

200 NBINSzL2FsL21 $ NODD3NRINS*(N3!VS/2)+2 9 !FtNSLA,FQ.l,QR. 
2 NSLP;E,Q,j) 201,212 

201 IF(NBD0) 202,202,206 
202 SUMxO.0 % L2SzL21+1 S L2HALT=L?Fcl 
203 
204 

08 204 L2nL2S,L2HALT,2 
SUMeSUY+~~.CD~L2rll*W!N~~L2+1)+4,O*GLCD~L2~~W~NT~~2)+~LCD~L2+1)~ 

2WlNTt~?+l) 
205 H(L)ESUM~DEI/S,O 0 GB TO 500 
206 SUMtO,@ 9; L2S=L21+1 S L2HALTzL2Fs2 
207 DG 208 L~~L~S,L~WALT,~ 
200 SUM~SUY+CLCD~L~~~)*WINT~L~~~)+~,O~~LCU(L~)~WINT~~~)+GLCD~L~+~)* 

2WINtt~2+1) 
209 H(L)~sUM*DEI/~,O 
21@ H(L)~H(L)+~GLCD(L2f~I),WINT(L2fcl)+GLCD(L2F)~W~NT~~2F))~DE~/2,0 
211 GG Tb 500 
212 SUMrO.0 B L2S=L21+1 R L~WALT=L~FII 3 IFtNbf?D) 313,713,216 
213 DO 214 L2rL2S,L2HALT,% 
214 SUM~SUY+GLC(L~~~)*WINT~L~=~)+~,O*~~C~L~)*W~NT~L~~+~LC~L~*~)~WINT 

2fL2+1) 
215 H(L)rSUMtDE1/3~0 t6 GO TO 500 
216 SUM=O,O B L2S=L2!+1 S L2HALToL2F12 
217 Do 218 L2rL2S,L2HALT,2 
218 SUM~SUY+G~.C~L2~l)*WINT~L2~l)+4,O~~~C~L2)~W~NT~L2)+~LC~L2+l)~WINT 

2(L2+1) 
219 H(L)rSUM+DEI/3,0 
220 H~L)cH(L)+iGLC~L2F~1)*WINT~L2F~l)+GLC~L2F)~w!NT~~2F))*DEI/2,O 

500 IF(M,EQ,HPRINT~) GB TG 510 
505 
510 

IF(M,NE,HpRINT2) Gd TG 800 
!F(L,EQ,LPRINTI) GB TO 520 

515 IF(L,NE,LpRINT2) GD TO 800 

c: 
3p 
c: 
r- 
51* 
u'i 
u-2 
C" 
-: 
C. 
n? 
E: 
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520 tdRyTE(6i,604) M,LtFLAGl,LST3P 
522 WWIfEt6lr606) ESLDW,J?P,J2YAX 
524 WRfTE(61,608) MDEI 
526 wRITE(61r610) ~2RrL21rL2F,"(L) 
528 WRITE[61&2) E(L)d8(%ENEw(L) 
531 WRITE (61,614)t4 S WR!TE(61,622) (zKE"I(LT)r LT=l.rfon) 
6011 FBQMAT(1Wt-l) 
602 FCQMAT(~Y~) 
604 F@Q~A,T(/~ ~~~~,~4,~4x,*Lr*,14,14x,~FLAGl:~~I2~l~X~~~S~~P~~~~4) 
604 F@RMAt( . ~~L~w+~,E~~,~,~X,*J~P:~,I~~~~X~*~J~RAY=*I~~) 
6OR F@QMAT( e MDEl=*,I5) 
61~ F@RMAT( . L2~~~,~~,11x,*L21=*,1~,~~X~*L2F~~,!~~5~~*H~L~~*~~1~~~~ 
61p F@RHAT( a ~(L)~,,F~O,~,~X,~EB(M)~*,F~~.~,~~,~~E~'EW(I.)=~~F~O~~) 
614 FORMAT(l* Et'~Ew(l.), L=l,lOO Mslc,I4) 
61'3 FSPMAT(; 'sOX,*FROM G7t L2MAX=*,I1O) 
616 WRITE(61.,615) C2MAx 
622 FOQMAT(lOFl2.4) 
62R FORt!AT(1ilF1@,5) 
800 END 

SUSR@uTIME BEAYl 
TYPE REAL Kx2L 
COMMS~/A/NSLA,NS~P,~FWH~,~ILBSS,P~IN~H~L~S~L,J~ST~P 
C@hfMFN/R/ ER,GAMMA,DEBl,~ERl,D~32,~ER2,DE83;NE~3;~qNR~,MT~p,NGw 
C~MM~tq/C/ySL(lOO),w(1~~O),N~x~~ ~R~xP(lOO),YEXP~100'),M,L,w(~O~) 
C~MM~N/E/SFAX,SFAY,SFBX,SF~Y,PLTA~RAY(?~~ );LPRfNT%SFN 
CO~M~N/F/~E,NDE,~~I,L~P,L~~,G~MAX,LPRIY~~,~~,TT,YL~FAC.LM~)~,LR~S 
C@MM~N/H/L~PP,J~MAX,AGLC,AGLCD,AWLC~,FLAG~,LST~~P 
COYMI~/K/SL~;SELSL,ZSL,ASL~~SQ,AIO 
C~~~~~~/L/~~'LC~(~~~O),NCOMP,LC~YP,L~~UUT,LCC~INN~~;S~~;DYFAC 
c~~~~~/l/~B(103),MPR1NT1,E(2OO),R~(2~O),YL~(lOn)~MPRTNT2~NGA~ 
c@MMo~/~/~LC(~OOD),GLCP(~O~~), EN;w(2OO),L?MAX ,cMX 
Ce~M0~/3/wINT(6000),y(24~O),Kz~R~-~S 
DIHENSI@N FlF(2400),F2~(2400),FAC1~240~)~PV(~5¶0'),~U~(2510)~ 

2FAC2(24O~,,FAC3(~4~~),~(24~O),~AxT(251~),S(l3O~)~S~~~4~0) 
EQljIVALEttCE (GLCD,FIF),(WINTIF~~) 

25 y(l)ec,o % s(l).o,n % LHAx=2400 $ vAXY+O S MAXQ=n % CEMP*O.O00fll 
29 Kx2LrSELSL/(A7*ZSL/ASL) I D=SLT/~<X~L*GEMAY) 
29 Dyt(FyFAC/D)*SQRTF(SLT/DE) 
30 81: SLT/GFMAX+D+(~*BSO-O,~~~~~~~) 4. GZ=LOGF(D) 
31 De 32 Ys1,KZERBLOS 
32 PV(K)~(KZ~R~LOS~K)+DE /GEMAxc31 

l4R G(l)t~XpF~-D*(l,b+O,5772l5~*%~)) 
csb*Dy/(3,0*3,141593*G(1)) 

159 D!! 3~0 Ksl,KZER6LgS 
151 P=PV(K)/Deq2 P; !F(P,LT,p~I'J) rlib) TO 266 
180 NCOUNT80 pi MC@UNT=O % ACCS=O,O a vACCS=O 5 LFLAGrO 



c: 

65 z 
5. 
"'I 
v-4 
L-l 
'T: 
F;: 
E: 

CIQ 255 L=7,LMAX 
IF- (MAXY-L) 190,200,200 

190 Y(L)=YtLwl)*DY 
195 CALL fQIG&X (YtLlrsItL),cI) 

FAC~(L):LBGF(Y(L))~C! 
FAC~(L)~CRSF(Y(L))*Y(L)*SI(~) 
FA~~(L):Y~L)*FACI(L)*SINF(Y(L)) 

200 IF(MAX9aL) 210,2?01220 
210 FlF(L)=ExPf(D*(BSO*FACl(L)-~AC2(L))) 

F2F(L):D*(FAC3(L)+BSQ*SI(L)) 
32~ G(L)~PIF(L)+CBSF(Y(L)*PV(K)+F~F(L)) 
225 If (FL~ATF(L)~~,~*FL~A~F(L/Z)) 255,255,230 
23n n=(~*i)/i! 
231 S(M)=S(M.1)*G(L.2)*4,~~GtL-l)+GtL) 
237 IF(L,LT,Lc~~UNT) QB Tfl 239 f IF(,,;T,lOOO) r,@ TO 735 

IF~LFLAG.FO,I) G@ TO 235 
733 IF(ARsF(S~M)),LT,SLB) T;Q TO 234 B YC?UVTaO $ ACCS8O.f !% NACCS=O 

GO Tn 239 
234 MCnUNT:MCnUNT+l % IF(MCOUNT,LT ,&C3YP) GO Tn 239 9: I'FLAG=l 
33s ACCS=ACCS+S(M) $ NACCS=NACCS+l 
236 IF(YAcCS,LT,~OO) G9 TQ 239 
237 S(M):A!TCS/YACCS Vi Clil TQ 260 
259 IF (ABSF((S(M)-s(M-l))/s(M)~~C~~p) 240,250,250 
240 YC~UNT=NCP~!J~~T*~ 
241 1)" (McSUNT-~COYPI 255,360,260 
250 NCKIUNTSO 
255 COQTINUk 
260 MAXTtK)oL 

MAXTY=YAXT(Kl 
MMAXI~M 
IF (HAXTYn!qAXY) 275,275,270 

270 HAYY~MAXTY 
375 IF (MAXTYavAXti) 285,285,280 
280 HAXf+=yA)(?y 
281; 53~(K)=Ca~(MMAX) 
286 ~L~~(~X~L/SLT)*SIJM(K) 6 KCF"lP=KZE?PL~S*l~K 
3Gr' dLC2( I(C'J!lP 1 =.wI,c 
365 D3 308 KclrKzfROLaS 
354 If(w~~2(u~,;f,O,O) GO TO 303 
327 kLC2(K)F5;0 
338 C3NV IVUE 

C 
c C~UPUTE D!STSRTE!Y SEAM FUNCTIaY G,CL)(L'J), 
c 

53c; L~TEST:~LT,'DEI $ L3ttQDrL2vAX 
SC4 1'15 51~ LJ~:,LZMAX,VUE 
5;h SJ’I.Aac, 0 
4;s ?? 512 LZ=;,L3,Nnt 
512 X=(i3.LZ)/FJi)E*1 
sl,? SU'~;~S;I~IA~~LC(L~)*~L~~(K) 
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‘1.4 ‘;Lrnrl 3)nq!JY4*lJE 
513 
517 

~F(L~;CT,I.~TEST) 519,51.7 
I~~GLcd(i3),LT.0,001) 

51R L3FMqeL3 ~fi GB To 520 
518,519 

519 C~IYTINUE 
52O b4STOpn~D&-l 
521 D8 53C L3sl,LJENg,JIDE 
523 DIF:(GLCO(L3*N~E)-~LCDo)/NDE 
524 9~9 526 
526 

~411,~4STt?P 
GLcD(L~+L~)=GLcD(L~)+L~*DIF 

?3r! c@'dTI&UE 
600 SlJ~~Bn@, 0 
602 II@ 694 L3sl,L2Y~x 
604 SUMR=S!!MS+GLCD(L3) 
606 AGLCQ:SUHR*DEI 
6lO SUMCac,O 
612 DO 61.4 L2al,KZEROLf?S 
614 SUMC=SUYC+wLC2(LZ) 
616 AWLC2nSUMCeDE 
621~ Ehf-~ 

SUQROUTIN~ Yq4 
C@vqQr\i/B/ ER,GAMYA,UFB~,NEB~,DF~~,~EB~,DEB~,NER~;ER~R~,~T~P,NB~ 
C~~~~~~~C/Y~LtlOO)~W~l~OO),~~XP~~R~xP~lOO),~EXP(~nO),~,L,H~?OO) 
COMMS~/F/n~,~DE,ntI,LZP,L2R ,~E~AX,LSRIvTl,A7;fT,vLnFnC;LMOr l.RFS 
C~MM~~/l/~~(loo,;~P~~~~l;~(2CO~,~~(200),YLn(~on);Mp~I~T2,~~~M 

1 YLr)(M)=0,O 
2 LCILRES I LBnLC+!J F DqYBw+DEI !Ti ]3n=O 
4 YLa(M)~YLn~M)*yy5(LC,L?~I~D)*D 
6 LC=LB C LRzLC+A X Ds2.0*D % IF(LC,GT,L~~X)A,~ 
8 LBZLRES .3; LCtLRzQ f P=YBw*DEI 

10 yL?(H)=yLD(M)*YM5(LC,LP,IQO)rD 
12 t.fj8l.c q LC=L9-8 S h=2,O*D % IF(LC,LT,l)14,10 
14 YLn(M)=yLnlH)*YLDFAC 

EN!? 

FUYCTI?N YMS(LC,LB,IAD) 
CBMMOtv/C/ySL11OO),W(l7OO),NEXP rIB3XP(l~O),~EXPlloO,,~,LIH(200) 
C~~~6N/l/E~~IOO);~PRINTl,E~2OO),R~~2OO),YLn~~O~)~~PR!NT2;N~A~ 

5 SlJMrl),C f SM80,O % IF(!OD)8,6 
6 LArLC*j I r;O TO 10 
8 SM :(B~(Lc),H(Lc)+~W(LC+~)~~~LC+~))/~,~ $ LA=LCl*t3 

10 SUH:Su~+P!~~LA-l)*H~Ln-i)*4,0*3w(Lq)rW(L4)+~W~LA+i.)*H(LA~l) 
12 LAzLA+2 % IFtL4,LT,LR) Gb Ta 10 
14 YMS=Sbq+SUti/3,0 

END 



67 c: 
zz21 
e-: 

SURRBUTINE GQApHA r- 

C~~~M~~/~/NSLA,~~SLP,~FWHM,HILBSS,P~IN~HIL~SSL,J~ST~P 
;am U'I 

CGMMphJ/B/ ER,GAMMA,DEH~,NERl,D~~2,~EB2,~EB~,NER3~EqNRM;~T~p,N~W -- U'I 

CB~M~~/C/ySL~lOO),W~l~OO),NEXP ,ER~XP~lOO~,y~XPI1~0),Y,L,H(2aO~ T 
CBUMS~/E/SF~X,SFAY,SFBX,SFRY,PLT~~Q~~~~S~ ),LPQINt7,SFN F;: 
COMMON/F/• E,NGE,DEI,L~~,L~~,GEM~X,~PR~~!?~,A~;TT,YL~FAC,LH~X;LRES c: 
CO~~MBY/H/L~P~,J~YAX,AGLC,AG~CD,A~-C~,F'AGI;L~T~P 
C~~M~~/1/~R(~OO);MpRINtl;E~2Oo~,~~~~2~O~,YL~~lO~~~~PR!NT2,N~AH 
CB~M9~/2/GLC12oOO),GLCD(5041), ENEd(20O),L?MAX ,LMX 
CO~M~~/~/~INT(~OOO~,Y(~~~~),KZE~~~~S 

c 
1 CALL pLBTS(PLTARRAy,25S,l) 

c 
c LETTER UNITS OF THE X-AXIS, 

2 XLABELro270 9 JJ~8,0+2,0*TT*HILaSSL 
c 

DO 8 J=1,.JJ,2 
4 X=(J-1)*SFAX '3 yN=-0,2 S H=O,lOS 
6 CALL NUMBEQ ~X~0,20,YN,H,XLABEL,O,O,4Hi411) 
A XL~BEL=XLAREL+~,O 

C 
c LETTER UNITS OF THE Y-AXIS, 
C 

10 YLABEL=O,r: 
12 II8 18 Jol,lO,2 
14 YC8 (JWI)+SFAY 
lb CALL NUMREQ (~O,lO,YC-~,24,0,105,~LABEL,9O,o~4~F4,~~ 
1R YLABEL=YLh~EL+2,0 

c 
C NAME AXES, 
c 

20 Xot2,O+TT/2,0)*Sp4X S YS=-0,42 $ 1*0,165 
22 CALL SYMRFIL (XtYSrHt14H EB - Ep t$pV),O,0t141 
24 x8-0,3 z YS*3,5*SFAY F Y=O,105 
26 CALL SyMBsL (X,YS,H,15H QELATIVE YIELD,90,n,l5t 

c 
C DRAW AXES, 
I: 

30 HT810,OeSFAY S XLTY8fJJ=l)*SFAX 
3% CALL PLBT (O,O,HT,3) S CALL pLGT(0,0,0,0,2I 
34 CALL pLBt (XLTH,O,0,2) 
36 IF(E~YQM,EQ,O,O) GO TB 100 

C 
c DETEQMINE THE FACTQR FOR EQllAL!ZIvG THE ARFAS mF THE CALCULATED 
c AN0 EXPERIMENTAL CURVES BUT TB EBqQM, 
C 

50 SUYr(YLD(l)+yLn(NES1))/210 I YSTB,Q=NEB1al 
52 98 54 'Io2',MSTOp 
54 SUM~!~\JY+YL~ (M) 
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56 M=NESlcl s SM:O,O 
58 SMxSM+YLD(M) 
60 M=y+l 7, !F(ER(M),LT,EBYRM) 58,62 
62 SM=SMI(Y~~(NE~~)+YLD(M))/~~O 
64 AREAC~S~M+~E~~+SM*FER~~(YLD(M~~)*Y~D(M))*(F~(M)~F~NRM)/~,~ 

T3 90 
(Nol))+(~sfXPIN)-FRfXP(Nsl 

HO AHFAxoO,~ 
83 DO 84 VE~,NEXP 
r33 IF(EREXPtN),GT,EPNQM) GD 
84 AREAXIARFAX*(YEXP(~~)*YEXP 
90 SFN =AQEAc/AREAX 

E PLOT EXPERIMENTAL CURVE, 
c 

lO@ NUMzl !Ti Ma1 $ XLIM: 25,0 

))#0,5 

TV YL!H'10,0 F u:n,olj 
102 X~(EBExP(~)n~R+2,0)*SFAX $ YXJYEXJ(N)~SFAY*SFN+~:~ 

104 IF(X,LT,XLIM) GO 18 106 It X:x~fq 
106 
108 

IF(X,GT,rn,S) GO 79 108 !?i X:sO,j 
IF(YX,LT,YLIMI Gd TB 110 $ Yxoy~Iq 

110 IF(YX,GT ,,0,25) GO TO 112 5 YXor0.25 
ii? IF(N,GT,i) G3 T@ 114 % CALL PL~T(%,YX,~) 
114 CALL SyMSflL(X,yX,H,NUM,O,O,~l) 
$16 N=N+i % IF(N,GT,NEXP) 08 TO 200 9; $b Tg 107 

C 
c 
c 

PLOT CALCULATED YIELD CURVE, IF NJSLA=l, PLnT ySL(M), 

200 NU'4;:2 $ M:MTBP 
203 X=(ER~Y)-ER+~,O)~SFAX X YC=YLD(Y)*sFAy*6,O 
204 
206 

IF(X,LT,,XLIM) GO Tg 206 f XOXLIY 
IF~YC;LT,VLIM) GQ TO 207 % 

207 
YCXYLI~ 

IFIM,LT;MT~P) GO T@ 209 
2O@ CALL fJLQitX,yC,3) T CALL Sy~RBL(Y,YC,H,NUM,0,0,~~) $ GO TQ 210 
209 CALL SYMRnL(X,YC;H,NUM,O,O,-1) 
210 McH-1 F IF(M,LT,I) GO TO 300 x IQ GB 202 
300 IF(NSLA.Nc.1) 60 TO 400 
302 M=i. fI NUM:3 
304 X=(ER(~)~ER*~,O)+SFAX F YC=YSL(Y)*SFAy+6,0 
306 IF(X,LT;XI.IM) GO Tb 308 S XZXLIY 
309 IF(YCILT.YLIM) Ga TO 310 $ YC:YLI*I 
31@ IF(M,GT;i) GO TO 312 $ CALL PL'?T (x,YC,3) 
312 IF(YC,LT,a,OO3)GO TO 314 $ CALL 
314 MsH+l B IF(M,GT,MT~P) GO TO 400 Syr~~L(X,y~,H,NUM,n,~,ol) $ ~0 TO 304 
400 NSTOPIYLTH*~,O $ XSTOPrNSTBP f CALL PLeT(Xq~flp;O,0,~3) 
410 
420 

FURMAT(//r AR~AC~,,F~O,~;~X,*AREAK~*,~~O,~;~X,*SFN=*,~~O,~) 
WRITF(61;410) AREAC,AREAX,SCN 

500 END 
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a: 
c-2 
r-m 

SURR@uTIN& GRAPH9 a- 
C~MM~N/A/NSLA,NSLP,~FWH~~,HIL~SS,P~!N,HIL~S~L,J~S~~~ 

V'I 
U'I 

C@HMgN/B/ ~R,GAMYA,DEBlrNEBl,DE3~,NE~2,DEB~,NER31Ep~RM,MT~P,NB~ ': 
C~MM~N/~/~S~~~OO~,W(~~~~~,~~XP~ 

m 
E9EXP(lOO),YEXP(lO0).M,L,H('OO) 

COMM?N/E/SFAX,SFAy,SFBX,SF9Y,pLlA?~Ay(~55 !,LPRlNt3rSFN rT: 
CO~M?N/F/DE,~DE,DEI,L2P,L2B,GEMAX,iPRINll,A7,lT,~LnFA~,LM~X,LR~S 

c: 

COMYB~/H/t2PP,J2MAX,AGLC,AG~~D,4w,C2,FLAG~,LST~P 
COMMSN/K/~LT,SELSL,ZSL,ASL,~SQJA~O 
C~~M~N/L/WLC~(~~~~),FICOMP,LC~M~,LS~UNT,LCQIINT~,SL~,DYFAC, 
CB~M~Y/~/~~(~~~),M~RIN~~~E(~OO),~~~~OO~,YL~(~~O)~,~PRINT~,N~AM 
COYM~N/~/GLC~~OO~),GLCD(S~~I), ENEW(20O)tLPMAX ,(-MY 
C~M~~N/~/~INT(~O@O),Y(~~OO),K~~R~L~~ 

I: 
C DRAW A’dj-~ (<ABEL AXkS FOR ENERGY LGSS 9ISTRIPUTIfiN PlOTa 
C 

5 DO IO '401.100,2 
6 XLABFL~O,@*(M-1) % xsO,0*(~m~)rSPBx S xSTmPoH!L~SSL*SCBX*l,O 
8 IF(X,GT;XsTbP)t2;9 
9 CALL NuMBER(%-0,2,~0,2,0,10~,XLA9EL,O,O,4HF4,1~ 

10 CBNTINUE 
12 CALL pLGT(X,O,0,3) % CALL P~OT(0,0,0,0,2) 
20 X:2,0 $ Y:mO,42 % Y40.fO5 
22 CALL SYMRML(X,Y,H,~BH ENERGY LfiSS (KEV),O,O,lB) 
24 X=-0,42 $ Y=2,5 
26 CALL SYMRQL(X,Y,H,~~H PRBBA~ILITY PER KEV,90,0,2O) S X=rO,p0 
30 DB 34 Yol,ll;2 
37 yLABEL,,O,O+0,2+(M-1) S ~ro,o+(Ymt)*sFR~ S TF(Y.GT,lO,O) 33,34 

% GO TO 35 
?l ~;:~'~UM~~R(X,y.",2,",yLABfi,9O,O,4HF4,1) 
35 CALL ~ctgT;n,o,Y,W $ CALL P~GT(0,0,0,0,2) 

C 
c DRAW AND l.ABFL BEAM ENERGY DISTRI3uTION AXFS, 
c 

59 N:4,O,Y~L~SSL*2,0+SL7'4,O*~iW~M $ %=N*SFRX+Oe25 0 YLABELsO,O 
60 DO 64 '4sl,5C! 
61 Y=i,O+(prj )*SFBY s 1~(Y,GT,10,01 65,62 
62 CALL NUM~ER(X,Y,O,~,H,YLABEL,~~,O,~HF~,~) 
64 YLABEL=YLA~EL+O,I 
65 )r=N*SFgx % Y=IO,O*SF~Y S IF(Y,$T,iO,O) Y"10,O 
66 CALL PLBT(X,Y,3) $ CALL PLOT(X;l,b,2) 
68 X=Y+SF3Xc0,5 $ Ya2,0 % CALL, PLBT(x,Y,J) 
7O CALL SYMPGL(X,Y,H,ZOH PRBBA3ILITY PER KEV,90,0;2O) 
72 Y=O,75 $ NN=~,O*SFWH~ 
73 XHLT=(Nn2aHILBSSL)*SfBX 
74 DO 80 Mql,F)O 
75 X=(NIM+l)*SFRX~O,OB % XLABELII,O+VN-(Mel) 
76 XF(X,LT,XHLT) 82;77 
77 CALL N~MBES(X=O,~,Y,H,XLABEL~O,O,~H~~,~) 
80 CBNTINUE 
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82 YrleQ PI CALL RLBT(x,Yr3)'S X=Y*SF3x % CALL PLGT(Y,Y,?) 
84 X=N*SFSX-3,O $ y=O,50 P, CALL PLST(x,Y,;) 

c 
86 CALL SYMBBL(Y,Y,H,I~H EI-EB (YEVt,0,0,12) 

c PLflT FREE,SPACE REAM EVERGY DISTRIRUTI?N, 
c 

200 NUMml F HoO,OB $ XLIM=I00,O+SFPXf YLIM=lO,n 9 S1~B=BFwHM/~2*1.177) 
201 B~D~,O/(STGB*SQRTF(~,O*~,~~~~~I $ YDEN=2,0aB7 I NNNoN.irNN 
202 !F(NDEN;LT.~) 203,204 
203 NDENr1 $ Gb TO 205 
204 RDEN=2,OeR7 B DF=RDEN-NDEN J IF(Dt,GT,n,5) NDENtNDFNb1 
205 YFACm1O,ti*SFBY/NDEN 
206 DO 214 LZml,L2B,4 
206 Xr(NNN+(L2P*L2)*nEI)*SFBX S Y=YFAC*GLC(L2)*1,0 
210 IF(X,GT;XLIM~ X:XL!M % JFtY,ET,YLIM) YrYLIM $ IFtx~~ti2,OI X=2,0 
211 IF(L2.GT.i) 213,212 
212 
213 

CALL SYMRGL(XIY,H,YUM,O,O,~~~ 
CALL SYM9oL(XrY,H,NUM,O,O,r2) 

214 CBNTINUE 

i PLOT INTERFACE BEAM ENERGY fl!STRtBUTIBU, 
C 

300 NUM?r2 $ L3TESt=2,0*SLT~DEI 
301 DO 303 L~:I,L~MAX 
302 DIFF~GLCn~L2~l)aaLCD(L2) 5 IF(DIF~.LT,O,O) 3n4:3n3 
303 CONTINUE 
304 ND=2,0*GLcD(L2) S RND=2,0*GLSnfL2) $ Dk:F?Nn,ND 
305 IF( 354,306,307 
303 NDoI $ GR TQ 308 
307 
308 

!F(DF,GT,O.S) NDcND+I 
YFAC=IO.@~SFBY/ND 

309 !NCP~+L~HAX/~CO 
310 DO 330 L3cI,L2YAX,INC 
312 X=(NNNlli2P*i3)*DEI)*SFBX 5 Y~~,D+YFAC*GL~D(L~) 
314 IF(X,GT;XLIM) X=XLIM % FFfY,GT,YLIY) Y=YLl'4 f TFiX:LT:2,0) X'2.0 
316 IF(LS,LT.L~TEST) G9 TO 318 S IF(Y,LT,O.OOS, 4On,3lR 
319 IF(LS,Li,2) CALL SYM6OL(x,Y,H,N~M,a,O,,i) 
320 CALL SYHBOL(XIY,H,NUMIO,O,~~) 
330 CONTINUE 

C 

E 
PLBT !NTERFACE ENERGY LOSS DISTR13UTIB~, 

400 06) 410 KCoMf'=i,K?ERBLGS 
402 DIFFswLC2iKCRMP+i,TWLC2(KCBYP) 0 Ii(DfFFtLT,O,O) 411,410 
410 CBNTINUE 
411 NDNiO,75*wLC2(KCt'JMR) S RDN~O,~~*YLC~(KCBMP) 0 iFtNnN.LT.1) 412,414 
412 NDNsI J; Ga TQ 416 
414 DFsRD~~INCIN % IF(DF,GT,O,SI YDN~YDv+I 
416 YFAC~S,O*SFBY/YDN S KTEST=~,O*SL?/DE S NUHa3 
418 CALL PLBTtO,dr3) 
419 INC~I+KZERRLOS 1200 
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425 DE, 430 KC~MPX~,KZER@L~~S ;IN: 
422 X:!~F~XI(KCRMP=I)*DE $ ~=WLCZkUZPV!*YFAC 
424 !FuVfl~p,$uTEST) Ge TO 426 $ IF(v,LT,O,OO5) GO t" 500 
426 IF(X,LT,C,O) Xrs0,25 $,IF(X,GT,XLIY) X:XLIM W !FtY.LT,O,O) ~=sfl,25 
425 IF(Y,GT,YLIM) Y:YL!Y 
430 CALL SVM~SL(x,Y,~,~u~,0,0,-2) 

C 
c LETTER LEGEND 
c 

50~1 x=1,1 $ ye9,7*SFRY*O,04 R IFfY,ZT.iOtO) YaQ.6 6 VUMel 
$03 CALL SYMRFL(X,Y,~,OB,NVM',O~O,-~) % X=1.25 * -%lO! 
5Oa CALL SYMPRL(Y,Y,H,$~H FREE-SPACE gFA"1 ENERny DiSTRISUl!@N X 1/1 

20,0,41) 6 Xr4,9S 
505 CALL NUM9ER(X,Y,H,YDEN,O,O,ZYI2) 6 x'i.1 $ ysy*0:3 S N'JMr2 
509 CALL PL@T(X,Y,3) $ CALL SyY39L(X,Y',0,08,YUM,0,~,91~ fi Xt1e?5 
510 CALL SYMRmL(X,Y,H,40W INTERrA'CE Y3AM EVERGY DISTQIRUTlON X l/,fl,ot 

240) !% X04185 
512 CALL NUMRFR(X,Y,U,~D ,o,otz!a?, 3 x=1,1 $ Y=Y*o:i $ N’JM=3 
514 CALL SYMQnL(X,Y,0,08,NUM,O~O~-i) F X%25 
516 CALL Sy~QnLIXry,wn30H ENERGY LDSS DISTRI@UTIflN X l/,0.0130) 
514 x=3,95 $ cALI, NuMBER(X;Y,H,VDYtO,0,2Y!3) 
519 X=N+SFSX f$ C4LL pLRT(X,y,3) 
600 END 
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