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PROGRAM SUMMARY

Computer: CDC 7600; Installation: CINECA Bologna. The program has also been run on the computer DEC VAX-
11/780, with a word lenght of 32 bits

Operating system: CDC Scope 2.1.5 and NOS/BE

Programming Language used: FORTRAN IV EXTENDED

High speed storage required: 3000 Kws

No. of bits in a words 60

QOverlay structure: none

No. of cards in combined program and test decks 1481

Typical running time: In the test program set-up (positron energy 140 MeV, positron beam incidence angle on the
target 0.75°, No. of collimators 8, about 25 photon stories for each of the 5000 sampled positrons) 318 s of CDC-
7600 CPU time are required to reach a statistical accuracy better than 2%, on the photon spectra.

Unusual features of the program: Use of the CERN program librarys:
subroutines: MXMPY, POLROT, VMATR
functions: RNDM




Restrictions on the complexity of the problems:

a) the equations of the radial and the vertical phase-space ellipses of the positron beam are used in the canonical
form;

b) the incoming and outcoming target surfaces are assumed to be plane;

¢) the bremsstrahlung straggling is not considered.

Keywords: Intermediate energy photon beam; in flight positron annihilation and bremsstrahlung; Monte Carlo
calculation.

Nature of the physical problem: The program PHOCHA calculates the absolute energy spectra, the radial and
vertical profiles and the angular distributions of annihilation and bremsstrahlung photons from intermediate
energy positrons. The energy spread, the energy loss and the multiple scattering of the positrons in the
annihilation target are taken into account. Moreover the positron emittance, the positron incidence angle and the

finite angular acceptance of the photon collimation channel are explicitely considered.

Method of solution: A positron, whose energy is extracted according to a given energy distribution, impinges on

the target, flying in a given direction. The radiation point is determined according to the positron beam emittance
and by a uniform extraction in the effective target thickness. Positron multiple scattering and energy loss are
then sampled according to the appropriate laws. In order to minimize photon losses, the photon emission angle is
extracted, for each positron, within a variable solid angle whose size and orientation are calculated by taking into
account the positron flight direction and the photon production point in the target; moreover a number of photons
proportional to the selected solid angle is always sampled.

LONG WRITE-UP
1. - INTRODUCTION

The measurements of photonuclear cross-section, using the quasi-monochromatic photon beam from the in-
flight annihilation of positrons, are actually carried on in several laboratories .

In order to determine the shape and absolute value of different photonuclear cross sections an accurate
knowledge of the photon flux is required. The annihilation and bremsstrahlung processes involved when an
intermediate energy positron beam crosses the target are very sensitive to the photon collection angle. Moreover
the energy spread and the emittance of the positron beam, the energy loss and the multiple scattering of the
positron in the target strongly affect the photon flux. The aim of this Monte Carlo program is to take properly
into account all the above effects in order to evaluate a reliable photon flux, in a reasonable computing time.

The program structure enables its use in the widely different conditions typical of the positron annihilation
facilities. The program calculates the absolute energy spectra, the radial and vertical profiles, the angular
distribution of photons on selectable planes (in the following called "view planes") set at different distances from
the target.

All the relevant formulae concerning the involved processes and used in the calculation are given in ref. (2)
and are reported in Appendix, for convenience

The results of the calculation have been successfully compared with the measurements of the LEALE
annihilation photon beam of the Frascati Laboratories.



2. - PROGRAM LOGIC AND ORGANIZATION
As it is known the annihilation peak is associated with an unwelcome continuous bremsstrahlung spectrum. It

is possible to improve the annihilation to bremsstrahlung ratio, at the expense of intensity and peak resolution, by
increasing the collection angle of the photon beam respect to the positron beam Usually one varies the photon to:
positron angle by changing, with dipole magnets, the positron impinging angle on the annihilation target. For this
reason in the PHOCHA program we use several right-handed reference frames. Before going to describe in detail
the program, let us define them. Fig. 1:
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FIG 1 - Right handed reference frames used in handling the radiation

events. (X-Y-Z) - Lab frame; (X'=Y'-Z) - positron beam frame; (X"-Y"-
z '} - positron frame; (FIP, DAP) - positron beam flight direction in the
.:f.ab frame; TETA - polar angle of the photon flight direction in the Lab
frame.

a) the Lab reference frame has its origin at the incoming of the surface target (x,y plane): the y-axis points
upward; the z-axis is coincident with the photon collimation axis;
b) the positron beam reference frame has its z'-axis in the direction defined by the polar angles DAP, FIP with

respect to the Lab one The x'-axis coincides with the x-axis projection on the x'-y’ plane;

¢) the positron reference frame has as its z" axis the actual positron flight direction; its x'-axis is oriented

coherently with the use of the. CERN polar angle rotation subroutine POLROT.

Different standard sampling techniques are used in the PHOCHA program, an exaustive review of them may
be found in ref ( 3).



A given number of positrons, NPOS, is let to impinge on the target at an angle calculated from the chosen
photon collection angle and from the positron emittance. The positron energy is extracted according to a given
distribution. Each positron undergoes multiple scattering and energy loss in the target, then it emits a number of
photons, NCYCL1, uniformely distributed within an appropriate solid angle, DOM, whose orientation and size are
calculated taking into account the radiation point inside the target and the actual positron flight direction, in
order to minimize the loss of photons on the walls of the collimators. NCYCL! is determined so that the number
of photons emitted per unit of solid angle keeps always equal to the given value, PHDENS. All the photons gone
beyond the required collimators are considered both as annihilation and bremsstrahlung photons, and are recorded,
after weighting them for the appropriate differental cross section values, Avogadro number and atomic factors
depending on the Z and A of the target.

The absolute value of the photon distributions per incident positron are finally obtained by multiplying by the

target density and thickness, and by dividing by the extracted numbers of positrons and photons per unit of selid
angie.

3. - PROGRAM DESCRIPTION

A flowchart depicting the organization of the program is given in Fig. 2.

The main program PHOCHA controls and crganizes the overall calculation.

All input data are read by the subroutine DATIN and stored in the COMMON blocks or passed as arguments:
see Table I for names, meaning and unit of measure of all input data.

Before entering the Monte Carlo loop the following quantities are calculated:

~ the absolute normalizing constant, CDIINC=ROxTAT/(COS(DAP)xPHDENSxNPOS);

the transformation matrix from positron beam reference frame to the Lab one (subroutines ROTZ, ROTY,
MXMPY);

- the minimum geometric half angle defined by the collimators for pointlike source TELIM.

At this point the Monte Carlo loop starts.

The positron total energy, PE, is sampled, according to its energy distribution (subroutine GAUS), and the
energy loss in the media before the target is subtracted (subroutine MAXWE). The positron radiation depth inside
the target, Z0, is uniformly extracted (function RNDM) in the effective target thickness, TAT/COS(DAF). If Z0
exceedes a minimum cutoff distance, THCUT, the energy loss, DE, and the multiple scattering angles, TESC and
FISC, of the positron in the target are sampled (subroutines LANDAU. SCATT and MAXWE) If the proper index is
activated, JEMIT=1, the positron beam emittance is taken into account through the subroutines BEDIM, POSDIV
and the function PROJEC At this point the transformation from the x', y', z frame to the x, y, z one is done
(subroutine VMATR). Then, the subroutine PREROT samples the photon emission angles, with respect to the actual
positron flight direction, within the solid angle DOM and calculates the number of photons to be emitted,
NCYCL1, for the given positron The subroutine PREROT calls the subroutines POLROT, PHDISE, CROSS,
UNEXSA and the function ADJFI: POLROT is the CERN-Library routine which performs polar angle rotationss
PHDISE selects the photon flight direction (TETEP FIPIU), with respect to the actual positron flight direction,
certainly accepted by the collimators, taking into account the photon production point (X0, Y0, Z0) and the
positron azimuthal angles; CROSS checks if a photon flying in the Lab polar direction (TEG, FIG) crosses all the
collimators until ICUT (index of the most selective collimator}; ADJFI carries back an azimuthal angle inside the
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FIG. 2 - Flowchart of the PHOCHA program.



TABLE I: Input data in readinf order.

.

Card Variable Format Meaning
1-2-3 NOURE() 1016 Array of 30 numbers for the random extractions.
4 IEMIT 316 Index to determine if the positron beam is point-like divergenceless
(IEMIT=0. or it is a real positron beam (IEMIT=1).
NCYCLE Number of photons used to determine the number of photons to be
emitted per unit of solid angle.
NPOS Number of sampled positron stories.
5 PE 5F105 Positron mean total energy (MeV).
PEFWHM F.W.H.M. of the positron energy distribution (MeV).
APEL Positron energy loss before entering the target (MeV).
DAP Mean deflection angle of the positrons with respect to the collimators
axis (Rad).
FIP The azimuthal angle of the positron deflection direction (Rad).
6 RPBR 5F10.5 Radial positron beam radius (cm).
RDIV Radial positron beam divergence (Rad).
VPBR Vertical positron beam radius (cm).
VDIV Vertical positron beam divergence (Rad).
TESH Mean multiple scattering angle of the positrons before entering the
target (Rad).
7 RO E10.3 Target density (‘g;/cm3).
TAT F10.5 Target thickness (cm).
8 Fzi 6Fl0.5  (3,2)"°
FZ2 %7, (Zp1) | 3, A g
F23 (3, 251 and the. aternic. weight, retpec.
57,055 € (e S o ol
F75 Ei Ziz/ Zi Ai (g_l) cal formula.
FZ6 (2, z)'?
9 NCOL 12 Number of photon collimators.
10+10+NCOL  CIR(]) 4F10.5 Collimator internal radius (cm).
CTH(D) Collimator thickness {(cm).
CDI(D) Distance between the incoming surface of the collimator and the
incoming target surface (cm).
DECDXD) Distance from the outcoming surface of the collimator to the selected
photon view plane (cm).
11+NCOL ICUT 312 Index of the most selective collimator.
ICLIM Index of the first collimator after which one wants to know the photon
bearn characteristics.
ISCR

Index associated with the screening in the positron-nucieus
bremsstrahlung; if ISCR 2 | the screening is taken into account.




Card Variable Format - Meaning
12+NCOL NBSTEP 13 Bremsstrahlung energy channel after which the channel width is
changed from BSTEP! into BSTEP2.
BSTEP1 4F10.5 First energy step of the bremsstrahlung spectrum (MeV).
BSTEP2 Second energy step of the bremsstrahlung spectrum (MeV).
ASTEP Energy step of the annihilation spectrum (MeV).
ANEP Starting energy of the annihilation spectrum {MeV).
13+NCOL TESTEP 4F10.5 Angular step for the photon angular distribution (Rad).
XYSTEP Step of the radial and vertical distributions {cm).
Y Starting point of the radial and vertical photon distributions (cm).
FPHD Distance from the target to the last photon view plane (cm).

limits 04273 UNEXSA finally, provides the extraction of an angle 0. with sin0 law, between given 0 limits.

Thereafter the subroutine ANGROT performs all the angular rotations that give the photon flight direction
(TETA, FD) in the Lab frame. By means of a DO loop over all the collimators, the subroutine GEOMYS, using the
function NOTYES decides if the photon reaches the selected view plane: in this case, the photon weights are
calculated (subroutines ANNIHI, BREMSS and functions BRI, BR2) and photon channeling is made in the
appropriate distributions.

In the annihilation spectrum the energy channel arising from the one to-one correspondence with the angle of
the photon is increased by a quantity equal to the cross section of the event. In the bremsstrahlung spectrum,
being any energy available at a given angle. all the energy channels are increased of the proper cross section
values.

When a number NCYCLI of photons has been extracted, another positron story starts: when the desired
number of positron stories, NPOS, has been reached, the Monte Carlo loop stops. All the photon distributions are
then absolutely normalized (constant CDIINC), and are printed with their errors, after the printout of the Monte
Carlo input data (DATOUT).

For convenience in Table Il are shown all the COMMON blocks, with their variables and meaning while Table
11l shows all the SUBROUTINES and FUNCTIONS used in the program, with their arguments and a short
description of their action,

4, - INPUT DATA

in order 1o run the program it is enough to feed the input data whose names meaning and unit of measure are
given in Table L
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TABLEII COMMON Variables in alphabetical order of label.
Label Variable Meaning
ANGFU COSF
SINF Trigonometric function values stored to save computation time (for internal
COST use: only),
TANT
ICUT see Table 1
ANGLE TELIM Minimun geometric half angle defined by the collimators for a pointlike source.
TEMAX Minimum among the maximum geometric angles accepted by ‘the collimators for
the actual soutce.
DAP see Table I
F1P see Table 1
COLLI CIR(1) see Table 1
CTH(I) see Table 1
CDI(1) see Table 1
DECDI(I) see Table I
COUNT NPOS see Table 1
NCOL see Table 1
ITOT Total number of photon stories sampled
ICLIM see Table I
EMIT RPBR2 RPBR2 = RPBRxx2 (see Table )
RDIV see Table 1
VPBR2 VPBR2 = VPBR#x2 (see Table I)
VDIV see Table 1
ENBR NBSTEP see Table 1
BSTEPI see Table I
BSTEP2 see Table I
GBR* GAMMA
GAMMA2
TEA2 for internal use only, to save computation tire
YPS
ZSA
BN
NORM PHDENS Number of photons, perunit of solid angle (held constant for all the program)
NCYCLI Number of photons to be extracted in the selected solid angle to give the chosen
PHDENS
PARAM RO see Table 1
TESS see Table I
APEL see Table I
TAT see Table I




Label Variable Meaning
PDAT PE see Table 1
PEFWHM see Table 1
EPBR see Table 1
VPBR see Table I
RANDUM NOURE(®) see Table I
SCREEN ISCR see Table I
SIGM?2 SPR.2
SPV2 Parameters used in the Subroutine BEDIM (for internal use only)
FACTOR
STEP ANED see Table I
ASTEP see Table 1
TESTEP see Table I
XYSTEP see Table I
XY see Table I
STIME DIMAS
RMAX
RMIN Parameters determined by the first and the ICUT-th collimators, used in the
v subroutine PHDISE ( for internal use only)
RMAS
DIMIN
ZTARG FZ1 see Table I
FZ2 see Table 1
FZ3 see Table 1
FZ4 see Table 1
FZ5 see Table 1
FZ6 see Table |

*COMMON linking only the SUBROUTINES ANNIHI, BREMSS, and the FUNCTIONS BR1 and BR2
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TABLE Il -SUBROUTINES and FUNCTIONS (in alphabetical order)
Name Arguments Action
ADJF1 A Function which brings back the A angle inside the limits 0+2m
ANGROT TETE Subroutine which performs the angular rotations through which it is possible: to
FIE obtain the photon direction (TETA,FI) in the Lab Frame. Its arguments are: the
TESC divergence (TETD FID), the multiple scattering angles (TESC,FISC) of the
FISC positron and the photon emission angles (TETE,FIE) with respect to the actual
TETD positron flight direction,
FID
TETA
F1
ANNIHI PE Subroutine which calculates the 2y annihilation cross section, SECAN, for a
DE positron of initial total energy PE, energy loss DE, photon emission angle TETE,
TETE and photon energy EGA.
SECAN
EGA
BEDIM Xp Subroutine which performs the extraction of the positron position in a plane
Y9 normal to the positron mean flight direction, Xf, Y#, according to a given
bidimensional Gaussian distribution.
BREMSS PE Subroutine calculating the total bremsstrahlung cross sections: it adds the
DE bremsstrahlung cross section on nucleus to the bremsstrahlung cross section on
TETE electrons. The differential cross sections SECBR(I) are calculated for all the
SECBR(D) NCH energy channels. PE is the total initial positron energy; DE is the positron
NCH energy loss; TETE is the photon emission angle.
BRI El Function which calculates the cross section for positron-nucleus bremsstrahlung,
EG differential in the photon energy, EG, and angle. Ei is the kinetic energy of the
radiating positron.
BR2 EG Function which calculates the positron-electron bremsstrahlung cross section,
differential in the photon energy, EG, and angle. '
CROSS TEG Subroutine which decides if a photon, flying in the direction TEG. FIG with
FIG starting point X@, Y8, Z@, crosses all the collimators until ICUT (IPAS=-1), or not
Xp (IPAS=1).
Y
zp
IPAS
DATIN ICUT Subroutine which reads all input data.
NCYCLE See Table I for meaning of all input data
IEMIT
FPHD
DATOUT ICUT Subroutine which prints all input data.
NCYCLE
IEMIT
FPHD
GAUS AM Subroutine which samples a variable V from a MNormal distribution whose mean
S value and standard deviation are AM and S, respectively.
\J
GEOMYS Xg Subroutine which decides if the M-th collimator is crossed, MM=1, or not, MM=0,
Y§ by the photon leaving the target at the point Xf, Yf, Zf.
Zp
M




TABLE Il - Continued
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Name Arguments Action
LANDAU PE. Subroutine which samples, the energy loss, Df., of a positron of incident total
] PALAND energy PE. which has crossed ROTH (g/cm”) of target thickness. PALAND,

HNP2 HNP2, VALOG are parameters of the calculation.
VALOG
ROTH
DE

MAXWE TES2 Subroutine which extracts a variable TESE, according to a Maxwellian
TESE distribution whose peak value is at SQRT(TES2/2.).

MXMPY CERN-LIBRARY Subroutine which multiplies two matrices. ‘

MNOTYES X Function which sets itself to the value 0 if (Xxx2+Yxx2) > R, otherwise
Y NOTYES=1
R

PHDISE TETEP Subroutine which calculates the photon flight direction (TETEP, FIPIU) certainly
FIPIU accepted by the collimators, when the photon production point X@, Y@, Zp is
Xp known, and the azimuthal angles .of the positron divergence (FID) and multiple
Y@ scattering (FISC) are given. IST is a flag: when it is set equal to 1 it means that,
4 from the given position, it is impossible to cross the collimators.
FID
FISC
IST

POLROT CERN-LIBRARY Subroutine which performs rotations in polar coordinates.

POSDIV Xp Subroutine which extracts, according to a Normal law, the positron radial and
Y vertical divergence, for a positron position X, Yf; then it calculates the
TETD corresponding polar angles TETD FID.
FID

PREROT TETD Subroutine which, in the first part, calculates for every positron the size and the
FID orientation of photon emission solid angle that gives the minimum photon losses
TESC through the collimators. It calculates also the number of photons to be emitted in
FI1SC order to keep constant the number of photons per unit of solid angle. In the
TETE second part it extracts uniformly the photon flight direction, (TETE,FIE). inside
FIE the selected solid angle.
X TETD FID are the positron divergence angles, TESC FISC the positron multiple
Yo scattering angles; X0, Y, Z§ are the coordinates of the photon production point.
zf 1ZO is a partial photon counter: the first part of the subroutine is executed, only
IST once (1ZO=1). The flag IEMIT determines the calculations for ideal point like,
12O divergenceless positron beam (IEMIT=0), or for an actual positron beam.
IEMIT (IEMIT=1). The meaning of IST is the same as in the subroutine PHDISE.

PROJEC A Function which calculates | Y ‘/3. Y and C are the ordinate and the abscissa, of
B a point belonging to a canonical ellipse, with semiaxes SQRT(A) and B,
C respectively.

RNDM CERN-LIBRARY  Function to perform random numbers extractions.

ROTY TETA Subroutine which calculates the rotation matrix A of argument TETA around the
A y-axis in a right-handed ref. frame.

ROTZ FlI Subroutine which calculates the rotation matrix A of argument FI around the z-
A axis in a right-handed ref. frame.

SCATT PE Subroutine which computes the mean square multiple angle TES2 of a positron of
T total energy PE, after it has crossed a thickness T(g/cm®) of target.
TES2

UNEXSA YMAS Subroutine which samples uniformly an angle TETE within given 0 limits, with a
YMIN sin 8 law. YMIN is the cosine of the B lower edge, YMAS is the cosine of the @
TETE upper edge.

VMATR CERN-LIBRARY Subroutine to perform the product of a matrix times a vector.
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5. - TEST RUN

The included example of run shows the structure of the output and the typical information obtainable from

the program. The calculation refers to the experimental conditions of the annihilation photon beam facility of the
Frascati Laboratory { 2 ).

The first output page consists of the printout of all the input data, with their unit of measure, except for the

dummy arguments used for the random extractions. In this page the total number of photon stories sampled, ITOT

is also printed. This page is subdivided in five parts: a) run data, b) positron beam characteristics, ¢) target
characteristics, d) collimator characteristics, €) photon parameters,

In the next pages, the calculated photon beam characteristics, with their unit of measure, are printed; the

order is the following:

i)  total photon Lab angular distributions at the selected view planes, with relative number of successes;

it) total radial and vertical photon profiles at the selected view planes, with relative number of successes;

iii) annihilation photon spectra (with errors). total number of annihilation photons and intensities at the selected
view planes, with relative number of successes;

iv) bremsstrahlung photon spectra (with errors), total number of bremsstrahlung photons and intensities at the
selected view planes, with relative number of successes.
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APPENDIX: FORMULAE USED IN THE CALCULATION OF THE PHOTON SPECTRUM ( 2)

The predominant reactions when an intermediate energy positron (% 5 MeV) collides on a target are the follo-

wings
etre” —» 2y 1
etre” —» etres y (2)
etvrz >etr z +y 3)

Reactions (2) and (3) constitute an unavoidable background source to the monochromatic photon from the
two-body final state (1)

When a positron of energy E annihilates, the energy k of the photon emitted at a laboratory angle 0 is given by

K =mc> /(1 - & cos 8),

T

where d = Aﬁ(y_wll)/(wl): withy :E/mcz(mc2= 0.51 MeV is the electron mass). When 6 <« | and y» 1, the two photon
differential cross section (reaction (1) is given by
2
do__ e SN A T
— +

@ 2 2?1 2y P

9

13 2

where: e = eZ/mc:Z':r 2.82.10 "7 cm is the classical radius of the electron, z= 792/2 and | = yZO .

For the process (3) the Schiff cross section, which is very accurate for 8«1, has been used

do 2ar§ y2 5\ 1610-n) (2-)2 [:z-:znmz u.l(fl-'r)):l [2}'(7]-1—1) ZJ
- Z In

_dg_“%Te 77 i . i
dQdk @  k a*  @e? a2 et (1+59)

where 9 =k/E, @ is the fine structure constant and S is the screening factor:

11101+

For the process (2)the Schiff cross section with Z=1 has been used: when 6«/\/2/7‘. Otherwise the- following
formula has been used

—£9 .. & _F Tl_l\t + —~1——2— 2(2 1!y+y2)ln[Zy(y'lnil)}~3+3y»y2 )
dQdk 7w k ver  uy© - -

where jy::k/km; with kmzmczy /{1+2) and F is a scaling function which reduces the cross section to 0 for k:km:

--3(1-”1/3?‘} 1-0 1 sin [cosm1 (1{-:—%)]}

F J (1-y exp
‘L
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We have used the following formula for the probability P(Gs)d Qs for-a positron to he multiply scattered
through a cone GS, Gs+ d ()s:

) 20, ( oz)
P(0)do_ = exp (- —3-)d@_,
S8 <ol <2

where:

< g’f > = 22017 + 1.13 In Q)

with

- 23
220457 HZ:D) t Q =22/| 0.595x 107 2
A 2 2
E g E

where E is the positron energy in MeV, t and A are the thickness (in g/(:mz) and the atomic weight of the target.

For energy collision losses it has been used the theory of Landau, with corrections to take into account the
density effect for relativistic positrons. If we call F (E, t, 4) d4 the probability that a positron of incident energy
E has suffered, after traversing a thickness t of matter, an energy loss between Aand 4+d 4, we can write, apart
from a normalization factor:

F(E, t,A) d4 = exp |‘— a"(A+In a+)]i @(A)di

where
N _2-! A {;(E--mcz)mc2 |
@ =z 22y, A — 5 - |In — e+ L1
" E(E-mc“) (hae )
P
an:mczN Z
= 2 ¢
(E—mcz) A

with N = Avogadro number,

2
NOQZe )1/2.

v_=( : plasma frequency of medium of density g .

P TmA

@(A) is the Landau universal function.
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