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SUMMARY

A FORTRAN program for relativistic calculations of general kinematic
parameters for nuclear reactions is described. The usefulness of the program
is demonstrated by means of calculations for neutron-producing reactions.
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RELATIVISTIC CALCULATIONS OF KINEMATIC PARAMETERS

FOR NUCLEAR REACTIONS (+)

1. Relativistic Kinematics of Nuclear Reactions

1.1, Description of the Kinematic Problem

This report describes a FORTRAN II program for relativistic
calculations of kinematic nuclear reaction parameters. The
program has been written for the experimenters using the

3 MeV Van-de-Graaff accelerator of the CBNM as a source of
fast neutrons, but is not restricted to neutron-producing
reactionsg.

Fig. 1 explains the notation used for the description of
nuclear reactions.

Light Product

Incident
Particle

GAL Heavy Product

FPig. 1

For a nuclear reaction defined by

My, = rest energy of incident particle

M2 = rest energy of target nucleus

M3 = rest energy of light reaction product

M4 = rest energy of heavy reaction product

Q =My + M2 - M3 - M4 = reaction energy in the

centre-of-mass system (Q-value)

(

*Manuscript received on October 9, 1967.



and user-specified values for

T1=

Q3=

the program

T

3

O
Q
i

94 =

as2
J = -
asec

e

T 2T
—Ti and 3
1 ? 3

o/

kinetic energy of incident particle in the
laboratory system

and
angle of light reaction product in the

laboratory system
performs the calculation of

kinetic energy of light reaction product in
the laboratory system

kinetic energy of heavy reaction product in
the laboratory system

angle of light reaction product in the centre-
of-massg systen

maximum angle of light reaction product in
the laboratory system for the double-valued
energy region Tf < Ty < Tb

T forward threshold

f=

T backward threshold

b=
angle of heavy reaction product in the
laboratory system

ratio of elements of solid angle in the
laboratory and the centre-of-mass system.

:These derivatives are of interest for cal-
culating the neutron energy spread due to finite
target thicknesses and finite detector or sample
sizes. For both derivatives the non-relativistic
approximations are used in the program.



1.2, Kinematic Formulas

The derivation of the kinematic formulas is based on the

1)

prints in the relativistic correction factors 51 and £3

review article of Monahan . However, some obvious mis-

have been corrected.

The following formulas are used in the progran

M1M
3 2 20 3. ,
= ———— T,F ) g
T3 (M1+M2\2 7,64 (2cos 3+z£2i2cosg3 ZB3+cos 93) (1)
+ for To < Ty < Ty (Double-valued energy region)

+ for T1 > Tb

1 T N
cosd, = - ( M1T1(1+-§E7)- My T4 (14 2M3).cosO3)
4
L/M4T4(1+'§M;) (3)
!
M T, ( Tf)
T4 = (( N =
. MM, T, 2N, T,
siney™" = ﬁ;mg(1 - TT) T (4)
1 4 oo
My

‘ 1
2 . 2 2 2y _._2
- Y 1
. Y.k sin 93 + 00593 Vcos@s+ o( k“)sin 93
cos® = 5 5> (5)
coSs 93+Y051n 93

+ for T, < T1 < Ty (Double-valued energy region)

+ for T1 > Tb



1 + k cosgg

g =7° (6)
(sin29§+Y§(k+cosQé)2)3/2

M, M
T 173
9 3 (200529 +2+2c080 z+coszg3) (7)
o1 (;411,)° 37 3 b

M2—M3 Tb 00593

o — (1 + )

M1+M2 T1 V z+cos293

+ for Tp < Tq < Ty (Double-valued energy region)

+

+ for T1 > Tb

3T _ 2sin@3
::+T (8)

3
V z+cos2@3

¥ for Te < Ty < T (Double-valued energy region)

(8]

|

Q-
©
(U8)

- for T, > T
Q ) Q
Tf =ﬁé' (M1 + 1\412 —'é') (9)
Q
Ty g (Mp-M3+My - ) ' (10)
Q
. M3+-2'
¥ = =g @ 11
1 M, -5-Q (11)

(c.f. SUBRZUTINE KIN)



T

f
M., M g r— (1= ) (14 )
13 20, W+ W0 0T, )
T T T Gy
£ e f 1
MM, (1= ==) T4 = (1= =) 1+
24 T, 2NN, T, T, (12)
(M1+M2)(M2—M3) T
(1 - (13)
My M, 1
T,
+
M1+:M.2
(14)
1 2T M,
+ >
(M1+M2)
T,
T+ 2M,
(15)
2 My.cos°9,  T7.sin®0,
14+ - +
T,
U+ g
1+
T (16)
1 + —2M1
T, M, -M T
! 2 b
s T )
P (17)
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2. Nescription of the Computer Program

2.1, Glossary of Symbols

Symbols used in the program | Symbols used in the formulas
(ef. 1.2.)
A1 M1
A2 M.2
A3 M3
A4 M4
B1 51
B2 ﬁg
B3 E3
C k
3T3
DTDTET
;@
3
DTDT1 BTB
AT
FI1 J
T
FI2 J E_;
39,
G Y
0
Q Q
T1 T1
T1S 7,*
T
: :
TB T4
TF Tb
Te
TET3 g3
TET3E g3max
TET3C 930
TET4 o)
4
Vs z

Other sywmbols used in the brogram are explained in the list
of input data and in the block diagrams. No special expla-
nation is given for program symbols representing interme-
diate results calculated from program variables listed above.
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Card No.

Columns

FORMAT

Symbol

1 - 36

37 = 42

6A6

I6

TITLE

LX

Name of nuclear reaction.
TITLE is written in two
lines as heading of the
program output tables by
SUBROUTINE TABLE, e.g. for
T(P,N)HE? the first field
of 18 columns contains the
number 3 for the first line
and the second field of 18
columns contains T(P,N)HE
for the
example
the end
program listing).

second line (cf.
of input data at
of the symbolic

Page number indicator.

ILX ¥ O indicates that the
page number of the first
output table of this run is
determined by input data.
LX=0 indicates that the
page numbers of this run
join thosge of the preceding
run. (The input data of
cards 1-3 define one run).
For the first run LX should
be # 0.
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Card No,

Columns

FORMAT

Symbol

I6

TPAGE

Page number. IPAGE+1 is the
page number of the first out-
put table. If LX=0 this card
is omitted.

11 - 15

16 - 20

21 = 22

32 - 40

F5.0

F5.0

F5.0

F5.0

I2

F9.0

F9.0

T1

T1E

DT 1

DTET3

Al

A2

Lower limit for the kinetic
energy (in keV) of the inci-
dent particle in the labora-
tory system. T1 # TpsTy -

Upper limit for the kinetic
energy (in keV) of the inci-
dent particle in the labora-
tory system. TI1E # T,

Energy increment (in keV).Ki-
nematic parameters are calcu-
lated at energy intervals DT1
between T1 and T1E.

Increment of TET3 in degrees.
For one value of T1 kinematic
parameters are calculated be-}
tween. TET3=0° and TET3=180°
or g‘gax at intervals DTET3.
Energy range indicator
IX = 1 for Te < Ty < Ty
Rest energy (in keV) of the
incident particle

Rest energy (in keV) of the
target nucleus
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Card No.| Columns FORMAT | Symbol

3 . 41 - 49 F9.0 A3 Rest energy (in keV) of the
(§32§§' light reaction product

50 - 58 F9.0 A4 Rest energy (in keV) of the
heavy reaction product

59 - 67 F9.0

O

"Q"-value of the reaction
(in keV)
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2 3BLOCK DIAGRAMS MAIN PROGRAM

[ Calculate PI1,PI2 ]

1 4
C Read TITLE,LX D)

3
(  Read IPAGE )
{

4y

D)

(_ Read T1,TIE,DTI,DTET3,IX ,A1,A2, A3, A4, Q
v

[ Calculate A5, A6, A7, A8, A9, AI0,Al1, A12, TB ,TF, TI1S |

6 1

LINE=0
TET3=0

v
[ Calculate A13 A14,A15 |

7 11
[ Calculate TET3IE | l  TET3E=180 |
[ ]
2y
| Calculate G,C,Z,B2,83 |
13
[Calculate B1,T3,CTET3C,DTDTI,DTDTET |
v
( KX =1 ]
CALL KIN

CALL TABLE(1)

7%
[ Calculate T3 ,CTET3C,DTDT!, DIDTET |
Y
[ KX =2 B
v
CALL KIN

CALL TABLE (2)

20
[ TET3=TET3.DTET3}

<0

21
L Ti=T1+.DT1 _]
TiE-T1 =0

<0
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SUBROUTINE TABLE (L)

1
{ IPAGE =IPAGE +1 |

:] ‘-'2
IX
2y v4
Write IPAGE, TITLE, Write IPAGE ,TITLE,
T1, TET3E T

v

6w
(Write heading of output tab@

[ LINE=46 ]

ow ~ v

Write TET3,T3TET4, Write T3 ,TET4 , T4,
T4,0TDT1,DTOTET, DTDTI, DTDTET,
TET3C,FI1,FI2 TET3C,FI1,Fl2

v

| LINE=LINE-1 ]

&
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SUBROUTINE KIN

&
[ 7ets-180. | TETW=0. ]

74
TET3C=0.
TET3CR=0
£ - Y
TET4L =0
14 TET3C=180
{ CALL BRANCH] TET3CR=P]
lcalculate 74 CTET 4] I's
CTDTET= Q.
[ CALLBRANCH | CakufneTA
154

[CalculateF11,F12]
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SUBROUTINE BRANCH(CTET, TETR, TET, PI1)

ly
Calculate TETR=3.14 TETR= 0.
TETR,TET TET =180. TET = 0.
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SUBROUTINE BRANCH(CTET,TETR,TET,PI1)
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IF(ABSF(CTET)-1.)1y1,2
1 TETR=ACOSF{CTET)
TET =TETR#P]1
GG TO 5
2 IF(CTET)3 44,4
3 TET=180.0
TETR=3.1415926
GO T0 5
TET=0.0
TETR=0.0
5 CONTINUE
RETURN
ENDC
* DATA
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9
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2.5, Example of Program Output

On the following four pages examples of the program
output for the reaction T(p,n)3He will be found. For
each value of the kinetic energy T, of the incident
particle the kinematic parameters are calculated at
intervals of 2 degrees between 93 = 0° and 93 = ggax
or between 93 = 0° and @3 = 1800 depending on whether
T1 is in the double-valued energy region or not., All
energies are given in keV, all angles in degrees, and
oT

gai.in keV/degree.
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Tabulation of Kinematic Parameters for Neutron-Producing

Nuclear Reactions.

For the experimenters at the Van-de-Graaff accelerator

of the CBNM numerous tables of kinematic parameters for
neutron-producing reactions have been prepared (cf. 2.5.
for example of program output). On the following two
pages those nuclear reactions, energy regions, and angu-
lar ranges are specified for which kinematic calculations
have been made. The nuclear masses and Q-values used are

those quoted by K¢nig, Mattauch, and Wapstra 2)
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