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KINEMATICS II: A NONRELATIVISTIC KINEMATICS FORTRAN PROGRAM TO AID 
ANALYSIS OF NUCLEAR REACTION ANGULAR DISTRIBUTION DATA 

J. B. Bal l  

ABSTRACT 

A FORTRAN program has been wr i t ten for the IBM 7 9/70 0 computer to  fac i l i t a te  the 

handling of  angular d is t r ibut ion data. 

angle, the center-of-mass angle of  the observed part ic le,  the ra t i o  o f  the center-of-mass 

cross section to  the laboratory cross section, the laboratory energy of the observed part i -  

cle, the magnetic r i g id i t y  o f  the observed part ic le,  the laboratory energy of  the associated 

part ic le,  the laboratory angle of the associated part ic le,  the momentum-exchange wave 

number for the reaction, and the scattering argument (product of the momentum-exchange 

wave number and the nuclear in teract ion radius). 

The program computes, a s  a funct ion of  laboratory 

T h i s  program i s  on f i l e  at  the Oak Ridge Central Data Process ing Faci l i ty .  

1. I N T R O D U C T I O N  

Much-of the experimental information i n  medium-energy nuclear physics i s  obtained in  the form 

of  energy and angular distr ibutions of par t ic les emitted from nuclear reactions. 

Before applying any theoretical analys is  to the observations, i t  i s  almost always essential to  

transform these distr ibutions from the laboratory frame of  reference in  which they are observed 

into the frame of reference in  which the center of mass of the reacting system i s  at rest. 

The computer program described in  th is  report performs the calculat ions necessary t o  trans- 

form an angular distr ibution observed in  the laboratory t o  the center-of-mass coordinate system. 

The program also computes several addit ional parameters useful i n  analyzing the experimental 

data. The output of the program w i l l  be discussed i n  detai l  in  Sec. 2. 

The program makes use of  eas i ly  derived kinematics equations which, whi le  quite straight- 

forward, are somewhat tedious to  solve by hand and are, therefore, ideal ly  suited to  machine 

computation. 

formation in the other direction (from the center-of-mass to  the laboratory system). Since the 

angles of observation are generally selected i n  the laboratory system, the analysis o f  angular 

distr ibution data wi th  KINEMATICS I requires a graphical interpolat ion of  the computed results. 

The KINEMATICS I I  program w i l l  perform th is  computation directly. 

It i s  intended to  complement an already ex is t ing program’ which makes the trans- 

’ B. D. Will iams, Kinematics of Nuclear Reactions Calculated with the IBM 704 Computer, ORNL-2963 
(1960). Th is  program w i l l  be referred to  as KINEMATICS I. 
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It should be mentioned that the transformation of angular distr ibut ion data may also be done, 

with a minimal amount o f  hand calculation, by the use of exist ing tables.’ In some cases, how- 

ever, the range covered by these tables i s  not suff icient, or an interpolat ion between l i s ted  

angles must be made. The KINEMATICS II program computes addit ional information, often useful 

in  interpreting data or planning experiments, that i s  not avai lable from these tables. 

2. T H E  K I N E M A T I C S  I I  P R O G R A M  

The input data required by the program are l i s ted  in  Table 1. The results are computed for a 

specif ic start ing laboratory angle (ANGLE) and for each angle specif ied by an angular increment 

(DELTA) up to and including a maximum specif ied angle (ANGMAX). 

Table 1. Input Quant i t ies  to Program 

Symbol Def in i t ion U n i t s  

M1 

M2 

M3 

M4 

E L A B  

Q 

ANGLE 

D E L T A  

AN GMAX 

R O  

Mass of  the inc ident  par t ic le  

Mass of  the target nucleus 

Mass of  the observed par t ic le  

Mass o f  the associated par t ic le  (residual nucleus) 

Laboratory energy of the inc ident  par t ic le  

Di f ference i n  the k ine t i c  energy of  the i n i t i a l  and fino1 systems 

Smallest laboratory angle desired ( = O )  

Size of  desired angular increment ( > O )  

Largest  laboratory angle desired (= 180) 

Nuclear radius parameter 

> 

< 

amu 

arnu 

amu 

amu 

Mev 

Mev 

degrees 

degrees 

degrees 

fermis 

The output from the program consists of a heading fol lowed by a sequential l is t .  The f i r s t  

l ine of the heading i s  a printout o f  the information read from a t i t l e  card which precedes and 

identi f ies each case, the value of ELAB, and the value of Q. 

heading are printouts of the remaining input data o f  Table 1 (excluding the three angular entries) 

and the information l i s ted  i n  Table 2. The l i s t  i s  a printout of the information shown in Table 3 

as a function of the laboratory angle. A normal output sheet i s  shown in  Fig. 1. I f  the output 

data consists of more than one page, only the f i rs t  l ine o f  the heading i s  repeated on the suc- 

ceeding pages. 

The fol lowing two l ines of the 

I f  the veloci ty of the observed part ic le in  the center-of-mass frame of reference i s  less than 

the veloci ty of the center-of-mass system in the laboratory frame of reference, the energy of the 

2J. B. Marion, T. I. Arnette, and H. C. Owens, Tables  for  the Transformation Between the Laboratory 
and Center-of-Mass Coordinate Systems and for the Calculation of the Energies of Reaction Products, ORN L- 
2574 (1959). 
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Tab le  2 Computed Quant i t ies  i n  Output Heading 

Symbol Def in i t ion Un i t s  

EICOM To ta l  k ine t i c  energy i n  the i n i t i a l  center-of-mass frame of  

reference 

EFCOM To ta l  k ine t i c  energy i n  the f i na l  center-of-mass frame of 

reference 

K 1 COM Wave number of the inc ident  pa r t i c l e  i n  the center-of-mass 

frame of  reference 

K3COM Wave number of the observed pa r t i c l e  i n  the center-of-mass 

frame of  reference 

R Approximate nuclear in teract ion radius 

Mev 

Mev 

fermis-’  

fermis-’  

fermis 

Tab le  3. Computed Quant i t ies  i n  Output L i s t i n g  

Heading De f in i t i on  Un i t s  

L A B  ANGLE Laboratory angle of  the observed pa r t i c l e  degrees 

PARTICLE 3 

COM ANGLE Center-of-mass angle of the observed pa r t i c l e  degrees 

PARTICLE 3 

X-SECTION 
L A B  TO COM cross section 

Factor  to convert laboratory cross section to center-of-mass 

L A B  ENERGY 
PARTICLE 3 

BRZ 

Laboratory energy of the observed pa r t i c l e  

Magnetic charge r i g id i t y  o f  the observed pa r t i c l e  

PARTICLE 3 

MOMENTUM 
TRANSFER K 

SCATTERING 
ARGUMENT K R  interaction radius 

Momentum transfer wave number for the reaction 

Product of the momentum transfer wave number and the nuclear 

Mev 

k i logauss-  

inches 

fermis-’  

L A B  ANGLE 
PARTICLE 4 

L A B  ENERGY 
PARTICLE 4 

Laboratory angle of  the associated pa r t i c l e  (residual nucleus) degrees 

Laboratory energy of  the associated par t ic le  (residual nucleus) Mev 

observed part ic le w i l l  be double-valued up to a certain laboratory angle, beyond which the scat- 

tering does not occur. (Th is  i s  discussed i n  detai l  in  Appendix I.) 
puted quanti t ies w i l l  terminate a t  the angle nearest the cr i t ical  angle, and a statement w i l l  be 

writ ten giving the situation and the cr i t ical  angle. This l i s t  w i l l  then be fol lowed by a second 

l i s t  for the same laboratory angles but giv ing the information pert inent to the secondary energy 

of the observed particle. Th is  type of output i s  shown in  Figs. 2 and 3. 

In th is case, the l i s t  of com- 



KINEMATICS 11.  ZIRCONIUM-91 (P,D) GROUND STATE TRANSITION 

M I #  3.0081 M2# 90.9341 M3# 2.0147 M4# 89.9328 ROlf1.50 MASS CHECK# 0 

EICOM# 14.84 EFCOMW 9.91 KICOH# 0.8411 K3COM# 0.9662 R #  8.25 

LAB ANGLE COM ANGLE 
PARTICLE 3 PARTICLE 3 

0. 

IC.CC 

20.cc 

30.CC 

C C - C C  

50.CO 

6O.CO 

70.00 

8O.CO 

9O.CO 

1OO.CO 

I IC.CO 

120,co 

l30.CO 

140,CO 

150.CO 

I60,CO 

170.CO 

I8O.CO 

0. 

10.19 

20.38 

30.55 

40.7 I 

50.85 

60.96 

71.04 

E 

9 

10 

i l  

* 09 

. 1 1  

.09 

I 0 4  

120.96 

I 30.85 

140.71 

3 50.55 

160.38 

170.19 

180.00 

X-SECTION 
LAB TO COM 

0.9625 

0.9631 

0.9647 

0.9675 

0.9712 

0.9758 

0.981 1 

0.987 1 

0.9935 

I .no02 

I .DO69 

1 .OI35 

LAB ENERGY 
PARTICLE 3 

10.066 

10.060 

10.042 

10.014 

9.975 

9.928 

9 * 874 

9.814 

9.750 

9.685 

9.620 

9.558 

BRZ 
PARTICLE 3 

255.20 

255.13 

254.91 

254.55 

254.05 

253.45 

252.75 

251.99 

251.17 

250.33 

249.49 

24&-68 

1 .Ot97 9.500 247.93 

t .0254 9.448 247.24 

1 0303 9,403 246.66 

1 .a343 9.367 246. I8 

I .0373 

1.0391 

I .a397 

9.340 

9.324 

9.318 

245.83 

245.62 

245.55 

MOMENTUM 
TRANSFER K 

0.1251 

0.2032 

0.3426 

0.4912 

0.6395 

0.7841 

0.9230 

I .  0550 

1.1787 

t .2932 

I .  3978 

I .4915 

-5739 

-6444 

.7027 

,7483 

1.781 I 

i.8no8 

1 .E074 

SCATTER I NG 
ARGUMENT KK 

I .  0320 

1.6765 

2.6263 

4.0525 

5.2756 

6.4682 

7.6145 

8.7027 

9.7234 

I O .  6683 

11.5305 

12.3040 

I 2.9838 

13.5656 

14.0460 

14.4223 

14.6925 

14.8552 

14.9095 

Fig. 1 .  Normal Output L is t ing  from KINEMATICS I I .  

E L A B l  15.00 

LA6 ANGLE 
PARTICLE 4 

-180.00 

-124.87 

-102.39 

-90.03 

-81 -03 

-73.51 

-66.76 

-60.46 

-54.45 

-40.64 

-42.98 

-37.42 

-31 - 9 4  

-26.53 

-21.17 

-15.85 

-10.55 

-5.27 

-0.no 

6l# -4.93 

LAB ENERGY 
PARTICLE 4 

0.0u4 

0.010 

0.026 

0.056 

0.095 

0.142 

0.196 

0.256 

0.320 

0.385 

0.450 

0.512 

0.570 

0.622 

0.667 

0.703 

0.730 

0.746 

0.752 

P 

? t C b a 



K I N E M A T I C S  11. N I T R O G E N - I 4  ON N I T R O G E N - 1 4 s  I N E L A S T I C  S C A T T E R I N G  E L A E R  28.20 

M11114.0075 H2# 14.0075 M31Y14.0075 M4# 14.0075 R O n 1 . 5 0  MASS C H E C K #  0 

E I C O H #  14.10 EfCOMEf 

L A B  A N G L E  
P A R T I C L E  3 

0, 

2.50 

5.CO 

7.50 

I C . C O  

12.50 

15 .CO 

17.50 

20.co 

22.50 

25.CO 

27.50 

30.CO 

32.50 

35.co 

37.50 

40.CO 

42.5C 

45. C O  

C O M  A N G L E  
P A R T I C L E  3 

0. 

6.03 

12.07 

18-12 

24.20 

30.30 

36-44 

42.63 

48.88 

55.21 

61.64 

68.20 

74.92 

81.86 

89. I O  

96.78 

I C5.20 

3 15.07 

131.95 

7.07 K I C O M #  2.1733 

X-SECT I O N  
LA8 TO COM 

0.1719 

0.  J 720 

0. i 724 

0.1731 

0.1740 

0. I753  

0.1767 

0.1785 

0.1805 

0.1827 

0.1851 

0. I875 

0. t899 

0. 

0. 

0. 

0. 

919 

930 

920 

06 I 

0. I666 

0.0481 

L A B  ENERGY 
P A R T I C L E  3 

20.569 

20.514 

20.349 

20.074 

19.692 

19.206 

18.617 

17.931 

17.151 

16.281 

15.327 

14.293 

13. I83 

I 1.999 

10.742 

9.406 

7.96% 

6.355 

3.91 I 

K3COM# 1.5389 R #  7.23 

BRZ 
P A R T I C L E  3 

961.93 

960.64 

956.76 

950.28 

941.20 

929.50 

915.15 

898.12 

878.37 

855.8 I 

030.36 

801.85 

770.08 

734.70 

695. I 6  

650.48 

598.69 

534.66 

419.42 

MOMENTUM 
TRANSFER K 

0.6344 

0,6629 

n.7418 

0.8569 

0.9950 

I .  I472 

I .  3077 

1.4731 

1.6409 

I .  8098 

1.9785 

2. I465 

2.3132 

2.4787 

2.6431 

2.8074 

2.9740 

3. I 5 0 5  

3.4005 

SCATTER I NG 
ARGUMENT KR 

4.5875 

4.7940 

5.3646 

6. I966 

7. I956 

8.2962 

9.4572 

IO. 6530 

11.8668 

13,0876 

J4.3079 

15. 5226 

16.7287 

I7. 9254 

19. I143 

20.3024 

2 I .  5074 

22.7836 

24.5912 

LA8 ANGLE 
P A R T I C L E  4 

-0.00 

-14.12 

-25.7 I 

-33.96 

-39.34 

-42.59 

-44.34 

-45.03 

-44.95 

-44.30 

-43.20 

-41.73 

-39.97 

-37.92 

-35.60 

-32.98 

-29.96 

-26.26 

-19.67 

Q# -7 .03 

L A B  ENERGY 
P A R T I C L E  4 

0.60 I 

0.656 

0.82 I 

I .096 

1.478 

1.964 

2.553 

3.239 

4.019 

4.889 

5.843 

6.877 

7.987 

9.171 

I O .  428 

11.764 

I 3.202 

14.815 

17.259 

*THE COK V E L O C I T Y  EXCEEDS THE V E L O C I T Y  OF T H E  OBSERVED P A R T I C L E  I N  THE COM SYSTEM AND T H E  OBSERVED P A R T I C L E  DOES NOT 
SCATTER BEYOND A LABORATORY ANGLE OF 45.08 DEGREES. T H E  L A B  E N t R G Y  OF P A R T I C L E  3 I S  D O U B L E  V A L U E D  U P  TO T H I S  ANGLE. 
THE F O L L O k I N G  LIST G I V E S  THE I N F O R M A T I O N  P E R T I N E N 1  10 T H I S  SECONDARY ENERGY OF P A R T f C L E  3. 

F i g .  2. Primary Output L i s t i n g  for a  C a s e  Where the V e l o c i t y  of the Center-of-Mass System in the 

Laboratory Exceeds  the P a r t i c l e  V e l o c i t y  in the Center-of-Mass Frame of Reference.  



K I N E M A T I C S  11, N I T R O G E N - 1 4  ON NITROGEN-14 ,  I N E L A S T I C  S C A T T E R I N G  E L A B l  28.20 Q# -7.03 

+THE CCM V E L O C I T Y  EXCEEDS THE V E L O C I T Y  OF THE OBSERVE0 P A R T I C L E  IN THE COM SYSTEM AND THE OBSERVED P A R T I C L E  DOES NOT 
SCATTER BEYOND A LABORATORY ANGLE OF 45.08 DEGREES. T H E  L A B  ENERGY OF P A R T I C L E  3 IS OOUBLE VALUED U P  T O  THIS ANGLE. 
THE F O L L O h I N G  L I S r  G I V E S  THE I N F O R M A T I O N  P E R T I N E N T  TO T H I S  SECONDARY ENERGY OF P A R T I C L E  3 .  

L A B  ANGLE 
P A R T I C L E  3 

45.00 

42.50 

4c.00 

37.50 

35.CO 

32-50 

3 O - C O  

27.50 

25.co 

22.50 

20.00 

17.50 

I 5 - 0 0  

12.50 

10.00 

7.50 

5.oc 

2.50 

0. 

COM ANGLE 
P A R T I C L E  3 

138.U5 

149.93 

154.80 

1 58.22 

1 60.90 

163.34 

165.08 

166.80 

68.36 

69.79 

71.32 

72.37 

73.56 

74.i’O 

75.80 

76.88 

f 77.93 

178.97 

I 80.00 

X - S E C T I O N  
L A 0  TO COM 

0.0595 

0.5446 

0.9563 

t -3746 

I .e024 

2.2362 

2.6708 

3. I004 

3.5187 

3.9195 

4.2967 

4.6447 

4.958J 

5.2320 

5.4622 

5.6450 

5.7778 

5.0582 

5.8852 

L A B  ENERGY 
P A R T I C L E  3 

3.159 

I .944 

1.551 

1.314 

1.150 

1.030 

0.937 

0.864 

0.806 

0.759 

0.720 

0.689 

0.664 

0.643 

0.627 

0.615 

0.607 

0.602 

0.601 

8 R Z  
P A R T I C L E  3 

377.00 

295.74 

264.1 I 

243.09 

227.46 

215.22 

205.33 

197.20 

190.43 

184.76 

180.02 

176.06 

172.78 

170.12 

168.00 

166.40 

165.27 

164.60 

164.38 

MOMENTUM 
r R A N S F E K  K 

3.4737 

3.5889 

3.6255 

3.6473 

3.6623 

3.6733 

3.681 7 

3.6883 

3.6936 

3.6979 

3.701 4 

3.7042 

3.7065 

3.7084 

3.7098 

3.7109 

3.7116 

3.7121 

3.7122 

S C A T T E R I N G  
ARGUMENT KR 

25. I205 

25.9541 

26.21 85 

26.3764 

26.4848 

26.5643 

26.6252 

26,6731 

26.7114 

26.7423 

26.7675 

26.7880 

26.8046 

26.8179 

26.8283 

26.8361 

26.84 I5 

26.8447 

26.8458 

L A B  ANGLE 
P A R T I C L E  4 

-17.23 

-12.41 

-10.41 

-9.01 

-7.90 

-6.98 

- 6 .  I 8  

-5.47 

-4.82 

-4.23 

-3.68 

-3.16 

-2.67 

-2.20 

-1.74 

- I  -29 

-0.86 

-0.43 

0. 

L A B  ENERGY 
P A R T I C L E  4 

18 .01  I 

19.224 

19.619 

19.856 

20.020 

20.140 

20.233 

20.306 

20.364 

20.41 I 

20,450 

20.48 I 

20.506 

20.527 

20.543 

20.555 

20.563 

20.568 

20.569 

ch 

F i g .  3. Secondary Output L i s t i n g  Corresponding to F i g .  2. 

*. I 
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If the ve loc i ty  of the observed par t ic le  i n  the center-of-mass frame of reference i s  the same 

as the velocity of the center-of-mass system i n  the laboratory, the observed part icle does not 

scatter beyond a laboratory angle of 90'. Since at  th is  laboratory angle the center-of-mass angle 

i s  180°, the program computes only up to  a laboratory angle of 90' and then ex i ts  to the next case. 

The program has several self-protecting features. If the angular increment (DELTA) i s  acci- 

dentally entered as zero, the program w i l l  not cyc le  indefinitely but immediately transfers to the 

next case. If a value of Q i s  selected that i s  negative enough to make the reaction energetically 

forbidden, the program w i l l  pr int out the pertinent information and proceed to the next case. This  

i s  i l lustrated in  Fig. 4. I f  the scattering i s  characterized by a l imi t ing laboratory angle, as dis- 

cussed above, and the starting angle selected exceeds th is  l imit, the program prints out the in- 

formation as shown i n  Fig. 5 and proceeds to the next case. 

The program also performs a mass check to guard against accidental errors i n  specifying the 

This i s  done by adding 0.2 atomic mass uni t  to each of the masses, truncating to input masses. 

an integer, and solving 
1 

MASS CHECK = M 1 +  M2 - M3 - M 4 .  

The requirement for correct operation of the program i s  then that MASS CHECK = 0. A nonzero 

value of MASS CHECK w i l l  not stop the program. If a nonzero value of MASS CHECK i s  printed 

out, the input masses should be careful ly re-examined for correctness. 

It should be noted that either the integral or exact values of the masses may be used as input, 

since the formulas used by the program make no simpli fying assumptions about the masses. In 

general, the use of the exact masses w i l l  have a negl igible effect on the results. Th is  i s  dis- 

cussed in  more detai l  in  Appendix IV. 

The formulas used by the program to compute the kinematic quantit ies are given in  Appendix I. 
The formulas used to evaluate the nonkinematic quantit ies are given i n  Appendix II. 

TRAN l i s t ing  for the program i s  given in  Appendix V. 

The FOR- 

3. P R E P A R A T I O N  O F  T H E  I N P U T  D A T A  

The input data should be written on standard 80-column data sheets. Each l ine on the data 

sheet corresponds to one card. 

Each case consists of two cards: a t i t l e  card and a data card. 

The t i t l e  card may contain any type of desired information to identi fy the case. The f i rs t  72 
columns of the card may be used, and a l l  capital letters, Arabic numerals, and the fol lowing spe- 

c ia l  characters are allowed: 

= % + - . ,  ( ) $ * /  

The contents of the t i t l e  card w i l l  be printed at  the top of each output sheet. 



K I N E M A T I C S  1 1 1  CARBON-12 I A L P H A S A L P H A )  I N E L A S T I C  S C A T T E R I N G  E L A 8 #  5.65 

M I #  4 . C 0 3 9  M 2 1  1 2 , 0 0 3 8  C 3 #  4.0039 M4# 1 2 . 0 0 3 8  MASS C H E C K #  0 E I C O M %  4.24 EFCOM# -0 .19  

* T H I S  CASE I S  E N E R G E T I C A L L Y  F O R B I C D E N  

I?# -4.43 

Fig. 4. Gutput L i s t i n g  for a Case Tha t  I s  Energe t i ca l l y  Forbidden. 

K I N E M A T I C S  I I s  Z I R C O N I U M - 9 1  IP ,D)  GROUNO S T A T E  T R A N S I T I O N ,  O B S E R V I N G  Z I R C O N I U M - 9 0  E L A B I  5.00 I?# -4.93 

M I #  1.OOOC M 2 #  9 1 . 0 0 0 0  M 3 # 9 0 . 0 0 0 0  M 4 #  2.0000 ROW1.50 MASS CHECK# 0 

E I C O M #  4.95 EFCOM# 0.02 K I C O M #  0.4837 K3COMX 0 . 0 3 8 3  R %  8 -25  

L A B  ANGLE COM ANGLE X - S E C T I O N  L A B  ENERGY BRZ MOMENTUM S C A T T E R I N G  L A B  ANGLE L A 8  ENERGY 
P A R T I C L E  3 P A R T I C L E  3 L A B  TO COM P A R T I C L E  3 P A R T I C L E  3 TRANSFER K ARGUMENT KR P A R T I C L E  4 P A R T I C L E  4 

5.00 4 52.29 0.5776 0.235 106.43 1 . 5 5 1  7 7- 4445 -23.78 6.365 

*THE COM V E L O C I T Y  EXCEEDS THE V E L O C I T Y  OF THE OBSERVED P A R T I C L E  I N  T H E  COM SYSTEM A N D  THE OBSERVED P A R T I C L E  DOES NOT 
S C A T T E R  BEYOND A LABORATORY ANGLE OF 4.59 DEGREES. T H E  L A B  ENERGY OF P A R T I C L E  3 I S  DOUBLE V A L U E D  U P  T O  T H I S  ANGLE. 
THE F O L L O W I N G  L I S T  G I V E S  THE I N F O R M A T I O N  P E R T I N E N T  T O  T H I S  SECONDARY ENERGY OF P A R T I C L E  3. 

03 

F ig .  5. Output L i s t i n g  for a Case, Such as Shown in Fig. 2, When the  Start ing Angle Exceeds the  

A l i n e  containing the requested s tar t ing angle i s  printed, but data i n  the  remainder o f  the L i m i t i n g  Angle. 

l i n e  are meaningless. No secondary l i s t  i s  printed. 

c * . 



I =  

I 

I 

I S  

The data card i s  divided into ten f ie lds of eight columns each. The f ie lds are ordered i n  the 

same manner as Table 1. The decimal point  i s  ossumed to be at the right-hand edge of each f ie ld  

unless i t  i s  speci f ical ly entered. 

A sample data sheet, g iv ing the input data for the printouts in  Figs. 1-5, i s  shown i n  Fig. 6. 

To faci l i tate keypunching, the information i s  writ ten on every other l ine  of the data sheet. 

A rough estimate of the total running time for a set of data can be obtained from the relat ion- 

ship that on the IBM 7090 the program computes about 15 ang ledsec .  

F i g .  6. Sample Input Sheet Showing the Input D a t a  Resul t ing in  the Output L i s t i n g s  Shown in  F i g s .  1-5. 

4. P R O G R A M M I N G  N O T E S  

The FORTRAN program was writ ten to run on the ORGDP monitor system. The input i s  read 

from logical tape 10, and the output i s  writ ten on logical tape 9. No sense switch tests are used, 

and there are no programmed error stops. The program uses 1500 words of core storage. 

c 
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Appendix I 

K I N E M A T I C S  FORMULAS 

The KINEMATICS II program performs the transformation between the laboratory and center-of- 

mass systems i n  the opposite direct ion from that found i n  the conventional textbook examples, and 

the equations are s l ight ly more complex. Although the equations are readi ly derivable, the deriva- 

tion used in  th is program i s  given here for the sake of c lar i ty and completeness. 

In the in i t ia l  laboratory system an incident part ic le wi th mass m ,  and veloci ty V ,  str ikes a tar- 

get nucleus with mass m2 that i s  at rest in  the laboratory frame of r e f e r e n ~ e . ~  The total  momen- 

tum of the in i t ia l  system i s  

‘lab = mlVl 1 

and the total k inet ic energy of the in i t ia l  system i s  

1 2  
E l a b  = 5 mlVl ’ 

In the center-of-mass frame of reference, the center of mass o f  the two col l id ing part icles i s  

at rest. It fol lows that 

(3) ml”l = -m 2 ” 2 ’  

where u 1  and u 2  are defined as the veloci t ies of part ic le 1 and part ic le 2 with respect to  the cen- 

ter of mass. 

Since part ic le 2 i s  observed a t  rest in  the laboratory system, th is  requires that 

‘c.m. = - V 2  I (4) 

where Vc,m, i s  the veloci ty of the center-of-mass system in  the laboratory frame of reference. 

Since the center-of-mass frame of reference has, by Eq. (3), no net linear momentum, the mo- 

mentum observed in  the laboratory can be associated with the motion of the center-of-mass system 

in the laboratory frame of reference; 

Thus 

* I  

8 

31n the der ivat ion to follow, the notation is :  an upper-case V refers to a veloci ty  r e l a t i v e  to  the labora- 
tory system, and a lower-case v refers to a ve loci ty  r e l a t i v e  to the  center-of-mass system. 
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It fo l lows direct ly from Eqs. (4) and (6) that 

u 2 = - (  m 1  ) v l  , 
m l  + m 2  

and from Eqs. (3) and (7) that 

m 

" l  = : m 2 )  * 

Solving Eq. (2) for V I  and substituting into Eqs. (6), (7), and (8) y ie lds  

) 1 / 2  
(2m 1 E I ab 

u 2  = - I 

m + m 2  1 

(7) 

Equations (9),  (lo), and (11) immediately give 

where E l  and E ,  are the energies o f  part ic les 1 and 2 in the center-of-mass frame of reference, 

and 

frame of reference. 

i s  the energy associated w i th  the motion of the center-of-mass system i n  the laboratory 

The k ine t ic  energy associated w i th  the relat ive motion of the two part icles in  the in i t ia l  

center-of-mass system i s  given by 

E i  = E l  + E 2 ,  
c.m. 

which, from Eqs. (12) and (13), reduces to  

E i  : ( "' ) Elab ' c.m. 
"1 + m 2  
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It  i s  easi ly seen that the total k inet ic  energy i s  

E:.m. + E c . m .  

the same for both frames of reference; 

= E l a b  ‘ (17) 

After the interaction, the total k inet ic  energy avai lable in  the f inal center-of-mass system i s  

E f  c.m. = E:.m. + Q . (18) 

In general, for a l l  interactions except elast ic scattering, the value of Q w i l l  be nonzero. 

Equation (3) and the conservation of l inear momentum require that the f inal system shall  have no 

net l inear momentum in  the center-of-mass frame of reference. Thus 

m 3 u 3  = -m4u4 , 

where m 3  and m4 are the masses of the two f inal particles, and u 3  and u 4  are their respective 

velocit ies in  the center-of-mass frame of reference. 

Equation (18) may be re-expressed as 

Combining Eqs. (19) and (20) and solving for u 3  and u 4  y ie lds 

u 3 =  [( m 3  + m4 )(2)k:.m.+Q)]”2/ 

Equations (21) and (22) immediately give 

where E ,  and E ,  are the k inet ic  energies of part icles 3 and 4 in  the center-of-mass frame of 

reference. 

I f  the part icles i n  the f inal center-of-mass system are emitted at an angle 8 relat ive t o  the 

motion of the center-of-mass system in  the laboratory, then the angle + at which they w i l l  be ob- 

served in the laboratory frame of reference i s  related to 8 by the ve loc i ty  diagram shown i n  Fig.7. 

That is,  the velocity o f  an observed part icle in  the laboratory system i s  made up of two vector 

components: the velocity of the observed part icle in  the center-of-mass frame of reference, and 

the velocity of the center-of-mass system in  the laboratory frame of reference. 
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UNCLASSIFIED 
ORNL-LR-DWG 68569 

Fig.  7.  V e l o c i t y  R e l a t i o n s h i p s  Before t h e  React ion ,  ( z ) ,  and After t h e  React ion ,  (zi). 

By examining the geometry o f  Fig. 7, it i s  evident thai 

u 3  sin 8, = V ,  sin si/, , 

v 3  cos 8, + Vcsm.  = v, cos $6, , 

where u 3  i s  the veloci ty of part ic le 3 i n  the center-of-mass frame of reference, and V ,  i s  the ve- 

loci ty in the laboratory frame o f  reference. 

By eliminating V ,  from Eqs. (25) and (26), 

s in  0, 
tan $, = 

cos 8, + y ' 

where 
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From Eqs. ( 1 1 )  and (16), 

Using Eq. (21) for u 3  and Eq. (29) for VCsm , 

Equations (27) and (30) are the usual formulas used in  transforming between center-of-mass 

scattering angle and laboratory scattering angle.4 They are convenient i n  the sense that y need 

be computed only once. They are inconvenient i n  the sense that getting the center-of-mass angle 

a s  a function of laboratory angle requires solving Eq. (27) for several values of 6 and then per- 

forming a graphical interpolation. 

To solve for 6 directly, u 3  can be eliminated from Eqs. (25) and (26) to  obtain 

sin $, 
tan 8, = 

cos +, - 6 

vihere 

6 =  Vc.m./V3 . 
Applying the law o f  cosines to Fig. 7, 

from which 

(34) 

Equation (34) points up the complexity of solving for 8 directly. First,  since V ,  i s  a function 

of +, 6 i s  also a function o f  $ and must be evaluated at  each angle. Since the equations are to  be 

used for machine computation, th is  i s  not an obiection. Second, V ,  may or may not be double- 

valued. There are, i n  fact, three possible conditions for the f inal system. These are shown sche- 

matical ly in Fig. 8. 

An examination o f  the three geometries in  Fig. 8 and Eq. (34) gives the fol lowing conditions 

on V,:  

(i) u 3  > VCsm.;  V, i s  single-valued for the entire range of $, and Eq. (34) uses only the posi- 
t i ve  root. 

4Equation (30) is genera l ly  s impl i f i ed  by t h e  as sumpt ion  m + m2 = m, + m4. 
1 
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L 

i .. 

UNCLASSIFIED 
ORNL-LR-DWG 68570 

F i g .  8. T h r e e  P o s s i b l e  Configurations of the F i n a l  State: ( I )  v 3  > Vc,, , , ,  (ZZ) v 3 =  V c , , , , ,  and ( z z d  

v 3  < "c,m: 

'I 
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(ii) u 3  = VCem.; V ,  i s  single-valued for 0 5 $ =< 90" and does not exist  for $ > 90'. 

(iii) v 3  < Vcern.; V ,  i s  double-valued for the values of 4/. for which the root i s  real. The primary 
energy i s  obtained from Eq. (34) by using the posi t ive root, the secondary energy by using 
the negative root. 

Condition (ii) may show up i n  the equations in two ways. For the case VcSm.  = v,, Eq. (34) 
may be rewrit ten as 

and %hen + > 90°, V ,  becomes negative. Since this represents only the mirror image of the scat- 

tering computed for 0 =( $ =< 904 i t  i s  a redundant calculation. If, instead, Eq. (34) i s  used with 

only the posi t ive root, as for case (i), V, = 0 for $ 2 909 This  i s  suf f ic ient  to indicate that par- 

t i c l e  3 w i l l  not  be observed beyond 90' i n  the laboratory frame of reference and has the dist inct  

advantage of not requiring a special expression for V ,  at the singulari ty v ~ . ~ .  = u , .  

In condition (iii) the value of the expression in  the square-root term, 

i s  very significant. 

For values of q!! greater than the largest angle a t  which part ic le 3 can be observed i n  the lab- 

oratory frame of reference, T w i l l  be negative and, consequently, V ,  w i l l  be complex. The largest 

angle $ at which part ic le 3 may be observed i s  then the value of $ for which T = 0. At th is angle, 

from Eq. (36) or from the geometry of case (iii) i n  Fig. 8, 

combining with Eq. (28), 

sin = ye '  . (38) 

Equation (34) wi th the above conditions i s  used to  compute the value (or values) of V ,  as a 

function of $,, and Eqs. (31) and (32) are used to  compute 0, as a function of { J , .  

Since the sol id angle subtended by the part icle counter i s  not the same in  both frames of ref- 

erence, the intensity observed in  the laboratory must also be corrected to  the intensity in  the 

center-of-mass frame of reference. 

The number of part icles emitted per un i t  sol id angle must be the same in  both frames of refer- 

ence, so that 

J 

Y 

Since the axial  angle i s  the same in  both frames of reference, 

d o  = d@,,, , c.rn. 
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and Eq. (39) can be writ ten 

where Eq. (41) now represents the factor that the intensity observed in the laboratory must be 

mult ip l ied by to correct i t to the center-of-mass frame of reference. 

From the geometric relat ionships of Fig. 7 and the law of sines, 

_ -  -- 

v 3  sin y!! 

Rearranging and using Eq. (28), 

s in  (0 - +) = y sin + , 
e - + = s in - '  (y  sin 4/.) . 

Differentiat ing both sides of Eq. (44) wi th respect to + yields 

Solving for d1,lr/d6, 

(1 - y 2  sin2 +) ' I2  

y cos + t ( I  - y2 sin2 + ) ' I 2  

- -  d+ - 
d e  

Combining Eqs. (25), (28), and (34) gives 

Now, combining Eqs. (41), (46), and (47), 

(6) *c.rn. 

olab(+) 

(1 - y2  sin2 +)'I' 

[ y  cos 4 / .  5 (1 - y2  s in2  +)'1212 
-= 

(43) 

(44) 

For the purpose of machine calculat ion it i s  convenient to express Eq. (48) in terms of some pre- 

v i  ou s I y computed function s, 

That Eqs. (48) and (49) are identical may be shown by using Eqs. (28), (34), and (36). 
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The equations developed above are used by the program to  convert the angular distr ibution 

data on the observed part ic le from the laboratory system to  the center-of-mass system. The en- 

ergy of the observed part ic le in  the laboratory frame of reference w i l l ,  of course, be given by 

To obtain information about the associated particle, 4, considerations of the geometric rela- 

tionships in  Fig. 7 give the two equations5 

v, cos +4 - u 4  cos 8, = Vcem. , 

V 4  s in  $4 = u, s in  8, . 
By el iminating V ,  between these two equations, 

s in 8, 
tan $, = 

cos 8, + E 

where 

(53) 

E = Vc.m./u4 I (54) 

and VcSm and u4 are given by Eqs. (11) and (22) respectively. 

The energy of the associated part ic le in  the laboratory frame of reference may be obtained by 

f i rs t  determining the veloci ty by the law of cosines, 

and then computing 

Appendix II 

N O N K I N E M A T I C  F O R M U L A S  

The wave number of part icles 1 and 3 is  obtained from the relat ionship 

51t must be remembered that  u4 was def ined by Eq. (19) as a negat ive  ve loc i ty  and that  qf4 w i l l  be a neg- 
a t ive  angle. 

c 
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Substituting in the appropriate constants, 

* 

k, = - ( 
where E l  and E ,  are the energies, in MeV, of part ic les 1 and 3 i n  the center-of-mass frame of ref- 

erence given, respectively, by Eqs. (12) and (23) of Appendix I ;  m l  and m3 are the masses in  

atomic mass units; and k ,  and k, are in  units of reciprocal fermis ( lo ' ,  cm-l).  

The momentum-exchange wave number for the reaction, as a function of the scattering angle, 

i s  computed from the law of cosines, 

K = (kt + k i  - 2k,k, COS . 
The nuclear radius i s  computed from the relat ionship 

R = ( 4 ' 3  + ";'3)Ro . 
For the variety of cases to  be run with the KINEMATICS II program, th is was considered to be the 

best approximation to the interaction radius. Desired adjustments can be made by an appropriate 

choice of the nuclear radius parameter R,. 

The scattering argument, as a function of scattering angle, i s  then simply KR. 

The magnetic charge r ig id i ty  of the observed part icle, 3, i s  computed from 

Substituting the appropriate constants, 

B R Z  = 56.67(mE)'I2 , 

where m i s  the part ic le mass in  atomic mass units, E i s  the laboratory energy i n  MeV, B i s  the 

magnetic f ie ld  strength in  kilogauss, R i s  the radius of curvature in  inches, and Z i s  the atomic 

charge state. 

Appendix Ill 

D E R I V A T I O N  O F  T H E  Q E Q U A T I O N  

The KINEMATICS II program i s  intended for use in  analyzing the experimental angular distr i -  

butions of reaction products. In analyzing the energy distr ibutions of reaction products, the quan- 

t i t y  of interest i s  the Q value corresponding to the observed energy of these particles. The value 
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of Q, as a function of the laboratory energies and the laboratory scattering angle, can be obtained 

by using Eq. (33) of Appendix I :  

v 2  = v2 + vi - 2Vc.m.V3 cos {J3  3 c.m. 

Substituting Eq. (21) for u 3 ,  Eq. ( 1 1 )  for Vc.,,., and using Eq. (50) for v3 gives 

(33) 

Using Eq. (16) forE:.m., col lect ing terms, and solving for Q y ie lds 

This  rather cumbersome equation can be greatly simpli f ied by le t t ing m ,  + m 2  = m3 + m4. This  

assumption leads to  the usual form of the nonrelat ivist ic Q equation, 

A program i s  on f i l e  which makes use of Eq. (59) i n  transforming raw energy data in to  spectra 
6 as a function of Q. 

The assumption,m + m2 = m 3  + m4, i s  usually quite good, since the difference i n  the sums 

compared with the total rest mass i s  generally no more than the order of a few parts in  lo4. Thus 

the error introduced is quite small and wi th in  the error tolerated by using the nonre lat iv is t ic  in- 

stead of the re la t i v is t i c  expressions. 

1 

In Appendix IV, a brief comparison i s  made between the determination of Q by the nonrelativ- 

i s  t i c  and the re la t i v is t i c  equations. 

. 

6C. D. Goodman a n d  B. D. W i l l i a m s ,  Nuclear Data Processing on an 1BM-704 Computer with the CONDAC 
Program, ORNL-2925 (1960). 
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Appendix IV  

B R I E F  E V A L U A T I O N  O F  I M P O R T A N C E  O F  USING E X A C T  MASSES 
A N D  COMPARISON WITH R E L A T I V I S T I C  E F F E C T S  

Since the derivation of the complete re la t i v is t i c  kinematics equations i s  not a t r i v ia l  taskI7 

and the angular and cross-section transformation functions seem to  be solved only for special 

cases,* i t  i s  of interest to estimate over what range of energies the nonrelat ivist ic equations pro- 

vide solutions w i th in  an error acceptable to the experiment. 

In using the nonrelat iv ist ic kinematics equations, i t i s  often convenient to approximate the 

part ic le masses as integers and avoid looking up the exact masses. It i s  the purpose of th is 

appendix to examine the errors introduced by th is  approximation qnd to compare them with the er- 

rors introduced by using the nonrelat iv ist ic equations. 

The general solut ions for the Q equation and for the energy of the observed particle, as a 

function of the laboratory scattering angle, do ex is t  for the re la t i v is t i c  c a ~ e . ~ ‘ ’ ~  These equa- 

tions are used below, in  comparing sample cases with the nonrelat iv ist ic results. 

Two cases were chosen to make the comparisons; a “bad” case, N’4(d ,p )N’5 ,  where the par- 

t i c les  are a l l  rather l igh t  and the mass defect i s  rather large, and a more average case, 

zr9’ (p,d)~r”. 

In Tables 4 and 5 the energy of the observed part ic le i s  compared for the nonrelat iv ist ic and 

re la t i v is t i c  computations. The scattering angle computed for the two nonrelat ivist ic cases i s  also 

given. The error introduced by using integral masses i s  largest a t  90” and monotonically de- 

creases a t  forward and backward angles. It should be noted that the error introduced by using in- 

tegral masses i n  the nonrelat iv ist ic case is  in  the same direct ion as the error introduced by using 

the nonrelat ivist ic rather than the re la t i v is t i c  expressions. 

It would appear that, in  general, the error i n  the part ic le energy predicted by the nonrelat ivis- 

t i c  equations w i l l  be w i th in  the experimental error up to rather high energies. 

It i s  to be noticed, i n  the two nonrelat iv ist ic cases, that as the energy i s  increased, the dif fer- 

ences in the predicted angles are wel l  w i th in  the usual experimental tolerances, whi le the dif fer- 

ences in  the predicted energies are only marginal ly wi th in the usual tolerances. Since the pre- 

dicted angles are not a ra,pidly changing function of the true part ic le energy, the angles predicted 

by the nonrelat iv ist ic equations should be we l l  wi th in the experimental tolerances, even when the 

part icle energies calculated with the nonrelat iv ist ic equations are not. 

Possibly o f  more experimental interest i s  the determination of Q values from the observed en- 

ergies. Tables 6 and 7 show the Q values as a function of energy for the same two reactions. 

7 R .  H. Bacon, Am. J .  Phys. 8,  354 (1940). 

*L. Blurnberg and L. Schlesinger, Kznernatzcs oj’ the Relatzvzstzc Two-Body Problem, LAMS-1718 (1955). 

9P. Morrison, p 12 i n  Experrmental Nuclear Phys i c s ,  vo l  I I  (ed. by E. Segrd), Wiley, New York, 1953. 

”J. B. Marion, p 161 i n  1960 Nuclear Data Tables  - Part 3, Nat iona l  Academy of Sciences - Nat iona l  
Research Council, Washington, D.C., 1960. 
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Table 4. Study of the Ef fect  o f  Us ing  the Integral Mass Approximation and Comparison 

w i th  the Re la t i v i s t i c  Resul ts  for the Reaction N14(d,p)N15, Q = 8.62, at a 

Laboratory Scattering Angle o f  90" 
Energies are in  Mev 

Re la t i v i s t i c  

Integral Masses Exact  Masses Cal cu I at ion 

Nonre la t i v i s t i c  Calcu lat ion 

Elab 

63 Eobs 03 Eobs Eobs 

5 93.25 12.144 93.27 12.134 12.128 

10 93.97 16.206 94.00 16.190 16.178 

15 94.35 20.269 94.38 20.247 20.235 

20 94.58 24.331 94.6 1 24.303 24.269 

30 94.86 32.456 94.89 32.416 32.350 

40 95.02 40.58 1 95.05 40.529 40.420 

50 95.12 48.706 95.15 48.642 48.479 

75 95.26 69.019 95.30 68.925 68.580 

100 95.34 89.331 95.38 89.207 88.614 

150 95.42 129.956 95.46 129.772 128.482 

Table 5. Study o f  the E f fec t  o f  Us ing  the Integral Mass Approximation and Comparison 
91 wi th  the R e l a t i v i s t i c  Resul ts  for the Reaction Zr (p,d)Zrgo, e = -4.93, a t  a 

Laboratory Scattering Angle o f  90° 

Energies ore i n  Mev 

Nonre la t i v i s t i c  Calcu lat ion Re la t i v i s t i c  

Calcu lat ion 

Eo bs 

Integral Masses Exact  Masses 
Elob 

O3 Eo bs 03 Eobs 

5 

10 

15 

20 

30 

40 

50 

75 

100 

150 

106.13 

91.26 

91.10 

91.03 

90.98 

90.96 

90.94 

90.93 

90.92 

90.91 

0.014 

4.851 

9.688 

14.525 

24.199 

33.873 

43.547 

67.732 

91.916 

140.286 

106.53 

91.28 

91.11 

91.04 

90.99 

90.97 

90.95 

90.93 

90.93 

90.92 

0.014 

4.849 

9.685 

14.520 

24.192 

33.863 

43.534 

67.7 12 

91.890 

140.246 

0.0 14 

4.850 

9.685 

14.519 

24.187 

33.852 

43.514 

67.66 1 

91.794 

140.018 

Y 

t 
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Table  6. Study of  the Accuracy of the Nonre la t i v is t i c  Equat ions for Determining the Q 

of the React ion N14(d,p)N15, from the Ground-State Trans i t ion  at  o Laboratory 

Scattering Angle o f  90°, as a Funct ion’of  the Inc ident  Energy 

Energies are i n  Mev 

Re la t i v i s t i c  Nonre la t i v is t i c  Calcu I ation 

El ab Eobs Calcu la t ion  Exac t  Masses Integral  Masses 

Q Q Q 

5 12.13 8.62 8.6 1 8.60 

10 16.18 8.62 

15 20.24 8.62 

20 24.27 8.62 

30 32.35 8.62 

8.6 1 

8.60 

8.58 

8.55 

8.59 

8.58 

8.55 

8.51 

40 40.42 8.62 8.50 8.45 

50 48.48 8.62 

75 68.58 8.62 

100 88.6 1 8.62 

150 128.48 8.62 

8.44 

8.25 

7.98 

7.23 

8.38 

8.15 

7.85 

7.05 

Tab le  7. Study o f  the Accuracy of the Nonre la t i v is t i c  Equat ions for Determining the Q 

of the React ion Zr9’ (p,d)Zrgo, from the Ground-State Trans i t ion  a t  a Laboratory 

Scattering Angle of 904 as a Funct ion of the Inc ident  Energy 

Energies are i n  Mev 
~~ ~ ~~~~ 

Nonre la t i v is t i c  Calculat ion 
Re la t i v i s t i c  

Elab  Eobs  Calculat ion Exac t  Mosses Integral  Masses 

Q Q Q 

5 

10 

15 

20 

30 

40 

50 

75 

100 

150 

0.014 

4.850 

9.685 

14.52 

24.19 

33.85 

43.51 

67.66 

91.79 

140.00 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.93 

-4.94 

-4.96 

-4.98 

-5.03 

-5.18 

-4.93 

-4.93 

-4.93 

-4.94 

-4.94 

-4.95 

-4.97 

-5.01 

-5.06 

-5.23 



24 . 
Since the re la t i v is t i c  Q equation i s  not  part icular ly complex, i t  would seem desirable to  use 

it, even a t  rather low energies, for accurate determinations o f  Q. The nonrelat iv ist ic equations 

would seem t o  be suff ic ient ly accurate, even a t  h igh energies, for transforming laboratory angles 

and cross sections t o  the center-of-mass frame of reference. 
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Appendix V 

F O R T R A N  L I S T I N G  FOR K I N E M A T I C S  I I  

2-NOV-1961 C KINEMATICS I 1  J 6 -  8 A L L  
C K I N E H h T i C S  PROGRAM FUR ANGULAR D I S T R I B U T I U N  DATA REDUCTION 

D I M t N S I O N  A N G L A ~ ( ~ ~ ) , A N G C O M ( ~ ~ ) ~ X T R A N S ( ~ ~ ) Y E V V ~ ( ~ ~ ) * B ~ ~ ( Z ~ ) ,  
I F L T G K 1 2 6 ) r F L T G K R I 2 6 ) ~ ~ ~ G A S C ( 2 6 ) r E V V 4 ( 2 6 ) , T I ~ L t ( l 2 )  

I 1  R E R D I N P U T T A P E ~ ~ Y ~ ~ ~ T I T L E , ~ I ~ ~ Z ~ ~ ~ ~ ~ ~ ~ E L A ~ ~ ~ ~ A ~ G L ~ ~ D E L T A ~ A N G M A X ~ ~ ~  
R S SIGN3UTOK 1 
I l - I D E L T A ) l l , l l ~ S 3  

53  MI#tr'1+13,2 
M 2 # k 2 + 0 1 2  
M 3 #h! 3+n. 2 
M 4  #w4+D.2 
WC HE- C K # M 1 + t42- P 3- M4 
E I C O M # I W 2 / ( k l t W 2 ) ) * E L A B  
E I- C O M  i d €  1 CCIM+Q 
I F  t EFCOlUr) 5 2  9 52 v 5 1 

W H I T E O U T P U T T A P E 9 f 4 ~ r W I  Y ~ ~ ~ W ~ ~ ~ ~ ~ M C H E C K I E I C O ~ * ~ F C O M  
5 2  WKITECUTPUTTAPE9r42rTITLE,ELAB~Q 

GOT01 I 
51 f l # I W Z / 1 ~ 1 + ~ 2 ) ) * E I C O M  

E ? # ( h 4 / i W ~ + k 4 ) ) a E F C O M  
E 4 # ( ~ ? / f k ~ + h 4 ) ) n E F C O M  

FLTGK3gSQRTF ( N 3 * E 3 / 2 0 1 9 0 8  1 
C R M I  # t X P F ( L O G F ( W I  )/.3.0) 
C R M 2 # t X P F  l LOGF (W2 ) / 3 . 0 )  
R#RC* I C R M I  t C R P 2 )  
VZ1SQRTF (2*!l*EJ/W3) 

V C M # S 6 R T F ( ( Z . @ + W I / ( ( W l + w 2 ) n a 2 ) ) + E L A R )  
N L I N E  fr 5 
J k O  

12 I#I! 
13 N L I N E # N L I N E + I  

FLTGKIWSQKTF(kl*E1/2@.9aE) 

V 4 # - S C R T F { 2 * C * € 4 / K 4 )  

JWJ+I  
I h I + l  
N B I  
F L T G J I J  
A N G L A R I I ) # A N G L E + ( F L T G J - 1 , 3 ) r D E L T A  
~ S I # A N G t A H ( I 1 / 5 7 , 2 3 5 7 H  
T E S T #  ( V 3 * * 2  ) -  [ V C M * * 2  1 * ( S I  NF ( P S I  1 * * 2 )  
I F  ( T€ 5 1 1  1 4  t 1 5 3 15 

NkR- 1 
GOT028 

14 ASSIGN32TCKl  

15 VV3#VC~aCOSF(PSI)+SCRTF(TEST) 
16 A K G # S t N F ( ~ S I ) / ( C O S F ( P S I I - V C M / V V J )  

1 7 TEE T A i8 1 - 5 7 37 9 7 
GOTU2Q 

18 T l iET4#ATAXF(AKG)  

19 THkTA#THETA+3.141 5 9 2 7  
2 0  ANGCOP 1 I I #THE JA*57 .29378  

X T R A N S ( l f ~ V J * S C R T F ( T E S T ) / t U V 3 * ~ 2 )  
E ~ V 3 1 I ) # U 3 * ( V V 3 + * 2 ) / 2 * ~  
F L T G K ( I I # S Q R T F ( ( F L T G K l r a 2 ) + ( F L T G K 3 * * 2 )  

B K 1 ( I ) # j 6 , 6 7 * S ~ H T F ( k 3 + E V V 3 ( 1 ) )  

I k I ) I  VIDkCt!ECK 1 7 ~ 1 8  

ZF [THETA119 ,2D*2D 

1 - 2. @ *F L TG K 1 *F L TG K 3 *C 0 SF i THE T A 1 1 
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F L T G K K ( I ) # F L T G K i I ) * R  
A K G 4 # ( S I N F ( T H E T A ) + O . U ~ G O O ~ O l ) / ~ ( V C M / V 4 ) + C O S ~ ( T ~ E T ~ ) )  
I F D I V I n E C H F C K 2 1  r 2 2  

2 1 P s I i+ #- I .57c797 
GCTC24 

2 2  P S I 4 # A T b N f  (ARG4)  
I F ( P S 1 4 ) 2 4 , 2 4 , 2 3  

23  P S I 4 # P S 1 4 - 3 . 1 4 1 5 9 2 ?  
2 4  ATL:”,ASCII ) # P S I 4 * 5 7 . 2 9 5 7 8  

E ~ V 4 ( 1 ) # 0 , 5 * W 4 * ( ( V 4 * * 2 ) + ( V C C a n 2 ) + ( 2 . O * V 4 ~ V C M * C O S F ( T ~ E T A ) ) )  
I F  I V V 3-O- t10 1 1 26  p 2 6 12 5 

25 I ~ ( P N G L A B ( I ) - A N G M A X ) 2 7 , 2 6 , 2 6  
2 6  ASSIGN1 1 TCKl  

~ 0 ~ 0 2 8  
27 I F I k ‘ L l N E - 2 H ) 1 3 , 2 8 t 2 8  
28 I F {  J - 2 3 ) 2 3 r 2 9 ~ 3 1  
23 WRITtOUTPUTTAPE9.42rT I T L E r E L A B ~ Q  

W R I T E O U T P U T T A P E 9 r 4 3 i W l , ~ 2 ~ ~ 3 , W 4 r K U ~ M C H E C K , E I C O M , E F C O ~ ,  
I F L T G K I  , F L T G K 3 r H  
HRI TEOlJTPUTTAPE9r44r  ( ANGLfiE! ( I )  TANGCOMI I )  ,XTKANS( I )  

I B R Z f I ~ ~ F L T G K ~ I ~ ~ F L ~ G K K ~ I ~ ~ ~ N G A S C ( I ) r E V V 4 ~ I ~ ~ I # ~ ~ N ~  
E V V S I  I )  I 

G O T O K l i I I l t 3 U ~ 3 2 )  
30 N L I N E ~ ~ ~  

GOT0 12 
3 I 
6fl k R I T E U U T P U T T A P f 9 , 4 2 , T I T L E , E L A B 1 Q  

I F  f N ) 321 32 , 60 

W H I T t O U T P U T T A P E 3 r 4 4 , ( A N G L A ~ ( I ) , A N G C O M I I ) ~ X T f f A N S ~ I ~ , E V V 3 ~ 1 ~ ~  
1 HR I ( I 1 SFLTSK ( I 1 ,F L T G K K  ( I 1 9 AkGASC ( I 1 9 E Y V 4 (  I 1,  I #  I ,N 1 

GOTOKI ,( I I ,30,32) 
3 2  V V ~ ~ I ~ W S Q K T F ( ( V C M + n 2 ) - ( V 3 + * 2 ) )  

A IVGL I iy Y A  T A N  F ( V 3 /V  V3L I M 1 * 5 7.2 9 5 78 

A S S I G N 3 3 T 0 K 2  
W K I T E O U T P U T T A P E ~ , ~ S T A N G L I ~  

I F ( A N G L E - A N G L I ~ ) 3 3 i l l i l  I 
33  N L I N E f l S  

I kC 
34  N l  I N E & N L I N E +  I 

JbJ-l  
I # I + I  
& # I  
F L T G J H J  
A h G L A b l I ) # A N G L E + ( F L T G J - I . O ) + D E L T A  
P S I # A 4 G L A d ( I ) / S 7 . 2 9 5 7 R  
T E S T # ( V J ~ + 2 ) - ( V C M * * Z ) * { S I ~ F ( P S I ) * * 2 ~  
V L 3 # V C ~ * C O S F ( P S I ) - S Q R T F ( T E S T )  
T ~ F T A # A T A N F I S I ~ F ~ P S I ) / I C O J F I P S I ) - V C M / V V 3 ) ) t 3 . 1 4 1 5 9 2 7  
A h C C O T ( I  ) WTHET4*57.23578 
X T ~ A N S ( I ) # V 3 a S Q S T F ( T E S T ) / ( ~ V ~ ~ n 2 )  
E L V 3 ( I ) # W J * ~ V V J ~ + 2 ) / 2 . 0  
R ~ Z ( I l 8 5 h . 6 7 * S Q R T F ( W 3 * E V V 5 ( 1 ) )  
f LTGK{  I )  # S Q R T F  ( (FLTGK I **2 ) + I  F L T G K 3 * * 2 )  

F L T G K R ( 1  ) # F L T G K ( I  l * R  
PSI4#ATAPIF ( S I R F  ( T H t T A ) /  ( (VCM/V4)  +COSF(THETA)  1 ) 

E ~ V 4 ( 1 ) # 0 . 5 n W 4 * ( ( V 4 + a 2 ) + ( V C ~ * ~ Z ) + ( 2 . 0 n V 4 * ~ C M ~ C O S F ~ T H € ~ A ) ) )  

I-Z.C*FLTGKi*FLTGK3+COSF(THETA)) 

A N G A S C ( I ) # P S I 4 * 5 7 . 2 9 5 7 8  

I F (  ANGLAB I I )-ANGLE 1 3 5 , 3 5 9  36 
35 ASSIGN4 1 T O K 2  

c 
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GOT037 
36 IF(NtINE-28)34737,37 
37 kRITECUTPUTTAPE3,42yTITLE,ELAB*Q 

k R I T E O U T P U T T A P E S ’ ~ 4 S ~ A N G L i ~  
W R I T E O U T P U T T A P E 9 , 4 4 ~ ( A N ~ L A E ( I ) , A ~ G C O M ( I ) y X T R A ~ S ( I ) ~ E V V 3 ~ 1 ) ,  

GOTOK2,(11,33) 
I R K Z l I ~ r F l T G K ~ I ~ ~ F L T G K R ~ I l ~ ~ ~ G A ~ C ~ I l ~ E V V 4 ~ I ~ ~ I ~ l ~ N ~  

4 1  FOKMAT112A6/lCF8.01 
42 FOKMAT(16HiKIhE~ATICS I f ,  r12A6,4XSHELAB#F6*2,6X2HQ#F6*2) 
43 F G R n A T I ~ H C t J X 3 H r l # F 7 * 4 ? 4 ~ 3 ~ r Z # F ~ - 4 t 4 X 3 H ~ ~ # F 7 - 4 , 4 X 3 h ~ ~ # ~ 8 . 4 y  

14X3HRLJ#F4*2y4XllHPASS C H E C K # I ~ / I H D Y ~ X ~ H E I C O M # F ~ . ~ ~  
24X6HEFCOM#F6.2r4X6HKlCO~#F7*4,4X6HK.~COM#F7.4,~X2HK#F5.2) 

14XICIHLAB E N E R G Y , ~ X ~ H B R Z I ~ X B ~ M C M E N T U M Y ~ X I U ~ S C A T T E R I N G ~  
24XPHLAB A N G L E  94x1 OHLAB ENERGY/12H PAKTICLE 3 ,  
33XICHPARTICLE 3v3XJUHLAB TO CCP’rJXIOHPARTICLE 3 ,  
43XICHPARTICLE 3y3XIDHTRANSFER K ~ ~ X I ~ H ~ A R G U M E N T  KR, 
S3XICHPBRTICLE 4,3XIOHPARTICLE 4/ ( IHO,FR.2~6XF7.2 ,3XF12.4r  
h4XF8,3,5XF8,2,6XF7.415XF8.4,6XF8.4,6XF7*~,6XF8o3) 1 

44 FCKMATIiHO/IlP L A B  AhGLEq4X9HCCM ANGLEf4X9HX-SEGTION, 

45 FG~<MATi117HC+THE COP VELOCITY kXCEEDS THE VELOCITY OF THE ORSErKVfO 
1 PARTICLE IN THk CUP SYSTEC AilrD THE OBSERUEO PARrICLE D O E S  N O T /  

363HTHt LAB ENERGY OF PARTICLE 3 I S  DOUBLE VALUE0 UP TO THIS ANGLE. 
4 / 5 6 H  THE FOLLOWING LIST GIVES TH€ 1NFORMATIOP-d PERTINtNT T O  
5 3 0 H T H I S  SECCNDARY ENERGY OF PARTICLE 3 , )  

23FH SCATTER BEYOND A LABORATORY ANGLE OF ,F5*2,11H DEGREES. 

46 FO~~ATIlH~~3XJHP1#F7~4~4X3P~2#~~.4,4X3HM3#F?.4,4X~hM4#F8.4, 
14XiIHPASS CHECK#I2,4X6HEICOr#F6.2,4X6HEFCOM#F6.2/ 
238HC+THIS CASE I S  ENtRGETICALLY FORBICDEN) 

~ a i n i  1 , i  , O ~ C ~ O , O ~ O  ~ ~ t n , o , o , n , a , o , u )  
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