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ROTANGER: A PROGRAM FOR CALCULATING ORBITS IN A CYCLOTRON 
BY THE USE OF THE IBM-650 DATA-PROCESSING COMPUTER 

Warren Fenton Stubbins 

Radiation Laboratory 
University of California 

Berkeley, California 

May 12, 1958 

ABSTRACT 

z Three simultaneous polar-coordinate component equations in an 
a~imuthally homogeneous magnetic field of a cyclotron are integrated by a 
fixed-point program on the IBM 650 computer to give the orbits of particles 
in the cyclotron. A regenerator action for extracting particles is computed 
as an inpulse once each turn as a subprogram when desired. The program 
is described and instructions for its use are inCluded. 
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ROTANGER: A PROGRAM FOR CALCULATING ORBITS IN A CYCLOTRON 
BY THE USE OF THE IBM-650 DATA-PROCESSING-COMPUTER 

. Warren Fenton Stubbins 

Radiation Laboratory 
University of California 

Berkeley, California 

May 12, 1958 

INTRODUCTION 

Particle orbits in a cyclotron have been studied to design and evaluate 
a regenerative extractor. This paper discusses the program for numerical 
integration of the equations of motion. The program was made for and used 
on the IBM 650. data-processing computer. 

In general, the program consists of five subprograms: (a) the finite­
difference process of numerical integration of three simultaneous equati\)ns; 
(b) the evaluation of the differential equations; (c) the computation of the 
third derivatives for the starting routine; (d) tests; and (e) the regenerator 
action. These subprograms are tied together by the process of entering and 
leaving them through tests and by the use of single locations in the memory 
for terms or parameters common to two or more subprograms. 

The numerical integration of three simultaneoys differential equations 
was programmed by Kent Curtis and Alper Garren of this Laboratory and 
uses a Milne 5-point formula for the integration with a Milne 3-point formula 
and a speeial·-procedure tcistart the 3-point formula to initiate the orbiL 2 

The memory locations of the numerical integration subprogram are listed 
in Appendix L 

The three differential equations are the r-, B-, z- component equations 
of the Lorentz equation for charged-particle motion in a static azimuthally 
homogeneous magnetic field. The calculation of the third derivatives from 
the second-order equations is required for the starting program and is 
included. The evaluation of the magnetic field compbnents is performed by 
a Taylor-series expansion about the midplane and the synchronous orbiL 

The regenerator action3 is computed as an impulse occurring at the 
same azimuthal position for each turn. The magnitude of the impulse is 
computed by a power series and the velocity terms are changed by the addition 
of the impulse. The integration program then restarts with these new initial 
conditions. The tests. include determining_ the regenerator p.o..ai.tion, the bounds 
on·the axial amplitude z;. the.:b0unds on .the radiaLamplitude-r ;. the :ra,dius: where 

1 A UCRL Report is in preparation by Curtis and Garren. 
2 William E. Milne, Numerical Calculus (Princeton Univ. Press, 1949). 
3 warren F. Stubbins, Design of Regenerative Extractors for Synchrocyclotrons. 

I. Small- Amplitude Extraction, UCRL- 34 76 Rev. , Nov. 22, 1957. 



-4- UCRL-8282 

constants in the expansion of the magnetic field are changed, and others. An 
interpolation routine, to fix the regenerator position is included. 

The pro·gram is in fixed poiht, and values are given with eight decimals. ... 
This sets an upper bound on the magnitude of numbers, which can be only 
99.99999999. An overflow occurs a little before this value, about 10% in t:he 
computation of v 2 ; however, a rescaling could preven~ this. The interval of 
each advance in the numerical integration h is variable and has been used 
at 0.1 radian for most orbits. The error E between successive' values of the 
variables as computed in the iterative integration procedure is also adjustable 
and has been used at .00000020 for most cases: The similar terms E 0 and 

· ho are used in the starting program and are set at one-half the values for 
E and h. · 

At the end of each integration step, the square of the total velocity is 
computed. The constancy of this term is used to judge the accumulation of 
errors in the integration of the three equations. 

GOMPU'I' ATIONS 

Equations of Motion 

The three -component equations obtained for the Lorentz equation are: 

and 

dr 
+ 2 dt 

111. 
I 

dB 
dt = 

= 

e 
(

. dz 

m dt 
B 

r 

e 
m 

dB 
r dt 

dr 
- crt 

B 
r 

where we have assumed an azimuthally uniform field, i.e., Be = 0, and 
note that B =B. (r, z) and B = B (r, z). z z · r r 

The synchronous radius R corresponds to the beginning radius of the 
regenerator, and pis the orbit departure from this radius. The radius from 
the· center ·af·the eyclotr-oh is- r ':i::." R 'f. p. ·Th'e· magnetic field valtie·s are 
~normaliz'e.d by dividing them by the field on the mediah plane at the : ·.' 
synchronous orbit B (R, 0 ). . . . z .. 

Our eqv.ations then become: 

2 
d p. 
dt 2 -

(R + p) ( ~~} 2 = -
e B (RO) 

z 
m 

dB 
(R +p) dt 

B {r, z) 
z 

B (R, 0) ' 
z 

I 
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2 
+ ..,..( R,..._..,.+-p...-~ 

dp de 
df dt. 

e B (R, 0) 
z 

(R. + p) m ~
ddzt· B r (r' z) d p B z(r' z )~ 

B {R, 0) - dt B (R, 0) ' 
,z . . ' z . 

and 
~ B (R, 0), .,_. z \ J ; 

(R + p) 

We define 
e B (R, 0) z ' 

\ w = = me· 

de 
df 

B (r, z) 
r 

B (R, 0) 
z 

e B (R, O)c z 
E 

where E is the total energy, B is the magnetic flux density in gauss, e 
is the electronic charge in 1eS3:], and . c is the velocity of light. Choosing a 
new time variable T such that T = wt, we obtain 

and 

2 
d p 

dT
2 

d
2

e 

cir2 

2 . 
d z 
dTZO 

-

+ 

(R + p) (~~2 
2 ~ de 

R+ p dT dT 

(R + p) 
de 
dT 

- (R + p) 

1 
= R + p 

B (r, z) 
r 

B (R, 0) 
z 

de 
dT 

[dz dT 

B (r,z) 
z 

B (R, 0) 
z. 

B (r, z) 
r dp 

B (R, 0) --
dT z 

We denote derivatives with respect toT with dots hereafter. 

Bz(r, z)~ 
Bz (R, 0) 

The 1nagnetic-field components are expressed in a Taylor-series 
expansion about the synchronous orbit on the midplane as 

B (r,z) z 
B (R, 0) = 1 + 

z 

1 
B (R, 0) 

z 

+ 

+ (.l. + 2 s:.p3 = a 1-' p 'YP + u 

p + 1 
2 

[ 

~··1,,8Bz 
- .CRfpl ar 

- [~ !3 + J 
2r · J 

2 
p 

' 
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and 

B (r, z) { a B a 
2 

B 
,_ 3 .. 

1 1 
a B 

2 r z z + z 
pZ + z = p z 

B (R, 0) B (R, 0} a 2 2 'fl 3 r 
a a z z r r 

~z + 2ypZ + 36Z/ +[ 6 :2 ~.- · ;r ·~ z3 
' 

where 

a. = 1. 0, 

1 
aB 

[3 
z = B (R, 0) ar z R, 0, 

1 a 2B 
21 

'I = 2 B (R, 0) '2 
z a r 

R, 0, 

and 
l 

a 3
B 

0 
z = 6B (R, 0) a 3 z . r 

R, 0. 

The th1rd-de~ivativeequations required to start the numerical integration 
are obtained directly from the component equations of motion; · 

P
= r·e· (. ·Bz(r,z)) .. (·· Bz(r,z}) 

28 · Bz (R, 0) + p (j e - Bz (R, 0) ' 

... 2 ((~ 
. .. 1 (Bz(r, z) B (r,z) ") .. r e = -- ·p + p e '.) + -

B (R, 0~ p - B· (R, 0) z r r . z z 

. (z e 
B · (r, z) B (r,z) P). + p + 

r z z . 
2 p B (R, 0) B (R, 'op r, . z z 

and 
B (r, z) ... . . 

z (r e + e) 
r 

= p B (R, 0) z '; 

.. 

·i' 
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Computation of Free Orbits' 

The integration of these equations without any regenerator perturbation 
allows the calculation of the periods of free orbits, the radial velocity for 
es·cape, and the r.adial velocities at the regenerator position. These are 
used to obtain the radial-velocity changes required and accomplished by the 
regenerator to extract the particles. The effect of axial and radial oscillation 
amplitudes on the axial and radial periods and the coupling between them is 
obtainable from the free orbits with a variety of initial conditions. 

A check of the computed features of the orbits against the features 
obtained by analysis confirms the use of proper values for the parameters 
of field expansion, etc. J'he integration time is approximately 20 min per 
full turn in the cyclotron when the independent variable is advanced 0. 1 · 
radian each step. 

The computation is started by reading the initial conditions and a 
transfer card into the computer. The initial conditions are the three 
coordinates and the three first derivatives, i.e., slopes of the coordinates. 
Also the regenerator location is required to reset the computer. For free 
orbits the regenerator po~ition, e1, is set at the largest value, 99.99999999 
radians, so the orbit will not encounter this value and initiate the regenerator 
action. A change in the interval of integration, the bounds on th·e variables, 
the field parameters, or other constants can be inchided with the initial 
conditions. The transfer card starts the program by transferring control 
to location 0151. The memory locations for variables are shown in 
Appendix 2; location for magnetic-field computations are given in Appendix 3, 
and location:s of constants used in regenerator calculations are shown in 
Appendix 4. Appendix 5 to 11 de scribe the program for the differential 
equations, the tests, and the regenerator action. 

Computation of Regenerating Orbits 

When the regenerator location, () 1, is encountered, the program 
transfers from the point'-'by-point integration to the routine for determining 
the effect of the regenerator and initiating an· orbit from this point on. 

The program tests at each advance of the variable () to see if the 
value el has been exceeded. If so, the previous values of the variables 
are usea to interpolate to the actual regenerator azimuthal position. The 
interpolated values of the variables are used to compute the impulsive 
changes, which are added to the radial and axial velocities. The value of e is computed from the ·v2 value from the last computed point. The new 
initial conditions are substituted in their memory locations, the value of . 
e 1 is advanced by 21T radians, and the orbit is restarted. (By including a 
test for radial position,· the regenerator action is by passed for a particle 
inside the synchronous orbit at the regenerator angle. See Appendix 5) 

2 
The v term, which is used to check the accumulation of errors, relates 

the three velocity terms as 
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2 ° 2 I 2 '2 
v = p + (r e) ·. + z 

A synchronous particle has v
2 

= R 
2 

This is used to establish t.he initial 
conditions for a particle with synchronous energy. 

The' radial impulse o(p} is expressed as a power series in p: 

' 2 3 6 (p) = a 1 p + a 2 p + a 3 p 

The change in o(p) for bff-midplane position is ignored in this program,· 
but a subroutine for accounting for this change was used in a portion;. of 
the calculations. The axial impulse is related to the radial impulse through 
the slope of the regenerator field~ The axial perturbation arises from the 
radial component of the regenerator field and is proportional to the ·amplitude 
of axial mot:lon at the encounter 

where 
a. 0 = - Ra 1, a. 1 = - 2Ra2, a 2 = - 3Ra 3 - a 2 , and a 3 = - 2a3 . 

The regenerator constants are placed in memory locations shown in 
Appendix 4. 

Output 

The computation of each point is recorded on an output card. These 
cards have in the following order, radius in inches, e in degrees (input 
card requires e in radians), z in inches, p, e, z, and v2. The quantities 
are given in eight decimals except e in degrees and v 2 , which are given in 
six decimals. 

Tests and Operation Hints 

Because orbits that exceed the axial aperture of the dee cannot be 
successfully regenerated, the computation of these orbits is terminated 
when z ~z. z is in memory location 0 lll. 

A sfmilar test is applied aCr (memory location 1834) s.o that an. 
escaping particle can be identified and the orbit computation stopped where 
the magnetrc field is no longer adequately given by the Taylor series 
expansion. This test can be used to stop the program so that new constants 
may·be inserted in the field or regenerator description. 

The coefficients in the Taylor-:- series magnetic-field expansion were 
changed by the program when the orbit crossed a radius R because the 
coefficients that fit well outside Rx gave the improper field' shape inside. 
The two sets of coefficients were stored (sE!e Appendix 3.) and substituted 
by the program depe:nding upon the orbit 0s radial position. ~is in 0035. 
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The test for the regenerator position, e J, has been mention~d. This 
test causes the program to branch for compuhng the reg~nerator unpulse 
el is in 0101. . 

After the stop because of the r or 'i' test, when a new value of the 
constant is read into the memory, the program is restarted manually from 
command 1828. 

An overflow in e occurs just short of 16 turns and requires a reset of 
e or a new start of the program at a convenient point. 

If the program is !;topped temporarily, it should be stopped by address 
stop at 0326. A random stop may make the program inoperative because in 
the iterative sections the commands are altered within the program. A 
random stop, followed by a new set of initial conditions and a restart of the 
program, may prevent the restoration of the altered commands to their 
proper initial values. c 

The con~inuation of an .orbit may be accomplished by using the output 
values for the initial conditions. The value of e must be restated in radians, 
and the regenerator position e 1 related to the restarting azimuth. A convenient 
way is to :use the last regenerator values as the initial condition, set eat 
zero radians at this point, and redefine e 1 as 21T. 

An alternate method is to obtain a memory dump from 1000 to 1070, 
which is read in as the initial conditions, and to transfer control to start 
at 1111. 

A card deck of the program and typical initial conditions are available 
upon request. A program, Daida, for reading the output cards and evaluating 
the orbits is described in another report. 
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A:PPEN b'IXES 

Appendix 1 

Locations for the Numerical Integration I'ortion of the Program. 

Iterative P:r ~o g r ~rri 1000 - 1405 

1416 - 1527 

Starting Routine 0151 - 0251 

0263 
.. ... 

0266 

0269 
... . 

0271 0303 

0305 - 0310 

0379 

0390 

. 0404. 

0412 

' 
0434 

.. ' 
0444 

0448 - 0459 
. -- Q476 .... ·. 

0503 - 0898 

091'1 - 0999 

1600 - 1747 
- ,, 

"·· ., : .~ ... ::· 
·:.:·: 
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Appendi~ 2 

* Lo..cations of Variables. 

r 1061 z 1067 
• 1062 1068 r z .. 

1063 
.. 

1066 r z 

·r: 0263 
... 

0269 z 

e 1064 ho 0412 . 
e 1065 h 1000 

e 1066 eo 0690 ... 
e 0266 E 1010 

Synchronous radius R 0100 

Regenerator position e1 0101 

Max. allowable axial 
amplitude 

/'-'" 

0111 z 

Max. allowable radius /"" 

1834 r . 
Velocity squared 2 0033 v 

Radius for changing 
field coefficient Rx 0036 

)'r; , •. .. , , , 

Values of r, r, r, e, (), e, z, z, and z from the proceding point are 
stored in 1051, etc, those from the second preceding point in 1041 etc., 
and in turn to 1011 for the fifth preceding point. 
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Appendix 3 

Loc~tions for magnetic-field computation 

For r :>;- R 
X 

a 0903 

~ 0910 

'I 1769 

6 1823 

For r < Rx 

au 1836 

~~ 0097 

'Yu 0034 

61 0036 

R 
X 

0035 

B (r, z) 
z 

0009 B (R! 0) z 

B (r, z) r 
0012 B (R, 0) 

.Z 
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Appendix 4 

Memory Locations for Constants Used in Regenerator Calculation. 

a1 0112 

a2 0113 

a3 0114 

a.o 0115 

a1 0116 

a2 0117 

0.3 0118 

e 1 0101 
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Appendix 5 

Test to Bypass Regenerator Action when Particle is 'Inside the 

Synchronous Orbit. * 

Instruction · Instruction Operation Storage Element Remarks location location 

1581 46 1937 1582 BRMIN 

1~37 60 1061 1938 RAU r 

1 Cf38 11 0100 1939 su r - R 

r>R Proceed with 

1939 .46. 1940 0340 BRMIN 
interpolation 

r<R Avoid regenerator 

1940 60 0101 1941 RAU el 

1941 10 0134 1942 AU e1 + 2rr 

1942 21 0101 1582 ·STU 01.01 el + 2iT 

* . Cards for this subroutine are not supplied with the program deck. 
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Appendix 6. 

Block,.Diag.r.am ... oLRotanger 

r Read Initial Conditions 

'-.I Starting Part of 
I Integration Subroutine 

1 /I' 

Compute second Derivatives ' 

including B and B z r 
Compute third Derivative -

,I/ 
.l,- -

Integration Subroutine I' 
J., T 1'-

Compute second Derivatives 
including B and B No z r 

~-
'/ 

e test I 
j 

,
1 

Yes . 
.. 

I z test I -No 
I > ----l -,1 Yes 

"' I ? Stop 
r test No 

J Yes 

Yes e 1 test e > e1 I t I 

Interpolate to e 1 
I/ No 

[ I Compute o(p1) 'ani o(z0
') 

Print 
J_, 

Obtain new initial conditions 
I 

I 
J, 

Advance T by h I 
I 

Print .. 
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Appendix 7 

Computer Control Setting for Program Operation. 

Control Position 

Programmed Stop 

Half Cycle Run 

Control Run 

Display Distrihti.tbr 

Overflow Sense 

Error Stop 
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·Subprogram for evaluat~nW'fWJllfhr~e equations of motion, 
including the computation of magnetic field components. ______ , 

---~----·--· 

Instruc-
tiea 

Location Instruction Operation Storage Location Element 
Remarks 

0313 2403121750 STD ·' 
1750 6010611751 RAU ro 

1751 1101001752 su r-R; p 

1752 2100001753 STU 0000 

1753 6510610098 R!l; 
Starts test to choose proper 
field coefficient to give best 

0098 1600350099 SL r-R 
X, rf~~ii~s f~~~~:~ba~~~~~ici!~sis 

0099 4602 670484 ERMIN are exchanged. Primed 
values used when r < Rx. 

0267 6918360268 LD .·al 

0268 2401050270 STD 0105 u' 

0270 6900970304 LD ~· 

0304 2401060311 STD 01o6 ~· 

0311 6900340324 LD ·y' 

0324 2401070402 STD 0107 y' 

0402 69 00 360 442 LD 6' 

0442 2401080483 STD 01()1.' 6' 

0484 6909030485 LD For coefficient in region r.._ > Rx. 

0485 2401050486 STD 105 " 
0486 6909100487 LD ~ 

0487 2401060150 STD 1o6 ~ 

0150 6917690321 LD y 

0321 2401070322 STD 107 y 

0322 6918230323 LD 

0323 2401080483 STD 108 

0483 6001081754 RAU Returns to program of 
calculation of field 

1754 1900001755 MULT 6p components. 

1755 3100081756 SRD 6p 

1756 1501071757 AL y + 6p 

1757 6080021758 RAU 

1758 1900001759 MULT yp + 6p2 

1759 3100081760 SRD 

1760 1501061761 AL ~ + yp + 6p2 

1761 6080021762 RAU 

1762 1900001763 MULT ~ p + YPZ + 6p3 

1763 3100081764 SRD 

1764 1501051765 !L u+~p+y/+6p3 

1765 2000011766 STL 0001 "+ ~P + YPz + 6P3 

1766 6010611767 RIU 

1767 1901041768 MULT Zr 

1768 3100021821 SRD 

1821 2000021822 STL 0002 Zr 

1822 6001061770 RAU ~ 

1770 3000021771· SRT 

1771 6400021826 DIVRU I 
~ 2F 

1826 3100021772 SRD 

1772 1501071773 AL zr ~ + y 

1773 6080021774 RAU 

1774 191.0671775 MULT Z(~ + y) 
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Instruc-
tion Instruction Operation Storage Location Element 

Location Remarks 

1775 3100081776 SRD 

177fi 6080021777 RPU 

1777 1910671778 MULT Z2(~+y) 

1778 3100081779 SRD 

1779 2000031780 STL 0003 Z 2 ( fr + y) 

1780 6000011781 RAU Q + ~ p + y/ + lip3 

1781 1100031782 su Bz/Bo 

1782 2100091783 STU 0009 Bz (p, Z)/Bo (R, 0) Ends computation of axial 

1783 6001081784 RAU 
component of magnetic 
field. 

1784 190109l785 MOLT 31i 

1785 o080021B05 RAU 

1805 1900001786 MULT 31ip 

178fi 3100081787 SRD 

17 87 2000041788 STL 0004 31ip 

1788 6001071789 RAU y 

1789 1901041790 MULT 2y 

1790 1500041791 AL 2y + 3 lip 

1791 6080021792 RAU 

1792 1900001793 MOLT 2 yp + 3 lip2 

17 93 3100081794 SRD 

1794 1501061795 AL ~+2yp+31ip2 

1795 6080021796 RAU 

1796 1910671797 MULT z <~ + 2yp + 3 li/) 

1797 3'100081798 SRD 

1,7 98 2000051799 STL 0005 z (~ + 2yp + 3 lip
2

) 

1799 6010611800 RAU 

1800 1901091827 MOLT 3r 

1827 3100021801 SRD 

1801 2000061802 STL OOo6 3r 

1802 6001061803 RAU 
~ 

1803 6400021804 DIVRU ~ ·--zr 
1804 3100021806 SRD 

1806 1601071807 SL +.- - y 

1807 6080021808 RAU 

18 08 3100041809 SRD 

1809 6400061810 DIVRU oh- y 
""3r 

1810 1601081811 SL b-- -:;}-- li 

1811 2000071812 STL 0007 ¢--+r - li 

1812 6010671813 RAU z 

1813 1910671824 MULT .zz 

1824 3100081825 SRD 

1825 6080021814 R~U 

1814 1910671815 MOLT z3 

1815 3100081816 SRD 

1816 6080021817 RAU 

1817 1900071818 M1JLT z3 ( ~ 
(;;!" +.-- li) 

1818 3100081819 SRD 

1500051820 AL 
(, 2 3 ~ 

1819 z <~ + 2 YP + 3 lip ) + z < br"Z·fr·lil 

1820 2000121840 STL OOl2 Br (r, Z)/ B 0 (R, 0) 
Ends computatlon of radial 
component of magnetic field. 
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Instruc-
tion Instruction Operation Storage Location Element Remarks 

Location 

1840 6001051841 RAU 

1841 3000021842 SRT 

1842 6410611843 DIVRU 1 
r 

1843 2000131844 STL 0013 I 
r 

1844 6000121845 RAU 
B~/B 0 

1645 1910611846 MULT r B/Bo 
---------- .. ·-·-

1846 3100081848 SRD 

1848 6080021849 RAU 

1849 1910651850 MULT re B/Bo 

1850 3100081851 SRD 

1851 2010691852 STL 1069 
d

2
Z/dT

2 
• Z :completes axial equation. 

1852 6010651853 RAU 

--------- -------·--·-
1853 1100091854 su 

iJ - Bz/Bo 

1854 2100141855 STU 0014 iJ ~ Bz/Bo 

1855 1910611856 MOLT 
r (B- B/Bb) -------·---------- .. 

1856 3100081857 SRD 

1857 6080021858 RAU 

1858 1910651859 
----------- .. 

MOLT 
rti (B - BziB0) 

1859 3100081860 SRD 

. ---------- ---- -~- ------ -- ·--
STL 1063 c;· 

Completes radial equation. 1860 20106.31861 .. -H-
,P - dT 

1861 6000141865 RAU 
iJ - Bz;Bo 

------------- ---
1865 1010651862 AU 

ziJ - Bz/B0 
1862 1910621863 MOLT i> (2a - Bz/B0) 

186.3 .3100081866 SRD 

·----------------·- ----
1866 2000151867 STL 0015. 

p (2iJ - Bz/B0) 
. --------- ·- --. ... 

1867 6010681868 RAU z 
1868 1900121869 MULT Z B/Bo 

---------···--·--------· 
1869 .3100081870 SRD 

1870 1500151871 M- (2pe - p (Bz/BO) + Z (B/B0) • - re 
1871 6080021872 RAU 

.. 
19o0131B73 1872 MOLT - ii 

1873 3100061874 SRD 

1874 6680021875 RSL ii 
1875 2010660312 STL 1066 ii Complete azimuth-al equation 

Instruction location 0312 returns to integrating routine for the three simultaneous equation. 



. 
Ins true-

tion Instruction 
location 

0250 2402511876 

1876 6010621877 .. 

1877 19-10 6 518 7 8 

1676 3100081879 

,. 1879 2 0.0 0 1.6.1.6 8 0 

1680 6010611681 

1681 1910661882 

188.2 .. .3100061883 

1883 20001-71884. 

1$84 1500161885 

1885 2000181886 

1886 6060011887 

1887 1900121888 

1886'3100061669 

1689 2002691890 

1890 6000181691 

1.8 91 1900091892 

1892 31000818.93 

1693 2000191694 

1894 6000171895 

1895 1910651896 

1696 3100061897 

1697 6080021696 

18 98 1901041899 
18 99 2000201748 

17 48 6000161749 

1749 1910651528 

15 28 3100081529 

15 29 1500201530 

1530 1600191531 

1531 2002631532 

15 32 6010631533 

1533 1900091534 
···--··-··-----

1 5_34 3100081535 

1535 2000211536 

1536 6010691537 

1537 1900121538 

1538 3100081539 

1 53 9 200.0221540 
··-··------·--

1540 6010631541 

1541 1910651542 

1 54 2 3100081543 

'1 5 43 2 o o·o 2 31 54 4 

15 4"4 6010621545 

1545 1910661546 
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Appendix 9 

Subprogram for evaluating third 
derivative equation used in starting the integration 

Operation _Sect"'o"'r,_ag..,e,_,_,lo"-'c"'a"'ti,_,o-"n-----'-- Element 

STD 

RAU 

MULT 

SRD 

STL 

RAil 

M1lLT 

SRD 

.STL 

1L 

STL 

RAU 

MULT 

SRD 

STL 

RAU 

M1lLT 

SRD 

STL 

RA11 

MULT 

SRD 

RA11 

MULT 
STL 

RAU! 
i 

.. MULT ~----------·. --

SRD 

JL 

SL 

0016 

000:7 

0018 

0269 

0019 

0020 

STL 0263 

RPU 

MULT 

SRD 

STL 

RAU 

MULT 

SRD 

STL 

RPU 

MULT 

SRD 

STL 

0021 

0022 

0023 

_P 

p9 

p9 

ril 

r9 

pB + rii 

p9 + r8 

z 

p8 + r9 

·' B/Ba (pB + rO) 

Bz/Bo (pa + rB) 
r9 

r98 

_; ZrBfi 
Z r88 

. ;,8z + zraii 

f,iJZ + Zraii - Bz/Bo (pB + rB) 

- Z:. ~r18o 
• -----·;;--- • H 

i:>!J 

UCRL-8282 

Remarks 

Completes axial equation. 

1 
Completes radial equation 

RAU 

MULT 
------. --~-------------· ---------------- ~-
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Ins true-
tion Instruction Operation Storage location 1 Element .Remarks 

location 
·-------- ·---

1546 3100081547 SRD 

1547 1500231548 AL ·rio+ i>e 

1548 6080021549 RAU 

1549 1901041550 MULT 2(p0+p0) 

1550 1500221551 AL 
z Br/Bo + 2 C'riil + ;,·ri> 

1551 1600211552 SL 
z B/Bo + 2 (pB + f,ri> - 'ri (B z/B0 ) p 

~ ----- ·----- --

1552 6080021553 RAU 

1553 1900131554 MULT r p 

~554 3100081555 SRD 

1555 2000241556 STL 0024 r p 

1556 6010621557 RAU p 

1557 190.0091558 MULT p Bz/Bo 

1558 3100081559 SRD 

1559 2000251560 STL 0025 ·P Bz/Bo 

1560 6010681561 RAU z 
1561 1900121562 MUI:l' z Br/Bo 

1562 3100081563 SRD 
----~-~---------·· 

1563 2000261564 STL 0026 z B/Bo 

1564 6000161565 R~U i>e 
1565 1901041566 MUI:l' ZpB 

--~--------

1566 1500261567 AL Zp8 + Z B/Bo 

1567 1600 2515 68 SL z i>li + Z. B/Bo - p Bz/Bo Q 
1568 6080021569 RAU 

---------------
1569 1910621570 MULT pQ 
1570 3100081571 SRD 

1571 6 0 8 0 0 2 1 5'7 2 RAU 
----------···---· 

1572 1900131573 MUI:l' r pQ 
1573 3100081574 SRD 

1574 6080021575 RAU 
----------- -· I 1575 1900131576 'MULT 

;2 pQ 
1576 3100081577 SRD 

1577 1600241578 SL .!_ P8'-r2 
I 
r 

p 8 

1578 2002660251 STL 0266 8 ·completes azimuthal equation. 

··~ .. Instruction ll!51 returns to. integrating routine, 
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Appendix 10 
Subprogram for t~sting for maximum axial and radial 

amplitude and regenerator encounter, computing the velocity squa:red, 
and placing quantities in punch band for print out. 

lnstruc-
tion 

Instruction Operation Storage location location Element Remarks 

0902 6501011579 RAL 
81 Regenerator position. 

1579 1601031580 SL 
81 - 10-8 

1580 1610641581 SL 
10- 8 - 8 81 -

1581 4603.401582 BRMJN Determines if integrated 8) 81 orbit has encountered 
1582 6010611583 RAU regenerator. 

1583 2100271584 STU 0027 

1584 1910651585 MULT 
rfi' 

1585 2400311586 STD 0031 

1586 3100081587 SRD 
r8 

1597 6090021599 RAU 

1599 199001.1599 MULT 
tre)2 

1599 2100371591 STU 0037 
(re) 2 

1591 6010640909 RAU 

090S 1909070909 MULT 
Puts 8 in degrees. 

0 9 09 6590031592 RAL 

1592 2400281593 STD 0028 
8 in degrees 

15 93 6510671594 RAL z 
1594 2400291595 STD 0029 z 
1595 6010621596 RftU 

1596 2400301597 STD 0030 

15 97 1980011598 MULT (r)z 

15 98 3100081599 SRD 

15 99 2000 380314 STL 0038 . z r 

0314 6010680315 RAU i. 
0315 2100320316 STU 0032 

i. 
0316 1980010317 MULT i.z 
0 317 3100080318 SRD 

0318 1500381590 AL z Z + ;:Z 

159 0 3000020319 SRT 

0319 1500 370320 AL i. z + r z + (rli)z ; 2 
To 8 decimals. v· 

0320 2000331828 STL 0033 z 
v 

18 28 6501111829 RAL z Maximum axial amplitude. 

1829 1601031830 SL z- 10-.S 

i830 1810 671831 SABL z- 10-s - I Zl 

1831 4618321833 BRMlN 

1833 6518 3418 35 RAL ; 

1 ~ 35 1810611837 SPBL r.: lrl 

1837 4618320326 BRMDI 

0326 7100270901 PCH 

1832 100001996 STOP Program stops if r or Z are 
too large. 

For fJ having reached _8 1 (see instruction location 1581 above) the regenerator impulse is to ~e ~pplied t.o the orbit. See Appendix 11. 



Ins true-
.. . tion Instruction 
location 

0340 6510640341 

0341 1610540342 

0342 2000500343 
··-·-···-·----·----·-··· 

0343 6001050344 

0344 3000020345 

0345 6400500346 

0346 6080020347 

0347 1910000348 

0348 3100080349 

0349 2000510350 

0350 6510540351 

0351 :1..610440352 

0352 2000520353 

0 353 6010000354 

0354 3000020355 

0355 6400520356 

035/i 2000530357 

0357 6510640358 

0358 1610440359 

0359 2000540360 

0360 6000510361 

036:1.. 1100530362 

0362 3000020363 

0363 6400540364 

0364 2000550365 

0365 60 01 0:1..0_3 66 

0366 :1..110440367 

0367 2100560368 

0 368 1900530369 

0369 3100080370 

0370 2000570371 

0371 60010:1..0372 

0372 1110540373 

0373 19005603~4 

0374 3100080375 

0375 6080020376 

0376 1900550377 

0377 3100080378 

0378 :1..500570380 

0380 2000580381 

0381 :1..6:1..0000382 

0382 2000590383 

0383 6001050384 

0384 3000020385 

0 38.5 6410000386 
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Appendix 11 

Subprogram for interpolating "to regenerator position, computing 
--- ... regeAeFat·gr-~ .-.A.CL...e.ata.Q.l.i..ahiu.&-.a.ew initial conditinns. 

OperatiC?!l 

RAL 

SL 

STL 

RAU 

SRT 

DNRU 

RAU 

MULT 

SRD 

----------
STL 

RAL 

SL 
····- -----·-----

STL 

RAU 

SRT 

DIVRU 

STL 

RAL 

SL 

STL 

RAU 

su 

SRT 

DIVRU 

STL 

RAU 

su 

STU 

MULT 

SRD 

STL 

RAU 

su 

MULT 

SRD 

RAU 

MULT 

SRD 

AL 

STL 

SL 

STL 

RAU 

SRT 

DIVRU 

Element 

---~~---
---~n- 0 ~n- l-

0050 
~: ful-~---··--···--·---

·---···- -·+.-- -·· --- -------. 
~ 

____ ___!!, __ ~-:~---- ---.... 

·--·· -··-··· h -· .. . -
~=l:.nt 

-· -~----n-_1___ ...... 

0051 l:.t 

0052 

0053 

0054 

. 0056 

0057 

0058 

0059 

. _________ !\ __ 

____ o'":I 

-----~~-!. 0
n-Z 

0n-l- 0n-Z 

l:.n· It 

l:.n· It 

on 
0n" on.z 
0 n " 0n-Z 

1::. t 
n 

01 

ol c e.,_z 
91 " 8n.z 

(9 ! " 8n-Z) l:.n-lt 

(Ol " 8n-Z) t::.n-1 t = tl 

81 

8 1 " 8n- 1 

(91 "on. 1) (91 "9~_z). 

tl • tn-Z 

tl - tn- 2 

ti - tn-1 

tl -.t'!:L 

. i 
'11 

UCRL-8282 

Remark 

- Interpolate. to regenerator. 
angle_. 

.. .. el._is r~gen~rator angle. 
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Instruc- Instruction Operation Storage location Element Remarks tion 
location 

0386 2000600387 STL oo6o I 
h 

0387' 6580010388 RAL 

0388 6401040389 DIVRU I 
Zh 

0389 2000610391 STL 0061 I 
Zh 

0391 6010510392 RAU 
~n-1 

0392 1110410393 su 
i'n_.l-rn-2 Begin interpolating the r~dius. 

0393 1900600394 MIJLT 
t:..n-1 r 

0394 310008.0395 SRD 

0395 2000620396 STL 0062 .'\n-1 r 

0396 6010610397 RAU 
rn 

0397 1110510398 su r - r n-1 n 
0398 1900600399 MULT t:. r n 
0399 3100080400 SRD 

0400 2000630401' STL 0063 t:. r n 
0401 6000630403 RAU 

0403 1100620405 su A 0 r - .6.~-l r 

0405 1900610406 MULT !:>2 r· 
n 

0406 3100080407 SRD 

0407 2000640408 STL 0064 !:>2 r 
n 

0408 6000590409 RAU (tl - tn-1) 

0409 1900580410 MOLT (tl- tn-1) (tl- tn-2) = T!. 2 

0410 3100080411 SRD 

0411 2000650413 STL Oo65 Tl 
n,2 

0413 6080010414 RAU 

0414 1900640415 MULT . T I !:>2 r 
n,Z n 

-0 415 3100080416 SRD 

0416 2000660417 STL Oo66 T1 !:>2 r 
n,Z. n 

0417 6000580418 RAU 11 - 1n-Z 
0418 1900620419 MOLT 

(t1 - 1n-zl 6 n-1 r 

0419 3100080420 SRD 

0420 1500660421 ·AL 
(t1- tn_zl t:.n-1~ ·+ T!, zt:.!r = t:.r 

0421 1510410422 AL 
r n-2 + t:..r = ~1 

ll422 2010610423 STL 1061 r1 Completes finding radius 
at regenerator. 

0423 6010570424 RAU 
zn-1 

0424 1110470425 so 
zn-1 zn-2 

0425 1900600426 MULT t:. n-lz 

0426 3100080427 SRD 

0427 2000670428 STL Oo67 An-1 z 

0428 ·6010670429 RlU z n 
0429 1110570430 su 

zn - zn-1 
0430 1900600431 MOLT 

t:. z n 
0431 3100080432 SRD 

0432 2000680433 STL 006S 
t:. z n 

0433 6000680435 RAU ;,. 
n z 

0435 1100670436 su 
t:. n z- t:. n-1 z 

0436 1900610437 MIJLT t:.z .• 
n 

0437 3100080438 SRD 

0438 6080020439 RAU 
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lnstruc-
tion Instruction Operation ·Storage location Element Remarks 

location I 
T 1 Az z 0439 1900650440 MULT 

n, l n 

0440 3100080441 SRD 

0441 2000690443 STL 0069 T 1 A2. z 
n,Z n 

0443 6000670445 RAil 'A n-1 z 

0445 1900580446 MULT 
(tl - tn_zl An-I z 

0446 3100080447 SRD 

0447 1500690460 AL 
zl - zn-2 

0460 1 51 0 4 7 0.4 61 AL ., 
0461 2010670488 STL lo67 ., Complet~s finding axial 

8.inpHtude at regenerator, 
0488 6010610489 RAtl 

rl 

0489 1101000490 Stl 
PI 

0490 2100740491 STU OP74 PI 

0491 1980010492 MULT z 
PI 

0492 3100080493 SRD . 
0493 2000750494 STL 0075 z 

PI 

0494 6080010495 RAtl 

0495 1900740496 MULT 3 
PI 

0496 3100080497 SRD 

0497 2000760498 STL 00'16 3 
Pl. 

0498 6,0 8.0 0 10 4 9-9 ,< RAtl 3 
a3pl 

0499 1901140500 MULT 

0500 3100080501 SRD 

0501 2000770502 STL 0077 3 
a3pl 

0502 6 0 0 0 7 5 1 8. 6 4 RAtl z 
PI 

1864 1901130252 MULT 
z 

a2pl 

0252 3100080253 SRD 

0253 2000780254 STL 0078 2 
a2pl 

0254 6000740255 RJtl PI 

0255 1901120256 MULT alp! 

0.256 3100080257 SRD 

0257 1500780258 AL alp! + a2pf 

0258 1500770259 AL alp!+ a2pf + a3p~; 6 (pi) 

0259 2000790260 STL 0079 6 (pi) Completes radial impulse 

0260 6000760261 RJ<U 3 
PI 

0261 1 9 0 1 1 8 0 2 6 2. MULT 3 
a3pl 

0262 3100080327 SRD 

0327 2000800328 STL 0080 3 
a3pl 

0 328 6000750329 RAtl 2 
PI 

0329 1901170330 MULT z 
aZpl 

0330 3100080331 'SRD 

0331 2000810332 STL 0081 2 
a2pl 

0332 6000740333 RAtl 
PI 

0 3 33 1901160334 MULT alp! 

0334 3100080335 SRD 

0335 1501150336 AL ao + a, p 

0336 1500800337 AL ao + a,p + a3p~ 
0337 1500810091 JL ao +alp! + a2p~ + a3p~; ~ 6(i) 

0091 6080020092 RAtl 
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Instruc­
tion 

iocation 
Instruction 

0140 2000660141 

0141 6000660142 

0142 1900560143 

0143 3100060144 

0144 1500660145 

0145 1510420146 

0146 1500790147 

0147 2010620462 

0462 6010620463 

0463 1960010464 

0464 3100060465 

0465 2009040466 

0466 6010660467 

0467 1960010466 

0468 3100080469 

0469 2009050470 

0470 6010610471 

0 -;. 71 1 9 6 0 0 1 0 4 7 2 

0472 6580030473 

0473 2009060474 

0 4 7 4 6 50 0 3 3 ci 4 7 5. 

0 4 7 5 -3 5 0 0 0 :a 0 6 9 9 

0899 1609040477 

0477 1609050478 

0478 3500060479 

047~ 6409060460 

0480 6904610160 

0481 3000010482 

0482 2010650146 

0146 6501010149 

0149 2010640264 

0264 1501340265 

0265 2001010151 

Operation 

STL 

RAU 

MULT 

SRD 

AL 

AL 

AL 

STL 

RAU 

MULT 

SRD 

STL 

RAD 

MULT 

SRD 

STL 

RAU 

MULT 

RAL 

STL 

RAL 

SLT 

SL 

SL 

SLT 

DIVRU 

lD 

SRT 

STL 

RAL 

STL 

AL 

STL 

Storage location 

0088 

1062 

0904 

0905 

0906 

1065 

1064' 

0101 
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An-I 

(tl - tn_zl An-I r 

rl- rn-2 
;.I 

i- 1 + 6 <<l 
;. 1 + 6 <rl 

[r 1 + 6 (rll 2 = ;.~ 

• 1 + 6 <<, 
r< 1 + 6(zll 2 

2 
rl 

,z 

Iii 
91 
91 

81 

8 1 + Zw 

Be I + Zn 

Element 

UCRL-8282 

Remarks 

Completes changed radial 
velocity for initial condition. 

Goes to square-root routine, 

Consistent value of 8 for 
initial conditions. 

Final instruction transfers to integration routine, new'initial conditions having been estal;>lished 
following regenerator action. This routine may be skipped by placing a large value for 6t. 
regenerator position, in fnemory location 0101; thus, many turns may be computed before the 
regener~tor is reached. 




