
.-

..d”----—.....—......

Los AuwIos” scl ENTIFic ‘LA6-OItATORY....... . —-. .’—-----.—,-..-. .T_. ~_::--’-—-.”‘.“=—.’=., ;=~f “the””””~ ___‘=’---= ~-:._.-.~
‘--+i---un&@ty” ~~ ca~for~ia ~““y‘ ““-’ ..

-------,_--—”..--:—.10S iLA_i-OS _ ● ‘NEW- AiEXICOj;;_~j ~. .;:j;~,.- -------
—— . . . ,.-=~ -- =--- ..==---- ..,—_ - ~z.. . - ?, e--y .—.—.- ,. .,,. >=. . am+-.__...G ~. : .-:<+-=—’.—~— .-...+=: .- ,, .“.. : = .... -- ,_ -. ... _.~~._i-~..-–.,---.;—.. ..- .-.’ . ..- ..”> . ..-— -.=S .-, .++=,- ,“-_=.~ .. Y.-...~.~r- -%-.%.,..+ -... .-., ,. -—-. .-——.—- ._—---- –:::- ------- ~a. -=..~,, . .. . _— -. . . . .. . . . . —’.--—... . .. . ..— . .---- ~.-.— .,--_= ..--, —------- ~. .- :.”..._ ..?e-= ._. - -=-J, *<.-.T-T- A * , *=. ----- .. ,, , :

.—=. . . . . .
_ _y”_ :.-. . . &_. .. --—. ,x :<- -j’> —-_.:e:___ , . -. i--- , -–

------ ‘-. ..’ ----- .“. . ~_.

;.. .

-..
.

.—- . . . .- ,,’. ,-
—.

—-+ .-–
.- ..-’.. .. -”:___ ::’

L,,. ,< . .. --e=_-=- ~Jy-->. . . ‘ = .$+. - - : ~. ~ -
,--- =.. . . . . ,--— -.:-=. .— . :

.

.
-,
--

>—.
.

>.

,.

.- —.- .,-’+..

)eut~rium. tir .Tritil]m
-A: ,. -,

,,
- -.. ...—””-

. ..-.

.=”, _.

.. ,
,-r.

. . .

. .<



LEGAL NOTICE

.-

Thts report was prepered as an account of Oovero.ment sponsored work. Neither the United
States, nor the Commission, nor any pereon acting on behalf of the Commission:

A. Makes eny wuranty or representation, expressed or implied, with respect to the ●ecu-
rqoy,completeness, or usefulness of the information contsined in thh report, or that the Use
of any tnformatton, ~~atus, method, or process dlwlosed tn this report msy not infringe
priv8tely owned r@ts; or

B. Assumes any Uahillties with respect to the use of, or for damages remtlttng from the
use of any informdon, apparatus, method, or process dtsclosed in this report.

As used in the above, “person ●cting on behalf of the Commission” includes eny em-
ployee or contractor of the Commission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
dtssemlnates, or provides accees to, any lnformatton purmmnt to his employment or contract
with the Commission, or MS employment wtth ouch contractor.

— ——

TM report expxxmes the opinions of the author or -
authors smi does not necessarily refleot the opinions
or views of the Los AlamoE Scientific Laboratory.

Printed in the United States of America. Atilable from
Clearinghouse for Federal ScientJflc and Technical Information
National Bureau of Standards,. U, S. Department-of _Commerce

Springfield,, Virginia 22151
Price: Printed Copy $3.00; Microfiche $0.65

— ..-.



J

LA-3949
UC-34, PHYSICS

TID-4500

LOS ALAMOS SCIENTIFIC LABORATORY
of the

University of California
LOS ALAMOS ● NEW MEXICO

Report written: May 1968

Report distributed: October 1, 1968

Majorana Depolarization of

Hydrogen, Deuterium, or Tritium Atoms

3— -- -

by

Gerald G. Ohlsen

1

ABOUT THIS REPORT
This official electronic version was created by scanning
the best available paper or microfiche copy of the 
original report at a 300 dpi resolution.  Original 
color illustrations appear as black and white images.

For additional information or comments, contact: 
Library Without Walls Project 
Los Alamos National Laboratory Research Library
Los Alamos, NM 87544 
Phone: (505)667-4448 
E-mail: lwwp@lanl.gov




.,



MAJORANA DEPOLARIZATIONOF HYDROGEN, DEUTERIUM, OR TRITIUM ATOMS

by

Gerald G. Ohlsen

ABSTRACT’

The theory required to follow the behavior of a hydrogen, deuterium, or tritium

atom in a time-dependentmagnetic field is described. A computer code is

included, and some numerical results of interest to the design of Lamb-shift

polarized-ionsources are presented. A brief discussion of depolarization

effects in pick-up or stripping of two electrons is also presented.

.

1. INTRODUCTION

In all sources of polarized hydrogen or deute-

rium ions which have been proposed, the process in-

volves, first, the production of a beam of atoms

with a net nuclear polarization and, second, the ion-

ization of these polarized atoms. It is frequently

required to change the magnetic field strength or

direction or both from one value to another between

the point at which the polarized atoms are produced

and that at which they are ionized. Thus, one is

required, in the design of such de&ces, to estimate

depolarizationeffects caused by unwanted transitions

between the various hyperfine states when atoms are

subjected to time-varyingmagnetic fields. (Such

transitionsare usually referred to as Majorana

transitions.) In most cases one wishes to design

magnetic field shapes in a way which eliminates or

reduces these effects. Problems of this type are

particularly important in “Lamb-shift”sources,

where the atomic beam velocities are large (’w30

cm/psec).

A related problem, which we will also consider,

is the “zero field crossing” technique of polariza-

tion enhancement. In this method it is required to

reverse the direction of the magnetic field in a way

such that a certain transition is made with high

probabilitywhile the remaining transitions occur

with low probability. We will also briefly discuss

the depolarizationof ions that may occur when two

electrons are stripped or picked up, as in a tan@m

accelerator stripper or a cesium adding canal.

2. THEORY

The Schroedinger equation for a one-electron

atom may be written

(H. +H1)Y = iii% , (1)

where Ho is that part of the Hamiltonianwhich does

not depend on electronic or on.nuclear spin snd

where

(2)

In the above expression PO = eh/2mc (the Bohr mag-

neton); pN = &/2mpc (the nuclear magneton); gJ sad

gl are the electronic and nuclear g-factors, respec-

tively; and a is related as follows to the zero

field hyperfine energy separation (AW):

a = Aw/I(2J + 1) if I < J

= AW/J(21 + 1) if J < I .

For hydrogen atoms I = J = l/2 and thus a = AW;

deuterium atoms I = 1, J = l/2, and therefore a

2 Aw/3.

(3)

for

.
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If we assune a complete set of functions Un

which satisfy Houn = Eoun, we may write the general

wave function as

-iEot/h
Y = Zbnune . (4)

We consider the Un to be the four strong field

states Y(ml,mJ) for hydrogen atcms (six states for

deuterium atoms), where the quantizationaxis is

specified and stationary and where ~ andmJ are the

nuclear and electronicmagnetic qusntum numbers,

respectively. All of these states have the same

space wave function and, hence, the same eigenvalue

of the operator Ho. SubstitutingEq. 4 into Eq. 1,

multiplying from the left by U*m, and integrating

over the space variables,we obtain the equations of

motion of the probability amplitudes:

ifib= = Ebn <umlHllun>. (5)

If we put explicit values of the matrix elements in-

to the above expression and use the quantuninumbers

~ sndmJ to label the states, Eq. 5 becomes’

i.hb = [(!JogflJ+UNg~l)Bz+aMImJ]b&,mJ (6)
‘I ‘mJ

7

.

bl

62
IJ013J

‘T
63

64

i(l+k)Bz+%Ro *+

+@- %(l-IdBz-@ 0

0 %B_

9- @o

%ogJ(Bx-my) [(J-mJ)(J*J+l)]~m ,m+l
IJ

%ogJ(Bx+iBy) [(J+IUJ)(J-mJ+l)]% ~ ,mJ-l

%Ngl (Bx-iBy)[(I-% )(I+Y+l) l~ml+l ,mJ

+%uNgl(Bx+~y) [(I%) (1-~=~) l~ml_l m
‘J

+%a[(I-~) (1+~+1) (J+mJ)(J-mJ+l)I%m +1 ~
I ‘ J-l

+%[ (I+XII1)(I-~+l)(J-mJ)(J+mJ+l)I%m _l m +1
I ‘J ‘

where gl is the nuclear and gJ is the electronic g-

factor (see Table I). We define the following

parameters:

131

k = 1836.1 gJ

(7)

BO=L .
~06J

With these definitionsEq. 6 reduces, for hydrogen

or tritium atoms, to the following four coupled

differentialequations:

o %+

%+ 30

-%(l+k)Bz+%So *-

*+ -+&k)Bz~o

‘1

‘2

bq
.

b~

TABLE I

HYPERFINE STSUCTURE PARAMETERS

State 61 13J f.
‘1

All k B.

I.S Hydrogen 5.585486 2.00229 1.522x10-3 507.591 1420.406 1.520x10-3 506.820

2S Hydrogen 5.585486 2.00229 I. 522a.o -3 63.450 177.557 1.520x10-3 63.354

1S Deuterium 0.857407 2.00229 0.233x10-3 IIL6.842 327.384 0.233x10-3 TI’.877

2S Deuterium 0.85740’7 2.00229 0.233x10-3 14.605 40.%?4 0.233x10-3 9.735

Is Tritium 5.957680 2.00229 1.623x10-3 542.059 1516.702 1.620X10-3 54I..181

2S l’ritium 5.957680 2.00229 1.623x10-3 6i’.i’59 189.594 1.620X10-3 67.650
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where Bx, B , and B~ are the components of the ap-
Y

plied B field (arbitrarytime variation), B+ = Bx

+ iB B-= Bx - iB
Y’ Y

, and states 1-4 are the strong

field states Y(% ,mJ) ordered according to their

energy in a magnetic field (ss indicated in Fig. 1).

For deuterium atoms Eq. 6 reduces to six coupled

differentialequations:

V013J

i%

~+k)Bz~o kB+ o

k.s @z kB+

o ks (~-k)Bz~Bo

o 0 +@_

o +@_ Bo/&

%B- Bo/& 0

where the states 1-6 are the strong field states

ordered as described above (as indicated in Fig. 2).

The parameter k is a small number (w1O‘3) and thus

could be neglected for most purposes, although this

assumptionhas not been made in the numeric~ cal-

culations to be described in subsequent sections.

We note in passing that the parameters k and B.

are different from those which arise in the descrip-

tion of the energy levels of the atom. Specifically,

the “Breit-Rabiformula” for hydrogen or tritium

atcms is

$‘“’7
w AM

‘. J

I 1 1 I
mJ ml

STATE 1/2 1/2
NUMSER

1/2 -1/2

AW12

‘F

XSBIB,
Fig. 1. Schematic Breit-Rabi diagram for 1S or 2S
hydrogen or tritium atoms.

w = -%NiH5AW(l+2Dj++X2)%+EfJWy , (lo)

where ~ =? +mJ and where the plus sign applies

to states 1, 2, and 3 while the minus sign applies

to state h. The quentity x . B/Bl, with B1 .

AW/[(l-k)pogJ]=Bo/(l-k) and E = k/(1-k). For

o 0 %+

o M+ Be/G

%+ Bof &! o

-(~+k)Bz*Bo ‘_ o

kB+ -%BZ kB

o kR+ -(>k)Bz~o

deuterium atoms we have

W=~~(l&x+x2)%+cAW~x .

.

bl

b2

b3

b4

b5

b6
. .

, (9)

(11)

The definitions of x and of c remain the same, but

in this case we have B1 = 3Bo/[2(1-k)]. The pIUS

sign applies to states 1-4 while the minus sign

aPplies to states 5-.6. The numerical values of the

parameters used in Eqs. 8-11 are given in Table I.

The solution of the above differentialequa-

I I I ‘m,m,

I I I I
o I 2 3 4

x= B/B,

Fig. 2. Schematic Breit-Rabi diagram for ls or 2S
deuterium atoms.
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tions (Eqs. 8 or 9) for the field variation of in-

terest, then, is a straightforwardcomputational

problem. However, the states we have used in the

descriptionare the strong field states with respect

to a fixed z-axis. Since, in general, the Cd.rection

of the magnetic field varies, it is somewhat easier

to interpret the results ff the coordinate system is

rotated, so that the new z-axis lies along the (time-

v=ing) msgnetic field direction. The rotation

transformationfor composite states may be derived

from the fipln-1/2and spin-1 rotation matrices. For

a spin-1/2 particle, the rotation transformationmay

be representedby the matrix equation

El=k:lkli ‘E)

where the subscript refers to the sign of the mag-

netic quantum number m(=f%). Explicitly,the coef-

ficients are

a++= cos (+s3)exp [-%i(a+y)]

a = cos (%6) exp [%i(a+y)l--

a-+ = -sin (M) exp [J5i(a-y)l

a+ = sin (%B) exp [%i(a-y)l ,

(13)

where states 1-4 are ordered as in Fig. 1. (Note

that the states 3 end 4 axe interchangedin relation

to the notation one would choose if a true direct

product notation were to be applicable.) For a

spin-1 particle, the rotation matrix is

in an obvious notation. In this case the coeffi-

cients are given by

CH= (W5cos 6) -p [-i(a+y)l

C+o= (sin B/@) exp [-iyl

Ck= (Hicos 6) exp [i(u-Y)l

co+ =-(sin B/@) exp [-is]

c = Cos B
00

co_= (sin !3/6) exp [is]

c-+= (%-%cos B) exp [-i(a-y)]

c = -(sin 13/~ exp [iy]
-o

c--= (%+%0s B) exp [i(a+y)l.

complete rotation matrix for a deuterium atom

be written

a++c++
a

++Co+

a++c-+

a-+c-+

a
-+co+

a-+c++

a++c+o

a++coo

ca++-0
a-+c-o

a
-+coo

a-+’=+o

a++c+-
a++co-

Ca++--
a-+c--

a-+co-

a-+c+-

a+-c+- a+-c+o

a+-co- a+-coo

a+-c-- a+-c-o

ac ac-- -- -- -0

ac a
-- 0- --coo

a--c+- a
--c+o

2where a, 6, and y are the positive Euler angles

which rotate the initial coordinate system (unprimed)

into the final coordinate system (primed). For hy-

drogen or tritlum atoms (in strong field representa-

tion), the rotation matrix is essentially a direct

product of the electronic end nuclear rotation. The

canplete rotation matrix may be written

[l=E:::$lk!:)

i

a+-c++
a+-co+

a+-c-+
ac-- -+
a--co+

a--c++

bl
b2

b3

bh

b5

b6
-1 L-

(16)

Y (17)

where the states 1-6 are ordered as in Fig. 2.

Finally, it is usually more convenient to de-

scribe the final system in terms of eigenstates of

the particularmagnetic field strength rather than

in terms of the strong field eigenstates. If the

fields are changed slowly enough, the system will

remain in a particular atate; that is, the energy of

the system will remain on one of the lines l-b for

hydrogen stoma or 1-6 for deuterium atcros(provided

that, initially, the system was in such an eigen-

state). These eigenstates

combination of the strong

inEqs. 8 and9. In terms

are, in general, linear

field basia states used

of these “intermediate

.
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.

field” states, failures of adiabaticitywill appear

in the form of transitions from the initial state

(or the state to which it would have been transformed

if the process were adiabatic)to one or more of the

other states. In terms of the strong field state

amplitudes (primed),the amplitudes of the hydrogen

or tritium atom intermediate-fieldeigenstates

(double-primed)maybe written, for arbitrary, as

1!1 =:2111(18)

where 6 . ~,(1 + #?)%mdx = @. For ~euterim

atoms we have

where

6+ =

6=

and again

(x+l/3)/(l+a/3+x2)%

(x_1,3),(1-2x,3+x2)%

x = B/B
1“

From these eigenfunctionsone

can easily calculate the nuclear and electronic po-

larization of a beam whose atoms are in a particular

pure state (see Table II).

The nuclear polarizationparametersmay be

written in terms of the strong field amplitudesby

means of the appropriatepro~ection operators. For

referencewe write the expressions for the quanti-

ties of principal interest:

d Hydrogen or Tritium Atoms

<oz>= lb112+lb412-lb212-lb312

<ox> = 2Re(b1*b2+bb%3) (20)

<cry>= 2 Im(b1*b2+b4*b3)

o

0

0

1

0

0

(21)

b) Deuterium Atoms

<S>=P ~= lb112+lb612-lb312-lb412

22
3cSZ>-2=P33= lb112+lb6{2+lb312+lbh12

-21b212-21b512

CSX> = &Re(b1~b2+b2*b3+b5*bk+b6*b5)

<Sy> = &i n(b1*b2+b2*b3+b5*bL+b6~5)

where all expectationvalues refer to nuclear polar-

ization. Similar expressionsmay be written for

electronicpolarization. It is clear that we may

use these expressionsto calculate the polarization

parameters in either the initial coordinate system

(unprimed amplitudes),or in the rotated coordinate

system (primed amplitudes),depending on the desired

reference axes.

b;

b;

b’
3

b’
h

b’
5

b’
6

State

1

2

3

4

5

6

(19)

TABLE II

POLARIZATION IN INTERMEDIATEFIELDS

Hydrogen or Trltium Atoms

State P(nuclesr) P(electronic)

1 1

2 -6

3 -1

4 6

Deuterium Atoms

P3(nuclear) P33(nuclear)

1 1

4(1-6+) -%(1+36+)

-%(1+6-) -%(1-36_)

-1 1

-%(1-6-) -%(l+36_)

%(1+6+) -%(1-36+)

1

6

-1

-6

P(electronic)

1

6+

6

-1

-6

-6+

7



The equationg of motion of the probability am-

plitudes (F@. 8 and 9) may be solved in a straightf-

orward way if the field is assumed to be constant

end if the (negligible)nuclear terms are anitted.

We present these solutionshere primarily because

they are useful In understandingand describingthe

nature of the more general solutions.

If we neglect the nuclear term in the Hsmil-

tonisn, the differentialequations for the hydrogen

or tritium atcinbecome

ilil= %(xx)wbl

ifJ2= +dx-%)wb2+%bh
(22)

ib3 = %(-x++)uh3

i154= +wb2-%(%+x)ub4 ,

where the z axis is defined by the (constant)msg-

netic field direction,x = B/Bo, and u = AW/fi. If

the initial conditionsare bl = cl, b2 = C2, b3 =

C3, and b4 = Ch, the general solution may be written

bl= c1 exp[-i(%+x)%t]

b2 = %{c2(l-x/S)-c4(l/i3))exp(i(%+6)%wt]

+%{~2(l+x/13)+~~(l/B)}exp[i(%-B)%tl (23)

b3 = C3 exp[-i(%x)~t]

{b4 =%-c2(l/B)+c4(l+x/6}exp[i(%+B)?@]

+%{c2(l/B)+c4(l-x/6}exp[i(%3)%tl ,

where B = ~. Only values of c1 - C4 for which

2222
- 1 correspondto physical.initial

cl+E2+c3+&4-
states.

Again neglecting the nuclear term

tonian, the differentialequations for

atom become

ilil= %(x+l)wbl

i52=~xwb2+A ub6
fi

i53 = k(x-l)wb3 +;ub5

ib4 =%(-x+l)ubb

ib5 =&b3 - %X h)b5
&

i66 = ;ub2 - %(X+l)Wb6 ,

in the Hamil-

the deuterium

(24)

where x = B/Bo, w = 2AW/(3h), and again the z axis

is defined by the magnetic fiela. The solutions

may be written In terms of’the initial vector c as

follows:

bl= El exp[-i(l+x)%t]

b2 ‘%{s2(l-[x%l/~+)-~6(@t3+)) edi(%+~+)%t]

+%{c2(l+[x+M/B+ )+c6( @8+)} eXP[i(%-8+)%t.1

b3 = %~3(1-[x-%]/f3-)-s5(fi/f3-)}exp[i(%+6-)~t]

+k{c3(l+[x-%1/13_)+c5(Wf3-} exp[l(%3-)%tl (25)

b4 = CL exp[-i(l-xkut]

b5 =~{-E3(@/fj-)+S5(l+[X-k]/6j exP[i(k+6_)kkl

+%{E3(m3-)+E5(l-[x-%1/r3_)}exP[i(%-f!_)%wtl

b6 =~{-E2(@+)+C6(l+[XX]/~+} exp[i(+i+~+ktl

‘%f@/~+)+c6(l-[x%l/9+)} exp[i(%-~+)bt] ,

where B* = Jxz*.++9/k.Only those values of c1 - C6

fcrwhichc~+~~+~~+ ~~+c~+c~= 1 corre-

spond to physical initial states.

3. APPLICATIONS

We will consider several applicationsof the

theory just described, all of which are of interest

in the design and utilization of polarized-ion

sources. For the most part, where numerical results

are presented, we will have in mind polarized-ion

sources of the Lsmb-shift type. liewill consider

the following problems:

a) “Adiabatic reduction” of a large (longi-

tudinal) to a small (longitudinal)magnetic field;

b) Adiabatic reduction of a large (longitu-

dinal) to a small (transverse)magnetic field;

c) The sudden zero field crossing technique

of polarization enhancement;

d) Depolarizationeffects associatedwith the
+ i’

addition of two electrons to a polarized H or D

ion beam.

We first make acme general observations about

the conditions required for adi.abaticity.At low

fields a one-electronatom in a pure state will be-

have like en elementary particle which has the msg-

netlc mcxnentof the electron but the total spin

~~~ m~ent~ of the atom. Since a free elec-

tron precesses about a field at the rate of PogJ/h

= 2.8 MHz/G, a hydrogen atom in the F = 1 state

.

.
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will precess at a rate of 1.4 MHz/G. (The pure F =

O state has no polarization;thus, its precession

rate, which would be infinite from this point of

view, has no physical interpretation.) A deuterium

atom in the F = 3/2 state will precess at 0.93 Mliz/G

while one in an F = 1/2 state will precess at 2.8

MHz/G. l?hua, for low fields, transitionswillbe

induced only if the field direction changes rapidly

with respect to the appropriate one of these pre-

cession frequencies. We will adopt the term “crfti-

cal frequency”to denote the particular precession

frequencywhich serves ss the boundary between the

zero transition (adiabatic)region and the complete

transition (diabatic)region.

At high fields the critical frequency is di-

rectly related to the hyperfine splitting. To il-

lustrate the connection,we consider a hydrogen atom

which haa, at zero time, its electron spin aligned

with the magnetic field (+z-exis) and its proton

spin aligned with the +x-axis. In terms of the so-

lutions given in Section 2, the initial conditions

whicl?represer.tthis situation are F. =C
12

= 11~

and c
3

‘E ~=o. From Eqs. 20 and 23, we find that

~+.n
<0>= ~e(b1*b2+b4*b3) + cos(AW/2fi)t.x

(26)

Thus, if the field is sufficientlystrong to main-

tain the elignment of the electron, i.e.,for x >> 1,

the component of the proton spin angular momentum

which is not parallel to B will precess around the

magnetic field at one-haM of the hyperfine fre-

quency. The classicalpicture that is involved is

as follows, Neglecting, as in Eqs. 22 and 24, the

PN.B term in the Hsmiltonian,we may say that the

electron precesses about the applied magnetic field

with e frequeficycorrespondingto the free-electron

precession rate, while the nucleus precesses about

the electronwith a frequency closely related to the

normal hyperfine splitting. If the external field

is to be changed in an adiabatic manner, it must be

changed slowly with respect to both frequencies. At

low fields the critical frequency therefore ap-

proaches the electron precession frequency (modified

by the total sngular momentum of the atom) while at

high fields it approaches one-half of the normal hy-

perfine frequency.

For both the low- and high-field regions, the

critical frequenciesarrived at, in this semiclassi-

cal.picture, correspond exactly to the energy sepa-

ICQ, 1 1 1 1 1 1

2STRITIUM ATOMS

; 75 - 2S HYDROGEN ATOMS
z
z

>
030 -
z
w
=
0
IIJ
~ 25 - LOPE 1.40 MHz/G

2SDEUTERIUM ATOMS

94.8Miz
SS.8MHZ

13.6MH2

o
SLOP< C193MHz/G 1 1 ! I

o 100 200 m 400 500 600
B(GAUSS)

Fig. 3. Plot of the critical frequency for .2Strit-
ium, hydrogen, and deuterium atoms versus magnetic
field strength. For 1S atoms both the horizontal
and vertical scales should be multiplied by 8.

ration between the initial state snd the nearest

neighboring state. For intermediate field strengths

the motion is complicated;the electrcn and proton

may be said to “tumble” at.outeach other. Ho~-ever,

from the form of Eq. 26 it is clear that the sepa-

ration between the initial and the adjacent state

still correspondsto the critical frequency (see

Fig. 3).

For deuterium atoms we obtain similar results.

For an atcxzwhich hss, at zero time, the electron

aligned with the field (+z-axis) and the deuteron

inan~=l state with respect to the +x-axis, the

appropriateinitial.conditions are c = E
13

= 1/2,

C2 = l/fi, and =4 = E5 = E6 = O. From Eqs. 21 and

25, we find that

<Sx> . fiRe(b1*b2+b2*b3+b5%4+b@ 5)

x+-n
+ cos(AW/3h)t . (2-f)

In this case the high-field critical frequency is

one-third of the hyperfine frequency. However, we

note that the critical frequency again corresponds

to the energy separationbetween the initial and

the adjacent state (see Fig. 3).

Adiabatic Reduction of a Large (Longitudinal)to a

Small (Longitudinal)Magnetic Field

Msxwel.1’sequations imply the following (first

order) relation between the radial and axial compo-

nents of a cylindricallysymmetricmagnetic field:

aB
Br=-$$ . (28)

9



Thus, except at r = O, a changing magnetic field

strength Bz is always accompaniedby a radial field

component. The angle between the field direction

and the z-axis is thereforegiven by

B aB
tane=~=-+~.

z z
(29

For example, If we have a uniformly falling field

(Bz = - CZ), Eq. 29 becomes

(30)

where z = vt for a beam moving with velocity v. The

same result holds for an exponentiallyfalling field

‘z/z). ~US, except at r(Bz = cc = O, for any kind

of declining field, there will be a changing field

direction; it is this rate of change that must be

kept small with respect to the relevsnt critical

precession frequency. For a linearly falling field,

this angular rate of change is

..@m-1# = -@:) z .
(r/2v) +t

(31)

Except at small t (and therefore small B) the rate

of rotation is inverselyproportionalto r. Thus,

the outer region of a large beem will be less sub-

ject to depolarizationthsn the inner region.

We now consider the depolarizationeffects for

some particular field shapes. (These results were

obtained with the computer code given in the Appen-

dix.) Figure 4 presents seinenumerical results for

a field which falls from an initial value of 575 G

to a final value of 5 G with an exponentiallaw:

Bz = 575 e-z/z + 5. (The particular velocity of

30 cm/psec,which is that used in a Lamb-shift

polarized-ionsource, is assumed for all numerical

results presented in this report.) Particles trav-

eling on the axis (r = O) experienceno change in

field direction and hence undergo no transitions.

In each case we plot the retained fraction of the

atoms; that is, the fractionwhich does not make a

transitionto any other quantum state.

Figure 5 presents curves similar to those of

Fig. k for a particularmagnetic field configuration

approximatingthat which may be obtained by a sole-

noid in sn iron cylinderwith a small oppositely

directed correction current about one diameter from

the main solenoid end. (’kc exact field shape used

is shown in Fig. 6.) The depolarizationeffects for

I I I I I I I

[

.
1 ; ,/;?
3 ,/ 1,
“1/ /’/

II

[ ‘~

I;)’
lx
2?

3!

3

,

EXPONENTIAL DECAY LENGTH(cm)

Fig. 4. Retained fraction cf hydrogen atoms in
state 1 (I), deuterium atoms in state 1 (II), and
deuterium atoms in state 2 (III) for an expo~entiel-
Iy shaped field which decays from 575 to 5 G. The
abscissa is the “l/e” length Z. The curves marked
1, 2, and 3 correspcmdtG particles which travel
1.25, 2.50, and 3.75 cm from the axis. A velccity
of 30cm/psec is assumed.

I I I I I I
1.0—

0.8

n

a

in m

5

02

t
0.11-

o~
0 5 30

SOL~NOID ‘glAME~ER(cm21
Fig. 5. Retained fraction of hydrogen atoms in
state 1 (I), deuterium atoms in state 1 (II), and
deuterium atoms in state 2 (III) for a particular
axial field shape which can achieved with a shielded
solenoid (see Fig. 6). Curves are labeled as in
Fig. 4. The abscissa refers to the diameter of the
solenoid shield. A velocity of 30 cm/~sec is
assumed.

.
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DISPLACEMENT ( SOLENOlD12~AMETERS)

‘“~

40 –
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30 -
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cl)

z
o

m“ 20 –
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\

Io–

o~

DI:PLACEMENT4( EXPONENTIAL LENGT}
Fig. 6. Field shapes for the calculationswhose
results are presented in Figs. 4 and 5.

a field of this general shape are somewhat larger

than with the exponential field. This points out

that the exponential.shape is nearly ideal, since

Bz changes more and more slowly as the (more criti-

cal) lower field levels are reached.

Adiabatic Reduction of a Large (Longitudinal)to a

Small (Transverse)Field

Figure 7 presents the retained fraction for an

exponentiallydecllning axial.field and a transverse

final field direction;that is, the field on the
-z/zaxis, in gauss, is describedby B= = 575 e ,

Bx = 5. It is somewhat easier to induce depolariza-

tion in this case than in the case where the final

field is longitudinal,because e (= tan‘1 Br/Bz)

must change by 90°, whereas for a longitudinal final

field, 0 increases to some maximum value and then

returns to zero. The critical region is where Bx

= Bz, since the field rotation rate is maximum there.

The maximum allowable w is determinedby the total

msgnetic field B (= /Bz + Bz + BZ). me details ofx Y.

Ip-In ,
I I I I I I

I 234567
EXPONENTIAL DECAY LENGTH (cm)

FiR. 7. Retained fraction of hydrogen atoms in
st~te’1 (I), deuterium atoms in-sta~e 1 (II), and
deuterium atoms in state 2 (III) for an exponential-
ly declining axial field and a transverse final
field. The curves and the abscissa are labeled as
in Fig. 4. A velocity of 30 cm/psec is assumed.

the shape of the Bx field are apparently unimportant

so long as Bx hae risen to its full value before B
z

drops below one or two times the final Bx value.

Figure 8 shows the retained fraction for a

final transverse field of 5 G (Bx = 5) and for a

longitudinal field 5 G less than that plotted in

Fig. 6. (The axial field approaches zero for large

displacement.) Again the depolarizationeffects are

more severe in this csse than in the exponential

one. This is because the rate of fall of the axial

field in the critical region (near 5 G) is greater

in the present case.

From Figs. 4, 5, 7, end 8, it is seen that, of

the states considered,state-1 hydrogen atoms are

depolarized the least, while state-2 deuterium atoms

are depolarizedthe most. On the basis of the

critical-frequencyarguments,we expect hydrogen

atoms to be less subject to depolarizationthan deu-

terium atoms (in agreementwith the calculations).

However, these arguments do not account for the

differencebetween state-1 and state-2 deuterium

11
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“z0.41–––I

0.2

[l!m0.1 i?

o Jl I I I I I
o 2 2 30
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Fig. 8. Retained fraction of hydrogen atoms in
state 1 (I), deuterium atoms in state 1 (II), ~d
deuterium atoms in state 2 (III) for a particular
axial field shape (see text) and a transverse final
field. The curves and the abscissa are labeled as
in Fig. 5. A velocity of 30 cmlusec iS assumed.

atoms. Possibly state-2 deuterium atoms are more

readily depolarizedthen state-1 atoms because there

are two nearby states instead of one to which tran-

sitions may occur.

A transverse field destroys cylindricalsymme-

try, so that particles at a given radius, but at

different azimuthal angle with respect to the beem

axis, will undergo different field rotations. Thus,

atoms in different parts of a beam will be subject

to different transitionprobabilities. This is, of

course, not important if the transitionprobabili-

ties are all kept near zero. The curves presented

in Figs. 7 and 8 assume an average situation; i.e.,

they correspondto a ray in the y-z plane and to a

final transverse field in the x-direction.

Sudden Zero Field Crossing Technique of Polarization

Enhancement

It has been suggestedby Sona3 that it should

be possible to enhance the polarizationof a meta-

stable H or D beam with the aid of a sudden reversal

of the magnetic field direction. In this scheme

the magnetic field is first reduced adiabaticallyto

a low level; e.g.,WI G. Tnen a sudden reversal to

.w-1 G takes place. If the reversal is so sudden

that the atoms cennot follow it, the states become,

12

with respect to the new magnetic field direction,

different quantum states as fol.lows:
Hydrogen Deuterium

1+4 1+4

2+2 2+3

3+1 3+2

4+4 4+1

5+6

6+5
Thus, for hydrogen atoms, if one starts at high pos-

itive fields with an equal mixture of states 1 and

2 (O% polarization),after a sudden zero Crossing

followed by an adiabatic increase to a high negative

field, one obtains an equal mixture of states 2 end

3 (100% polarization). For deuterium atoms, if at

high positive fields we have an equal mixture of

states 1, 2, end 3 (P3 = P
33

= O), a sudden zero

crossing followedby an adiabatic increase to a

large negative field leads to an equal.mixture of

the states 2, 3, and 4 (P3 = -2/3, P33 = O). This

process has been applied with good results at two

laboratories?”

Our concern here is the extent to which one

can achieve these diabatic transitions for practical

beam sizes and magnetic field shapes. Our attention

will be focussedmainly on hydrogen or deuterium

atoms in their l-states. [For hydrogen there is no

differencebetween state 2 for a very small positive

and a very small negative field, so It is not mean-

ingful to inquire whether the atom “followed” the

field direction or not. For deuterium atoms in

states 2 and 3, such a question Is meaningful,but

since equal initial populations of 2 and 3 =e in-

volved in the applicationswe have in mind, symmet-

rical transitions (or the lack thereof)between

them are of no consequence.]

Consider again the uniformly falling field for

which Bz = - cz=-cvtandB r = zcr. Atz=O the

(minimum) field is B =%cr. The field angular ro-

ration rate is, again,

W=--( r/2v)
(32)

(r/2v)2+t2 “

Note that this frequency is independentof c, the

rate of fall of the Bz field. However, the minimum

field, for given r, is proportional to c. Thus,

increasing the rate of fall of Bz has the net ef-

fect of raising the minimum field and thus the

ability of the atom to follow the field reversal is

improved. Larger r increases both the minimum

.



I.Co

n

g Q75—
3

.5G/cm(HOR D)

%

w
n
3
l-~ _
i
n.
s
a

w

s 0.23—
1-
In

0 I I I
0 I 2 3 4

RADIUS (cm )
Fig. 9. Fraction of the initial state 1 making the
desired transitionwhen the field is linearly re-
versed at the indicated rate. The abscissa is the
radius with respect to the (cylindricallysymmetric)
field axis. Slightly different results are obtained
for hydrogen state 1 (H) and deuterium state 1 (D),
as indicated. A velocity of 30 cm/usec is assumed.

field and decreases the angular rate with which the

field reverses, and thus also improves the ability

of the atom to follow the reversal. From this dis-

cussion it appears that 1) the field must reverse

es S1OWI.Yas possible (contraryto one’s first im-

pression) and 2) there exists a maximum beam diame-

ter, for a given rate of fall for Bz, for which the

scheme will be applicable. As pointed out by Sona,3

the presence of transverse (stray) field components

will place a lower limit on the field parameter c.

Figure 9 shows the fraction of the initial

state 1 making transitionsto state 3 for hydrogen

or to state 4 for deuterium atoms, as a function of

beam radius for several rates of fall for Bz. There

is no appreciabledifferencebetween the results for

hydrogen and deuterium. A priori, one would expect

a luger fraction of the deuterium atoms to make

transitionssince the relevant precession frequency

(with respect to which the field must rotate rap-

idly) is only two-thirds as large for deuterium as

it is for hydrogen. The deviation from expectations

is probably because,at a given (low) magnetic field,

the deuteriun atom is less well-describedas a sim-

ple particle (with spin 3/2) then iS the hydrogen

atom (with spin 1).

I =.’,. :., I I I I

x,’, ‘\,
\.’\ ~, ,05G/cm,

LA-1 ‘
o
e? -i 2 3 4 5

RADIUS (cm)
Fig. 10. Results of the calculationspresented in
Fig. 9 expressed in terms of P (for hydrogen) and
P3 and P33 (for deuterium). The polarizations are
expressedwith respect to the final field direc-
tion. A velocity of 30 cm/ysec is assumed.

Figure 10 presents the informationgiven in

Fig. 9 in terms of polarizationversus beam radius.

For hydrogen atoms this presentation carries no new

information,but for deuterium atoms, one wishes to

know of the effect on both vector and tensor polar-

ization. It would be equivalent, for our purposes,

to speci& the relative population of each of the

final states other than the initial state.

DepolarizationEffects Associatedwith the Addition

of Two Electrons to a Polerized H+ or D+ Ion Beam

If a positive H or D ion has two electrons

added to it in a gas or foil, there may be a time

interval during which the system is a neutral atom.

During this time some depolarizationwill take

place if a) the time interval is long enough and

b) the magnetic field in the stripper region is

small or zero; i.e.,unless x >> 1. Similar argu-

ments apply to the case of the stripping of two

electronsby a negative ion. This point will be

further discussed later.

Let us assume that the magnetic field, If any,

in the “adder” region is constant. We choose our

z-axis to be parallel with the field. The nuclear

polarizationmay be parallel to the z-axis or in-

clined at some angle with respect to It. (The sO-

lutions presented in Section 2 are sufficiently

.-,u



general to handle any such orientation.)

First, we considerhydrogen ions with the nu-

clear spin parallel to the stripper field. If we

assume that the first electron is captured into the

ground state, the atcm will be in either state 1 or

in state b (equal probability),where we refer to

strong field states regardless of the actual field

strength. From the general solutions already given,

atcxnswhich are in state 1 initiallywill remain so;

thus, for these atoms, we have

<0>=1.
z (33)

The time dependenceof <oz> for an atom initially

in state 4 is obtained from the general solution

(Eq. 23) with cl= C2= .3=0 andc4=l:

<0>= +(xP+cos/K?&t) ;
z x +1

( 34)

i.e.,for x = O depolarizationoccurs with the normal

h~erfine frequencyAlJ/has the characteristicrate.

If the time interval (T) between the pick-up of the

first end of the second electron Is random, and long

compared to h/AW, then, for a beam of particles,

CCIz>will have the average value .2/(.2+1). com-

bining Eqs. 33 and 34 we obtain for the overall beam

polarization

P =%[l+x2/(x2+l)] (h/&W << T) . (35)

If the time T is sufficientlyshort, no depolariza-

tion occurs. For zero magnetic field (x = O), we

see that a maximum overall depolarizationof 50$

m~ occur; for large fields (x >> 1), no depolariza-

tion will occur. Considerationof the case where

the initial nuclear polarizationand stripper field

are antiparallelgives, except for overall sign, a

result identical to that given above. That is, for

an atom initislly

<Oz> = -1 ,

while for m atom

in state 3

(36)

initially in state 2

1<r.?z>. - — (X2+C08-F
X2+1

Thus, the overall polarization for

of states 2 and 3 may be written

P = -~[l+x2/(x2+l)] (fi/AW<<

t) . (37)

an equal mixture

7) . (38)

In summary, if depolarizationis to be avoided,

either the time between the first and second colli-

sions must be small compared to fi/AWor a large mag-

netic field must be present.

If the nuclear spin Is perpendicularto the

adder magnetic field direction (z-axis), the (equal-

ly probably) initial states are as follows: for the

electron spin parallel to z, <Ux> = 1 implies c1 =

‘2 =
l/6and c

3
= Sk = O; if the electron spin is

antiparallelto z, <Ux> = 1 implies s = c
12

=Oand

‘3
=E 4 = l/G. For the first of these initial con-

ditions we obtain

<ax> = %(1-.x/13)cos[(l+.+B)gt]*(l+x/o)

xcos[(l+x-6)#tl ,

Wh=e ~ . (1+X2)%. For the second initial

we obtain

ax> = %(l+x/f3)cos[(l-x+8)*tl+%(l-x/f3)

xcos[l-x-8)#tl .

(39)

condition

(40)

For very large X, Eqs. W and 40 each become

X-KO
<ax> + Cosgt,

i.e.,the polarizationprecesses at

field rate. For small fields Eqs.

become

x-m
<a>+ %(l+cas~t) ;
x

(41)

the expected high

39 and 40 each

(42)

i.e.,again depolarizationoccurs with the normal hy-

perfine frequency as the characteristicrate. (The

zero field limit must, of course, be independent of

the direction of the assumed angle between the nu-

clear polarization and the magnetic field.) A more

general orientationof the magnetic field axis may

be consideredwith the aid of the solutions given

in Section 2.

For deuterons the situation is similar but

slightly more complicated. The vector and tensor

polarizationP3 and P33 for each of the (strong

field) initial states 1-6 is’as follows:

.
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Initial
State

1

2

3

h

5

6

2
1

*1-cos(&)6+tl -
+

*[X 2-x+5/4+cos(333 t]

-1

fi[l-dyb-t 1

*[x2+x+5/4+cos (#%+tl

where 6+ = (X2 f x + 9/4)%. We note that, at zero

field, the time dependencebecomes of the form

cos(AW/h)t,so once again depolarizationoccurs at

the normal hyperfine frequency.

For a deuteron beam initially in the ~ = 1

state with respect to the adder

strong field states 1 and 6 are

probability; the time-averaged

eters become

field direction,

populated with equal

polarizationparam-

p3 . ~(1+ *)
x2+x+9/4
. \ll/Aw<< T) .t

p33 .~(~+?&3.&)
X2+X+9 /4

Similarly, for ~ = O we obtain

1P3.~[ 1 -— 1
x2+x+9/4 x2-x+9/4

’33 =
#Wi + A%.&]

x2+x+9/4 x2-x+9/4

and, for m
I
= -1

P3 = -%[1+ +]
x -x+9/4

’33 =
~[1+ *]

x2-x+9/4

(?IILW~c T) ,

(h/AW<< T) .

(44)

(45)

(46)

For h/AW >> T no depolarizationoccurs. For zero

field Eqs. 44-46 reduce to

Y ~— ~

1 7/9 1/3

o 0 -2/3

-1 -7/9 l/3

That is, the initial vector polarization is reduced

&
1

$2x2+2x+ 3/2+3cos(~) B+t]
+

&x2-x-3 /4+3cos(*) f3_tl

1

& 2x2-2x+3/2+3cos(~) 8_t]

*x2+x-3 /4+3cos(*)6+tl ,
+

(43)

to seven-ninthsof its initial value while the ini-

tial.tensor polarization is reduced to one-third of

its initial value. We mqy summarize the zero field

results as follows:

Characteristic Maximum Depolarization
Frequency for
Depolarization Vector Tens or

Protons 1420 ~Z 1/2 --

Deuterons 327 ~Z 2/9 2/3

Tritons 1517 MHz l/2 --

In the above it is assumed that the intermediate

atoms are formed in the ground state. At higher

fields the depolarizationis smaller; however, note

that the characteristicfrequency for depolarization

becomes larger.

In the above discussion, it has been assumed

that the first electron is added in the IS
l/2

state.

However, the theory holds for capture into any J =

l/2 state, so long as the atom remains in this state

until the second electron is added and provided that

the appropriatehyperfine splitting is used in the

description. If radiative decay occurs, some addi-

tional depolarizationwill result. On the other

hand, relatively small magnetic fields will be suf-

ficient to produce a strong field with respect to

the higher hydrogen-atmnexcited states, and radia-

tive decay in the presence of a strong field will

result in no nuclear depolarization. Thus, a field

strength which is sufficient to prevent depolariza-

tion ‘f a lsl/2
state is also sufficient to prevent

depolarizationwhile an atom is in an excited state

15



and during the decay of the atom (eventuallyto the

1s1/2
state).

For a “thick” adder, as required for a large

negative ion yield, electronsmay be added end sub-

tracted several times before the particle escapes

es a negative ion. The considerationsabove will

apPIY to each time interval during which the parti-

cle exists es a neutral atom. For example, consi-

der a proton which is converted to an E- ion via

the process H+ + Ho + H+ + Ho + H-. If we assume

zero magnetic field and that both of the time in-

tervals during which the particle is neutral are

large compared tofi/AW, a depolarizationof 75%

(i.e. 1- (*)2) wouldbe expected. For deuterons

the vector depolarizationwould be 1 - (~)z and the

tensor depolarizationwould be 1 - (+)2. In prac-

tice, of course, both the number of charge exchange

events and the interval between them till be random.

The stripping of two electrons fran a negative

ion presents a somewhat similar problem. However,

a hydrogen negative ion has a diffuse wave function

compared to a hydrogen atom. Thus, if one of the

electrons is suddenly removed, the remaining elec-

tron will tend to be spread over a relativelylarge

region. Stated differently,the atom will have a

high probability of being produced in a state other

than the ground state. Therefore, the effects dis-

cussed in the previous parsgraph are expected to be

more important in the stripping case than in the

adding case. It is possible that studies of depo-

larization versus magnetic field could yield infor-

mation about 1) the wave function of the hydrogen

negative ion and 2) the nature of the collisions

which induce,.radiativedecay of the higher hydrogen

atom states “thatare produced in the partial

ping of an H- ion.
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APPENDIX

A COMPUTER CODE FOR SOLVIItGTHE ONE-ELECTRONSCHROE-

DINGER EQUATION

This code solves the time-dependentSchroedinger

equation for a Hamiltonian of the form

~= H~(PogJ 3+uNg1 ~)OB+a(~.~) s

where the notation is defined in the preceding pages.

An arbitrary time dependence of the external.magnetic

field B is allowed. A numerical.integrationof the

resulting set of linear first-orderdifferential

equations is carried out with automatic error con-

trol.

The input for the

Card 1 FORMAT

Nz number

radial

fied

=0

code is ss follows:

(16)

of points at which axial and

field table is to be speci-

if no table to be specified

NSTATE

MODE

Card 2 to Card (NZ + 1) FORMAT (3F12.6)

ZZ(I) cxial position (cm)

BZZ(I) axial field strength (G)

BRR(I) radial field strength 1 cm off

axis (G)

CARD NZ + 2 FORMAT (316)

M type of atom

. 1: for hydrogen atoms

. 2: for deuterium atoms

. 3: for tritium atoms

initial state

= 1 to 4 if hydrogen or tritium

atoms intermediatefield states

lto4

= 1 to 6 if deuterium atom inter-

mediate field states 1 to 6

= 11 to 14 if hydrogen or tritium

strong field states 1 to 4

= l.1to 16 if deuterium atom

strong field states 1 to 6

option for defining magnetic field

Card NZ+3

TI

!cTF

HHP

Card NZ + 4

BZ1

BZ2

BW

Y1

PHI

VELOC

Card NZ + 5

Z1

22

23

Z4

(see comments in BFIELD)

. 1: axial and radial

specified in table

fields as

. 2: axial field varies as a

sine-squared function

= 3: axial field varies as an

exponential function

FORMAT (3F12.6)

initial time (ysec)

final time~sec)

time interval between output steps

(usec)

FORMAT (6FI.2.6)

initial axial field (G)

final axial field (G)

final transverse field (G)

distmce off axis (cm)

azimuthal angle transverse field

makes with respect to x axis (deg)

velocity of particle beam (cm/psec)

position at which axial field be-

gins to decline or to be defined by

table (cm)

position at which axial field ss-

sumes a constant final value (cm)

position at which transverse com-

ponent begins to rise ss sine-

squared function (cm)

position at which transverse com-

ponent sasumes a constant final

value (cm)

The code renormalizesthe state vector to

unity total probabilitybefore each print to remove

accumulatednormalizationerrors (via subroutine

RENORM). If this error exceeds 1$, an error mes-

ssge is printed.

The time, field components and total field,

nuclear polarization, electron polarization, and
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squared amplitudes of the four (or six) strong field

states are printed with reference to the coordinate

system as defined by the user. These results are

then printed a second time in terms of the inter-

me~ate field states with respect to a z a!cisde-

fined by the instantaneousdirection of the total

field. In the second set of output the field is

specified in terms of azimuthal and polar angles,

and beam displacementis given instead of claps’ed

time.

The program consists of a main program MJRANA

togetherwith a nwmber of subroutines. The function

of each of the subroutines is briefly describedbe-

low.

SUBROUTINE SINUPB

This subroutine reads in parameters necessary

to specify the B field as described above.

Certain often-used canbinationsof the input

pareuietersare computed here.

SUBROUTINEBFIELD (T, BX, BY, BZ)

This subroutine computes the field components

BX, BY, BZ at the time T, assuming Z = VEU3C*T$

X=O, andY=Y1.

SUBROUTINE DERIV (T, V, FD)

This subroutine computes the values of the

first derivativesFD(I) (I = 1 to 8 or I = 1 to

12) given the value of T (time) and of the

variables V(I) (I = 1 to 8 or I = 1 to 1.2).

[Note that four (six) complex first-orderdif-

ferential equations result in eight (twelve)

real first-orderdifferentialequations.]

SUBROUTINE PRINT (T, VS)

!Ihissubroutine prints the first type of out-

put described above at the specified times and

also stores the second type of output for later

printing.

SUBROUTINE ROT (M, ALPRA, PETA, GAMMA, V)

This subroutine rotates the state vector V

through the Euler angles a, S, and y.

SUBROUTINE RENORM (N, V, W)

This subroutine renormal.izesthe state vector

V so that it has unity total length.

FUNCTIONARCTAN (Y, X)

This function computes arctsngents,in de-

grees, for all zero and nonzero values of Y

and X.

SUBROUTINE TABLE (Z, ZZ, NZ, I, kFLAG)

This subroutineperforms a table look-up in

the ordered table 22.

SUBROUTINE INTEO (NN, TI, TTF, HH, HNP, NM, VVM,

1P, XO, ‘IT,HP)

This subroutine integrates an arbitrary sys-

tem of real linear differentialequations.

The argum6nts of this subroutine are defined

by couments in the main program linting. The

monitoring feature (a periodic test of a

specified variable sgai.nstsome limit) is not

used. INTEG togetherwith tke subroutines

STAIiT,RNGA, ACCRY, TlE3T,DIODE, ADAMS, and

IXIUBLEconstitute the ccnnpleteintegration

package.

PQOGI.IAM M\t?ANA (INPUTsOUTPUTSF ILMsTAPE 12=F1LM) MJRNOO1O

C UNITS MICROSECONDS MJRNOOII

COMMON/BLnCKJ/41,A2,A3gA6 oC1,RO MJRNOO1?

CoMMoN/RLnCK?/RSQ(6~201 )oTIt4E (201),EiRX f201)S8RV (201) $R8i!f20])G NJRNOO1l

1PI(2011sP?3 (201) oPEL(20 l)~N91TIME MJRNO016

COMMoN/flLOCK3/hIvNN MJRNO015

COMMON/RfIf)/Tl,T2,T3,T4,T5,T6,13Zl ,BZ2.BRMAXoCPHI .SPHI.p17QY?,MODF sMJRNOO16
lVFLOC MJRNO017

CnMMoN/BFl DP/ZZ(100)QBZZ(lOo)OBRR (1oo)sNZ MJRNOOIR

DTMENSION xo(3fi) QxxP(30),BPLoT (201 ) MJRNOOIQ

COMPLEX Cl MJRNOO~O

1 FnRMAT(1016) MJRNO021

2 FnRMAT(lHl) MJRNOO??

3 FnRMATf* PRoToNS +6F14.8) MJRNO023
4 FnRMAT(* nEUTERONS ●6F1408) MJRNO024

5 FnRMAT(* TRITONS ●6F1408) MJRNO02G
6 FnRMAT[12F6.3) MJRNOO?6
7 FnRMAT(* TIME Qx BY Hz e P; MJRNOO?7

1 P33 PFL 1 2 3 4 5 MJRNO028
2 fie) MJRrJoo2’?

8 FnRMATf14F9.6) MJRNoo3n

18



.

9 FnRMAT(6F~2.6) MJRNO031
10 FnRMAT(* STRnNG FIELD STATE COEFFICIENTS, INITIAL COORDINATE SYSTEMJRNO03?

lMe) MJRNO033
11 FoRMAT(* TNTERMEOIATE FIELD sTATE Coefficients, COORDINATE SYSTEM MJRN0034

lRnTATEl) SfI NFW Z AXIs POTNTS ALONG FTFLD DIREcTIoN ●) MJRNO035
12 FnRMAT(* P3=%QuARF, P338PLlls, MA(3 FIELD PAf?AMs ● 12F7.1) MJRNoo3f!

13 FnRMAT(* DARTICLE ●X29* STATF *12,* INITIAL %TRoNG FIELn COFFFS ●MJRNO037
11?F6.3)

15 FnHMAT(* 7(CM) THETn PHI BZ
1 P33 PFL 1 2 3 4
2 ~9)

RFAD 1*NZ
Ir(N7.E(Jon) GO Tn ]OfI
un 90 I=l,Nz
RFAI) 9,ZZ(I) .HZZ(T)ORRR(T)

90 PQINT9*ZZ (I).BZZ(I)SRRR (?)

100 ITIME=n
PPINT 2
NFau l,MekISTATE,hIODE

PPINT lsM.NSTATE$MODE

c Mul.?, OR 3 FOR PROTONS,DEUTERON5, OR TRTTONS
r NSTATE= 1-4 nR 1-6 FrIR INTERMEDIATE FIELO INITIAL STA’
c NST4TE= 11-lk OR 11-16 FOR qTRONG FIELD sTATES
c MoDE=l*2c OR 3 nEpENnING ON fjFIELD OPTIoN (SEE CnMMFN’

99

101

98

1%0

1s1

152

153

154

1(J2

NFAI) 9,TI.TTF?HHP
PoINT ‘).TT~TTF.HHP

CALL SETUDLI
CALL BFIFID(TI .BRx(l)oBEIv(l )QRf3Z(l))
HToT=SQRT (R@X(l)**Z*H8Y (1 )**2+BB2(1)**2)
Al PHA=ll.O

B P3
5

Es

S IN RFIFLO)

HFTA=-~i;141G9?7/IfIO.0) ●ARCTAN(SQRT (RRX(l)**~+RBV (1)**2).RBZ(l))
GAMMA=-(301415Q21/lRr).0 I*ANCTAN(BBY (l)?BBX(l))

00 99 1=1.12
xn(I)=O.O

IF(M-2)101*1O2*IO7
Hn=63.448/l.00152?
Al=0.5*(1.0+nOoO]q22/l .001522)
4?=0.5*(1.O-o.001%22/l .0n1522j
Al=o.5*o.nnl’i2?/l.oo1522
Afb=o.o
q=Q

PMINT 3.AI.A?.A3,h49R0

x=HT(’JT/63.46A

IF(NSTATE.GE.11) GO TO 1G4
I)PLLJS=SOMT (0.5+Oo5*X/SQRT(l.0+X**21 )

U*~INUS=SlJnT(O.S-Oo5*x/SQnT (1.n*X**2) )
(in in (15n*151$152s153) CNSTATF
Xn(l)=l.!
Gn 1[) 104
Xn(3)=nPL1iS
xo(7)=n~l[ws
Gq T(l 10+

X(1(5)=1.
Gn TO 104

Xn(3) =-DM7NU$

XO(7)=DPL!1S
~n To 10,b
NqTATE=NSr4TF-10

XO(2*NSTOL7E-I )al.n
GO 10 104

Hfi=14.tJo5/l.noo233
Rn=(2.O/3.O)eBfl
Al=lJ.5+0.nOO?33/1,00(1233
A7=llo5-00f100?33/l .000233

A3=0.0q02.13/I .nOn?33
A4=SORT(0.5)
N=b
PPINT &.Al.A?vA3.A4.RO
x=HTnT/14.60%

IF (NSTATE.GE.11) GO TO 1*6
I)0LU5=(X*l.o/3.0)/S(aRT (1.o+2.n*X/3.o+x**2)
OMINIJS=(A-1.0/300)/SCJRT (ion-2.0*x/3.0+x**2)

MJRNO03R
MJRNI)03Q

MJRNO04n
MJRNO041

MJRNO04Z
MJRNO043
MJRNO044
MJRNO045
MJRNO046
MJRNO047
MJRNO06R
MJRNO04Q

MJRNO050
MJRNO051

MJRNO052
MJRNO053
MJRNO054

MJRNO055
MJRNoo5b
MJRNO057
MJRNOOSa
MJRNO059
MJRNO060
MJRNO061

MJRNO062
MJRNO063

MJRNOo64
MJRNO065
MJRNO066
hlJRNoo67
MJRNO06R
MJRNO069
MJRNoo7(l
MJRNoo7~
MJRNO07?
MJRNO073
MJRNO074
MJRNO07%

MJRNO076
4JRNO077
MJRNO07R
MJRNO079

MJRNOORn
MJRNOO131
MJRNO082

MJRNOOf13
MJRNOOR4

MJRNO085
MJRNO086
MJRNO087
MJRNOORR
MJRN130R9
MJRNO090
MJRNO091
MJRNO09?
MJRNO093
MJRNO094

MJRNO09%
MJRNO096
MJRNO097
MJRNoo911
MJI?NO09’4
MJRNOIOn
MJRNO1O1
MJRNO1O2

19



GO TfI (14n9141914?0143Q1449141j) sNSTATF MJRNO1O3
14n Xfl(l)=l.11 NJRNO1O4

Gn TO 104 MJRNO1O5
141 Xn(3)=SQRT (l).5+0.%*DPLUS) MJRNO1O6

xn(ll)=s(aoT (n.5-oo5*r)PLuq) MJRNO1O7
GS TO 104 MJRNO1OR

142 Xr(5)=SOR1 (0.5+0.5*DMINU~) MJRNO1O9
xrl(9)=s(JR7 (o.5-o*%*DMINus) MJRNOlln
Gn TO 10* MJRNO1ll

143 Xn(7)=l.O
Gn To 104

MJRNO1l?
MJRN0117

144 Xn(5)=-SunT (il.5-005*[)MINllS) MJRNOll&
Xn(9)=SQRT (0.5+0.5*DMINUS)
Gn TO 104

MJRN0115
MJRNO1lA

145 Xn(3)=-SQnT (n.5-O.5*DlJLUs) MJNN0117
xn(ll)=SGoT (n.%+o.fj*nPLUc) MJRNOllq
(in To ln4 MJRNO1lQ

146 N<TATE=N!jTATF-10 MJRNo12n

xP(2*NsTATE-1 )=1.fl MJRNO1?l
Gn TO 104 MJRN012?

;03 13n=67.755/l.no1623 MJRN0123
Al=o.5*(1.n+o.oo1623/l ,0111623) MJRN0124
A?xO.5*(1.O-n.001A23/l .0n1623) MJRNnli?%
AI=0.5*0.nO1623/loO01623 MJRN0126
A~xO.o MJRN0127
IV.4 MJRN012Q
PfaTNT 5.A19A?*43.A4~R0 MJRNo12~
x~nTnT167.75fi MJRNO13n
6n Tn 9P MJRN0131

104 A~G=2.n*3. 1415927*1 .401*?.0022~ A1JRN013?
CI=CtiPLX (nOO,-ARG) MJRN0133

c REFER INITIAI VFCTOR TO PROaLEM nEFINED z AxIS Vyh APPROPRIATE ROTATIMJRN0134

c

c
c

c
c
c

:
c
c
c
c

CALL NUT(M*AL PHA,RETAsGAMM4$XO)
~rl=2*N
PPINT 10
PDINT 7
CALL PRINT(TT*xO)
HM=OOOOO1
MMXO
vv~=l)oo
AuS=l.OE-n5

RFL=I .oE-05
CALL IIYTEG(hJN*TI,TTF*HHsHHPsMMsVVM.A8SQRELs XO,TT.XXP)

tvN NUMBER nF FIRST oRUER dIFFERENTIAL F~ATIONS

11 INITIAL VALUE OF INOEPFNI)ENT VARIA13LE
TTF FINAL VALUF OF INDEPENDENT vARIARLE
HH GUESS AT STEP S?ZE
HHP PRINT STEP S~ZE
MM INOEX OF VARTAHLE TO BE MONYTOREO (n IF NO MONITORING)

VVM VALIJE Tn MoNITOR FoR
Ai3S MAXIMIJM ACCeptable ABSnLIJTE ERROR IN ONE INTEGRATION STEP

REL MAxIMUM ACCEPTABLE RELATIVE ERROR IN ONE INTEGRATION STEP
x() VECTOR OF sTAI?TING VALI!ES
TT VALUE OF INOEPENnENT VARIABLE RETURNEO AT ENIT OF INTEGpATTntd
XXP VALUES nF nEPENl)ENT VAQIABLES RETURNEO AT Em OF INTEGRATIoN

PPINT 11
PDINT 15
NTIME=ITIvE

on 110 I=l,NTIME
RTOT=SQRT (L3HX(I)**2+RBY (T)o*2+BBZ(I)**2)
PnsNxTIMli (I)*VELOC

Pi.IIF=ARCTAN (FI13Y(I) ,BBX(I”I )
TI.IETAF=ARcTAN (sQRT(tiEIY (I)**2+RBX(II**?) sBBZ(I) )

MJRN013%
MJRN0136
MJRN0137
MJRN013R
MJRN013Q

MJRNo14n
MJRN0141

MJRN014?
MJRN014?
MJNN0144
MJRN0145
MJRNo14h
MJI?N0167
MJRN014R
MJRN014Q
MJRNo15n
MJRN0151
MJRNo15p
MJRN0153
MJRN0154
MJRNI-115%
MJRN0156
MJRN0157
MJRN015R

MJRN015Q
MJRNO16n
MJRN0161
MJRN016?
MJRN0161
MJRN0164
MJRN0165

PPINT 8.PosN,THETAFc~HIF,RBZ (T] !f3TOT.P3( I) SP3~(I)SPEL (I), (B50(J.T)MJRN0166
1* )=1*N) MJRN0167

110 CONTINUE MJRN016R
C THE FOLLOWING 18 CARnS PRODI]CE A PLOT WITH LASL sUBROUTINES MJRN016Q

C6LL ADV(I) MJRN0170
CALL DGA(500~5n05008000TT0TTFs l.Oon.o)
CALL DLNL~t(lnOIO)

MJRN0171
MJRN017?

CALI. SLLIN (lo~ol) MJRN017-4
CALL SRLIP1(10?O2) MJRN0176

.
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On 120 J=IoN
Do 121 I=ION7SME

121 HPLOT(I)=QSQ(JCI)

120 CALL PLOTINTIMEoTTME (l)ojc13PLoT (1)01s4401)

CALL DGA(so9q5n050~500~TT*TTFol .09-2.n)
C&LL SRL1N(6,01)
CALL PLOT (NTIMEOTIME (1IO1OP33 (1)01,1600)

CALL PLOTfNTIMEtTIME (l)o10P3 (1)?1,63,0)
CALL LINCNT[60)
PHI=PHI*lROoO/3.1415927

wRITE(~2~12) 71,Z2,Z3,Z4S75sz6,BZl *BZ2,RRMAX$Yj,PHI OVELOC
WPITE(12013) MONSTATE0 {XO(I)QI=l$NN)
CALL ADV(I)
PRINT 13*!f,Ns7ATE. (XOIIl .1=1 sNNl

Go To 100
ENI)

S(IRROUTI~C SETUPR

C READ= IN FIEI.D PARAMETERS ANO COMPUTES SOME FREC)!IFNTLY USED 12UAN-

MJRN0175
MJRN0176
MJRN0177

MJRN017R

MJRN0179
MJRNO180
MJRN0181

MJRNola2
MJRN0183
MJRN01134
MJRN01135
MJRN0186
MJRN0187
MJRN0188

MJRN018Q
MJRN0190

sETBOO1O

sETl?OOII

C TITIFS FOR U@I QY SURROUTINF flFIFLD SETFIO012
coMMoN/BFI D/TloT~oT3,T4,T5,T6,BZl ,Bz2,BRMAX,CDbi1,SPH1,P1P$Y2.MOOF,SETR0013

lVFLOC
C DISTflNCES IN CM FoR FIELD PARAMETER ENTRY

2 FoRMAT(~F12.s)
PTi?=.3.1f$lq!327/2ofI
I?FAD 2,R 1.13z2013RMAX,Yl .oHIsVFLOC
PPINT2,EIZ1 *HZ2,BRMAX,Y1,PHI $VFLOC

RFAD 2.Z1.Z2.Z39Z49Z59Z6
PQINT.?,Zl oz2,z3,z4,z5,Z6
Tl=Z1/VELnC
T?=Z2/vELnC
Ta=Z3/VELnC
T/,=L&/VELnC
T5=Z5/VFLnC
Tk=Z6/VELnC

C Y1 IKI CMQ PHT IN DEGREES
CPHI=COS(PHI*P12/QO.O )
sPHI=sINlPHI*P12/Qo.o)
tifl To(loo.20003no) 9MllDE

100 Y7=Yl
RFTUQN

200 Y2=-(Yl/2.0)*P12*(BZl-8Z7 )/(vELOC*(T?-Tl))
RCTURN

300 Y2=(RZ1-i572)oYl/(2.O*vELOc* (TZ-T1))
RFTURN
F.,~J

sETRO016
sETBO015
sETBo016
SETRO017
sETBOOIR
!jETfloo19
SETRO020

SET130021
sETBo022
sETBOOZ3

sET131)024
sETf30025
sET1300215
sETBO027
SET130028
SETBO029
.5ET130030
sET130031
SETRO03?
SETBO033
SETBO034
SETRO03%
!jETBoo36
SETBO037
sETBoo317

SI/RROUTINr RFIELD(TsRx?BvcRZ) BFLDoOln

c COt4PiITES FIEI.O components AT POSITION Z=VELOC*T~ Y=YIS X=O RFLr)OOll

CnMMnbJ/RFl D/Tl.T2.T3.T4,T5.T6.BZl ,RZ2.RRMAx,CPMI .SPHI.PI?,Y2.MooESBFLOOOl?

lvrLOC - “- --
CnMMoN/FIFl.DP/Zz(loo)cBZZ (1oO),BRR(1OO)!NZ
Gn To(200.3000400) *MODE

C MODE 1 (REPD

200 IF(T.GT.TI)
87=B~l
HY=O.O
tig=o.o

Gn To 5on

100 IF(T.GToT?)
Z=VELOC*T

GO To 11)1

C TAHLF IN GiU5S nN Axis AND i CM nFF AxIS NORMALI+FD TO uNTT~ 82(1)
CALL TABLF (70ZZ(1) SNZ91,MFLAG)
0nzDz=(8ZT (Iol)-f17z(I) )/f7Z(I*l)-Z7(I))
DuRDZ9(RHR(X*1 )-RRR(I) )/(ZZ(I*l)-ZZ(X))
Y7NORN=BZ7(I) ●oBznZ*(Z-Z7 (1))

BuNORM=RRP(I) ●ORR17Z*(2-27( I) )

BFLC)O013
BFLOOO14
BFLOO015
13FLDO016
nFLDoo17
RFLOO019
RFLDO019
FjFLDO02n

BFLOO021
BFLDO02?
r3FLooo23

nFLDoo24
l?FLDO025
13FLDO026
13FLDO027
RFLOO02R
RFLDO029
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137=k3zL+ (-71-tiZ?)*RZNORM

c INITIAL RAY nEFINEs y-z PLAME
13Y=y2*(Pz1-H72) ●FIrw.JoRM
MY=O.O
Gn TO 500

101 ti7=BZ2
t3v=ooo
Hv=O.O

Go To 500
c MODE 2 [COcIhE-SQIJARED FIFLD nFCAY;

300 IF’(T.GT.T1) Go TO 301
Iivxo.o
8V=0.O
H7xBzl

Gn Tn 500
301 IF(T.GT. IP) GO TO 302

AnG=P12*(T-T])/(T?-T 1)
d7d72*(d71-Rz?) *cfJs (AR(3)*+
l\y=Y2*511v f2.n*4RG)
IiYB(l.n

tin To 500
302 hx=O.0”

d%’=n.o

H7=872
Gn TO 500

c MODE 3 (EXPO!JENTIAL FIELI) DECAY)
400 Ir (T.GT.TI) GO TO 401

Ry=o*o
HV=llofl

~7=tj~l

Gtn TO S(]0
401 EA14G=ExP(-(T-Tl)/(T2-T1 )!

H7=(Hzl- 72)*EARG+BZ?
tj~=oo(l

HV=Y2*EARG

c STAl?T TRANSVERSE cOPPONENT. PHI IS ANGLE WITH RFsPFCT To x Axis
c INCII)ENT QEA.! I*I y-z PLANE

500 IF (EIRMAX.rQ.n.O) RFTURN
IF(T.GT. lTI GO TO 501
klr>=o.(1
Gn TO 50%

501 IF(T.GT.T4) GO TO 502
HQ=13RMAx*sIr4 (P12*(T-T3) /(T4-T3))**?

Go TO 50s
5112 RP=8QMAX
505 Hy=14R*SPHT+RY

bY=BQ*CPtit+8x
i?FTUI?N

END

SllRROUTINF 017RIV(TOVtFD)

c COMPIITES THE FIRST l)FRIVATI\lF OF THE STATE VECTOR FoR USF BY INTEG
DTMENSION v(30)sFn(30)
COMMON/HLnCKl/Al,A2*A3*Ab,Cl ,FIO

C(IMMON/HLnCK7/M*NV
COMPLEX dl,H?,q3,Q40B5$8A,RpLUS~8MINUSOcl oBI)OT

CALL 8FIEIIJ (TsRX,RYsFJZ)
HnLUS=Ct.JPI X(FIXOBY)

HMINuS=CONJJG(HPLU5)
IF(M.EQ.2\ Gn TO 100

FlFLno03n
i3FLrJoo31
RFLI)O03?
13FLrJoo33
13FLDoo34

‘13FLOO035
BFLOO036
RFLDO037
13FLDO03R

HFLOO039
qFLOO04n

BFLDO041
i3FLOO04?
13FLOO041
QFLOO044
f3FLooo45
RFLOO046
RFLr)oo47
9FLI-JO04R
BFLDO049
f3FLDoo5n
8FLcloo51
SFLOO05?

BFLOO053
RFLOO054
13FLDO055
RFLDO056
qFLl)(Jo%7

RFLCJO05P
RFLOO050

14FLDO060
RfLOO061
RFLOO06?
HFLDO067
FlFLooo64

HFLOO06%

QFLDO066
RFLDO067
RFLnO06q

13FLOO06?
RFLDoo7rl
HFLDO071
HFLOO07?
FlFLfJoo7a
HFLlloo74
FIFLOO07%
13FLl)oo76

Rf=Ll)oo77
FIFLDO07R

DERIOOIn
rJERIO(Jll
DERIO012
DEf?IOOll
DERIO016
IIERIOO1%

I)ERIo016
0ERIO017
oERIOOIR
oERIOOIQ

c SPIN 1/2 SECTION OER

c Al=o.5*(l+K) A2=(105*(1-K) A3=005*I(

C BO=OFLTAW/(MIl*GJ)

A4=n.O oER
c18Mll*13J/(H13AQ*I) UNITS l/MICRnSDER

141=cMpLX(V( 1)sV(2)) DER

B28CMPLX (V(3) *V(4)) oER

H.4=C14PLX (V(5) *V(6)) oER

H4=CMpLX (V(7) sV(8}) I)FR

BDOTXcl* ((Al*BZ+O.25*80) *B1+A3*BPL1JS*R2+0,5*BPI.US*B4) DER

Fn(l)=REAl (BOOT) (IER

F!)(2) =AIMAG(HDoT) oER

oo2n
0021
0022
0023
0026

002%
‘0026
0027
:O02U
:O02Q
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HnOT=Cl~(a3*nMINljq*Rl +(AP9HZ-0.259RO) *132*0 .5*RDLIjS*B3+0.5*RO*R4) oERIoo311
Fn(3)=REAl (BDOT) nERIoo31
FII(*)=AIM4G (8LIOT) DERIO03?

dnOT=Cl* (0,5a8MINtlS*R2* (~.254w0-Al*Bz) *B3+A3*RMINUSW36) 0ERIO033
FP(5)=REAI (R~OT)

Fn(6)=AIMAG(wooT)

DERIO034
0ERIO035

HnOTSCl@ (n.50RMINI)S*Rl+L)05&lC)*B2+A3*RPLUS*B3- (A2*BZ*0025eBO) @B4) DERIO036

Fn(7)=REAl (BOOT) r)ERIoo37
FI\(8)=AIiiAG (HllfiT) 0ERIO03i?

ReTIJRN DERIO03Q

luo CONTINUE DERIoo4n
C SPIN 1 sECTION DERIO041

c A191J.5+K A2=0.S-K A3=K A4=SQRT(.5) C)ERIO04?

c NO=I)FLTAW/( 105*MU.GJ) clarMll*(3J/(H8AP*T) UNITS l/MICROSDERIO043
A1=CMPLX (V(]) OV(2)) DERIO044

147=cMpLX (V(3) 9V(4) ) 0ERIO045
ti?=C~PLX (\I15).V(6)) nERIoo46

134=cMPLx(\/(7)*v(8) ) DERIO047
H%=ct4PLx (v(9) 9v(ln)) t)ERIclr14R

+k=cMPLx (\l(l~),v(12) ) DERIO049
HI)OT8C1*( (A1*H7*0.5*BO) ●Q1*A3*BPLU5*R2+0 .5+RPI IIS*B6) 0ERIO051)
F,,(l)xNEQI (SDOr) 0ERIO051

DERIO05?FP(2)=AI,dAG (RtlfIT)
tinOTsCl* (a39RMINl]q*Bl +0.’i*QZwR2+A3*E?Dl US*B3+0.5*13PLUS*B5.A4*RO*B6) !)ERIO053.-
Fn(J)=l+EAI (RoOT)
Fn(4)=AIMfiG (NOfiT)
AnOT*cl@ (A3*HMINlls*B2+ (A?*RZ-n.5*BO) *R3+0.5*8PLUS*B4*A4*RO*P5)

FP(5)=NEA1 (Hr)or)
Fo(6)=AIMA(iIRDnT)
lirjoT=cl* (n.5*RqINlls*83+ (n.5*Bo-Al*Flz) *B4+A3*ElMTNlls*H51
F1>f7)=RE41 (RnoT)

F)(H) =AI(+&(;(nDnT)
Ht)pTscl* (n*5*RMINlls*R2*A6*RoeR3*A3*BPl.us*R4-o.5*Rz*B5443*RMlNus*

LHC.)
Fr~(9)=RE41 (HnOT)
Fn(ln)=AI.~AG (HnOTt

~nOT=Cl* (n,5*BMItNlls*Rl+Ai,*Ro*R2+A3*RPL (iS*B5- (&?*RZ*O.5*Bn) *RA)

F!~(lll=REfiL (R[)OTI
Fm(12)=410~A(j (HnOT)
Hr TURN
E,Il)

sl!hRoUTINr PQI?JT(T,VS)

c PRINTS STRONG FTEL[) sQUARED AMPLITUDES WITH RESPFCT TO pROBI EM nF-

C FINE,) Z AxISO STORES WEAK FIELD SQUARFf) AMPLITUnFS WITH REsPEcT
c 10 ILISTANTANFOUS R AXIS FOR LATEn PRINTo(IT RY MATN PROGRAM

C(!MkI[)N/RLnCK7/RS()(6S?Ol ).TIME(201 ),Bl?X(201) c8RY(201) ~Rflzf201)9
lPq(201) oP?3(?Ol).BEL(201 \,N~ITIME

CnMMoN/l+LnCK l/MgNN
OT14E(iSION V(12)*V< (12) 0i3nsC)(fi!

ITIME=ITIJiE+l
1)0 90 1=1.NN
v(T)=VS(I\
CtLL RL?JOPI*(N,V9VV)
IF(VV.GT.1.m) Pt?TNT 80
FnRMAT(* RENIIRNALIZATION ExCEFflS 1 PEQCENT*)
cnLL t3+TKl n(T,13X*Ry*Rz)
Mnx(ITIME)=wx
Hi:Y(ITIMF\=HY
Htlz([TIMF\xH7

@TOT=SQRT fi\x**i?*~v**2*f3Z**2)
hI PIiA=[?.14]5927/180.0) ●ARCTAN(BY?RX)
HFT4=(3.1415’227/lqO .O)*AQcTAN (s0RT(RX**2*py**7) ?qz)
GAMM4=0.O
Gn TO (l(j191n29103)sM
xsHTf)T/63.44H
rJDLu5=50RT(o.5+o.5*x/5QRT (I*O*X**2) )
o*!IN!IS=S;OT (:1.5-o.5*x/SQIYT (1.o*X**?) )

on ln5 1=1!4
tiRSQ(I )=Vf2*I-l)**2*V (2*7)**2

13LRIO05A
I-)ERIO055
0ERIO056

DERIO057
DERIO05R

r)Ef?IO059
DERIO060

DERIOU61
I-)ERIO06?
r)ERIO063
I)ERIO066
DERIO06%
DERIO066

nERIO067
nERIoo6R
r)ERloo6Q
DERIoo7n

PRNToOIO

PRNTOOII
PRNTOOIZ
PRNTOO13
PRNTO014
PRNTOO1%
PRNTO016

pRNToo17
PRNTOCJIU
PI?NTO019
PRNTO020
PRNTO021
PRNTO02?
PRNTO023
pRNToo26
PRNTO02F
PRNTO026

PRNTO027
PRNTO02FJ

PRNTO02Q
pRNToo3(l

PRNToo31
PRNTO032
PRNTO033
pRNToo34

PRNTO03%
pRNToo3A
PRNTO037
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PPEL=Bt3SU(l ).RRSO(2) -B13Sn(3)-FIRSQ (4)
1.17=v( l)**>+v(2)**~+v (7)*+2+v (q)**2-v13)**2-v (4)**2-V

P7z=n.o

C4LL RoT(~*A1.PHA*RETA9GAw14A9v)
\27=V(l) **P+v(2)**?+V (7)**2+V (R)**2-V(3)**2-V (4)**2-V

P33(ITIML)=0.O

Pl(ITIME)=n7
H%Q(191TI*fE) xvll)**2*v (2)**2
13qQ(2t ITIME)B(nPLlls*v (3) +DMINIJS*V(7))**2+

1*?

u%Q(.3s IT111E)=v(S)**2+V (6)**2
#$Q(4s IT1*4E)=(-DMTNU5*V (a) +UPLUS*V(7) )**?

1)**2

PRNTO03R
~)**~-v (6)**2PRNTO03q

PRNTO060

PRNTO041
5)*02-v (6)**2P~NToo4?

PRNTO04’3
PRNTO044
PRNTO04%

DPLI!s*v (4)+DMIN(JS*V(8 )*PRNTO046
PRNTO047

(-Dv7NllS*V (41+nPLli<*V

PrL(ITIME\ =H$Q(l,ITIME) +uSt2(2, 1TIMF)-USQ(301TIME) -BSQ(4sTTIMF)
Gn T() 1111

102 X=HToT/14.AnS
rJPLus=(x+I.o/3.0)/sLIRT (1.0+2.n*X/3.0*X**2)
tl~+INIJS=(A-1.t)/3.0)/SORT (1 .0-2.0*X/3.1)*X**2)
El=SQRT (o.5+n.5*lJPLuS)

E9=SoRT (v.5-o.%*nPLus)
E?=SQRT (O.5+0.5W3MINUS)
E4=SQRT (f105-n.%*DMINUS)

On 104 1=1 06
104 HRSQ(I) =V(2*T-I)**2*V (2*1)**?

PPEL=13BS4tI) .SRSQf2) +BESo(3)-RBSQ (4)-RBSQ (51-RRSO(6)

PRNTOO&fl
R)PRNTO049

P7=V(1) **>+V(2)**2+V(1 1)**2*v (12)**2-v(5)**2-v (6)**2-v 17)**?-v(8)
14$0.2

P7Z=V(] )**?+V(2}**2+V (5)**z+v (6)**P+v(7) ●*2+V(ll) *442+V(11\**?+V
10@p-2.0@(I/(3)*9p+V(4)**2+V (9)*02+v(ln)9*2)

CaLL ROT(~!*ALPHA,RETA!GAMMAS v)
o~7xv(l )**P+v(2)**7+v (11) **2+v(12)**?-v(5 )**2-\I (6)**2-V(7)**?-V

1**?

Q77=U(1) **2+V(2)**2+V (5)**2+v (6)**2+v(7)**2+V (R)**2*V(11)**?+V
1os2-z.o* (v(3) **2+v(4)**2+V (9)**2+v(1o)**?)

P7(ITIME)=Qz
Pq3(ITINt.)=QzZ
RsQ(~*ITI.~E) =V(l)**2+v (2)**2
+<Q(?s ITlktE)x(El*v(3) +E2*V111) )**2+{E1*V (4)+E?*v(12))*@2
HC,0(3sITIME)u(E3*\/(5 I*E4*V(9) )**2+(E3*V(6 )+E4*v(IO))**2
RsO(4*Il I)~E)=V(7)**2+V (8)**2
HSU(%SITT*#E)=(-E4*v (5) +Ea*v(9) )**2+(-E4*V (6)+F3*V110) )**?
$sQ(6QIT1ME) =(-E2*V(3)*E1 *V(11))**2* [-E2*V(4)+F1*V (12) )**2
PcL(ITIME) =HsQ(19TTIME) ●nScI(2, lTIME)+RsQ (301TTME) -RSQ(4.TTIMF)

l-}>S(J (5*ITTME)-dS(J(6t ITIMF)

]03

110

20

Gn TfI 110
x=8TOT/6f.75%
Gn TO 9R

TIMC(ITI~F)=T
PRINT ZOsT,RX,RY,RZsRTOT.PZ~P7Z?PPEL* (RBSQ(I)*T=l ON)
FnRMAT(14FY.4)
14FTUl?N
ENO

1?

8)

12

SIIflROUTINF RoT(M,ALPHA?BFTAsGAMMAQv)

C ALPHAs HETA~ AND GAMM4 ARE FULER ANGLES AS llFFINEn RY ROSE, wHIcH
c ROTATE THk INITIAL COORDINATE SY5TEM INTn THE FIr.J4L SYSTEM. ALPHA

c IS PnSITIVE ROTATION ABOUT 7S BETA ARoUT Y PRIME. AND GAMMA ABnllT
C Z DOIN+LE PRIME

l)IMENSI(lN v(12)9vv(6)sWW(6)
COMPLEX VV9WW9XI eAPPqAMM,AMP,APb!qCPPWCPOeCpMsCOPvCOO~COM.CMP.CM0,

lCWM
XT8cMPLX (t?.Ilcl.o)
APP=cos (o.5*nETA)*cExP (-XI*0.5* (ALPHA+GAMNA} )
AMN=CONJG(APP)
AqP=-SIN (n.5*BETA)*cEXP (-XI*0.5* (ALPHA-GAMMA) )
APM=-CONJG(AMP)

Gn 10 (10,2O.1O)*M
10 IOn 11 1=1.4
11 VV(I)=CMPI X(V(2*I-1)9V(2*I )1

WW(l)=APP*(APP*VV (11+APM*VV[2) )*APM*(APM@VV(3) +APP*vv(4) )

IJRNTO(150
PRNTO051
PRNTOU5?
PRNTO053
PRNTO054
PRNTO055
PRNTO056
PRNTO057
PRNTO05R
PRNTO05~

PRNTO06n
PRNTO061
PRNTO06?
PRNTO06?
PRNTO066

PRNTou65
PRNT(J066
PRNTO067
PRNToo6a

PNNTO06Q
PRNTO070

PRNTO071
PRNTO07?
PRNTO071
pRNToo76
PRNTO075

PRNTO076
PRNTO077

PRNToo7a
PRNTO07Q
PRNTO08n
PRNTOOP1
PRNTO092
PRNTO083
PRNTo084
PRNTO085
PRNTO086
PRNTO087
PRNTO08R
PRNTO08q

ROT 0010

ROT 001]
ROT 001?
ROT 0013
ROT 0014
ROT 0015
ROT 0016
ROT 0U17

ROT OOIR
ROT OOlq
ROT O02n
ROT OU21
ROT 002?

ROT 0023
ROT 0024
ROT 0025
ROT 0026

24



12

20

21

Z))*APM*[AMW=VV(3)+AMV-VV I*II RUI UU27
2) )*AMM*(AMMOVV (3)+AMp*VV (4)) ROT 0028
2) )+AMM*(APM*vV (3)+APP*VV (4)) ROT 002Q

4w(2)=APP41 (AMP4$vv (l)+AMM*VV

WW(3)=AMP*(AMP*VV (I)+AMM*VV
XW(4)=AMP*(APP9VV (l)+APMoVV

on 12 1=1.4
V(2*I-l )=QEAI. (WW(~I)
V(2*I)=AIMAG (WW(I))
I?FTURN
CnSH=COS(~ETA)

STNB=SIN(NETA)
CPP=(0.5*0 .5*COS13)*CEXP (-XI* (ALPHA+G4MMA) )
CnO=(SINH/S(~RT(Z.0) )oCEXB(-XI.GAMMA)
COM=(005-n.5*COSt3) @CEXP (vI*(ALPHA-GAMMA) )
cnP=(-sINq/s(jRT (~OO))*CEYP (-XI*ALPHA)

Cno=cosll
cnt.l=- coN.JG(cnP)

CVP=CONJG(CPW)
C~’0=-CONJc(CPO)
c.,w=cONJ(;~cPP)

I)n 21 1=1.6
VV(I)=CMPI x(v(2*I-IIsV(2*I))
J,IV(l) =APPO(CPPOVV (i) +cPooVV(2)+CPMeVV (3) )+APMO

l*rPP*vv(6\ )
ww(2)=nPP*(CnP*VV (1) +COO*VV(2)+COM*VV (3))+APM9

l+roP*vv(6) 1

CPM*VV

COM9VV

ROT 0030
ROT 0031

ROT 0032
ROT 0033
ROT 0034

ROT 003%
ROT 0036
ROT 0037
ROT 0038
ROT 0039

ROT 0040
ROT 0041
ROT 006%
ROT 0043
ROT 004&
ROT 0045
ROT 0046

4)*cPr)*vv(%)RoT 0047
ROT 004R

4).cor)*vv(5)ROT 0049

..Jw(3) =APP*(Ch4P*VV (l)+CMO@VV(2) +cMM*VV(3) ) 6APMG(CMM*VV
l+rMp*VV(6) )

wd(4)=AMP*(cMP*vv (1) *CM06VV(2)*CMM*VV (3) )+AMM9(CMM*VV
l+rMPoVV(61 ]

41~(5)=AwP@ (cnP9vv(I )+COO~Vv (2)+cOM*Vv(3) )*AMM*(C(lM@VV

l*rclP*vv(b\ )

ROT 005n
4)+CM(I*VV(5)ROT 0051

ROT 005?
4) +CMn*VV(S)RoT 0053

ROT 0054
4)+con*vv(5)ROT 0055

ROT 0056
A,~~6)=A(qP*(cPPovv(I) +cPO*VV (2)+cPM*vV(3) )+AMM~(CPM*vv (4)+cPn@vV (5)R0T 0057

l+rPP*VV( .!] RoT 005R

I)n 22 1=1.6 ROT 0059
V(2*I-] )=WEAI. (l<W(T)) ROT 006n

.?? V(2*I)=AIUAG(WW( I)) ROT 0061
AFT(IQN ROT 006?
}’b 1) ROT 0063

S!IRl?OUTIlvr P&NnRM(N!V$VV\ RENMOOID

c REIQlluMALIzf.S TO REMnvE ACCU$AIILATEO DEvIATION FROM UNITY T0T4L RENMOOll

c Pt?OdoHILIrY RENNOOl?

I)TMLNSIOfi! V(IZ) RENMOO1?

,JF,=?*N I?ENMOOlb

in

11

,.—..
u\/?=n.o
on 1,11=1.N
VV2=VV2+tt f2*T-l)**2*V (2*T)**?
VV=SQK1 (v~l?)
l!n )1 1=1.NN

v(I)=v(I)/vv
QFTUQN
EkILl

RENMOII1%
RENMO016
RENMO017

RENMO018
uENMOOlq
RENMoo2n
RENMO021
I?ENMO02?

F!!rlCTI@N AI?CTAN(Y.XI

c ARCTAN(;FNT l?lUTTNF; ”~iRRECT IN

IrlX)300,301 ,302
300 IF(Y)303.304.304
3n3 hPcTAN=Ar@N(Y/xl-3.1615977

Gn Tn 3(1

3n~ AccTAN=AT\N(Y/x)+3.1415977
(>(> lo 30S

301 l\ [Y)30%,3nh,307
3n5 APLTAN=-3.1415927/2.O

Gn T() 3nd
306 AKCTAN=U.n

GO 10 In..
3137 Af:cTAN=3.14<

GO Tn 308

3n? AwCTAN=ATAN

5977/7.n

Y/x)

ACTNooln

ALL OUA[)PANTS* IN nEGREES ACTNOO1]
ACTNOO1?
ACTNOO1?
ACTNO014
ACTNO015
ACTNO016
ACTNO017

ACTNOOIP
ACTNOO1O
AcTNoo2rl
ACTNO021
AcTN002?
ACTNO021
AcTNoo2&
ACTNO025
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c
c

.30M AocTAN=ANrTAFl*180.o/3. 1415927
RFTUI?N
Eh’1)

SltRKOUTIFIF TA13LE (Z*ZZSN7?ISMFLAG)

RETURNS INDEx 1 OF NFXT SMAI-LER FIUTRY DF ZZ(I)
MFLAG=O IF Z=ZZ(I) FnR SOME I

[)TMENSION ZZ(1OO)
N.]=lo

MFLAG=l

1F(2.LT.Z7(1)I GO TO 30
Ir(Z.GT.Z7(FJ7)) Go To 30
I)n 10 7=11,1*17010

Ir(Z.En. 711)) MFtAG=O
IL (Z.LT.Z7(I)) GO TO 20

lo CONTINUE
N,I=Nz-I
Gn TO 11

20 1=1-10
11 Un 21 J=l,MJ

IF(Z.EQ.7Z(1+J)) MFLAG=O
IF(Z.LT.Z7(I+J)) GO TO 4n

21 cnNTrNuE
40 I=I+J-l

I?FTURN
30 PQINT 31
31 FfiRMAT(* 7 OIJT OF RANGE nf TAFILE*)

1=1
RFTuRN

E,.11)

.
t

SiIBNOUTINF INTEGlhlN!TI~TTF~HH,HHP*MMQvVM~ABS~RfL*XO~TT-XYp)

AcTNoo2fl
ACTNO027
ACTNO02Q

TBLEOO1O

TBLEOO1l
TBLEO012

TBLFOO1?
TBLEO014

T13LEOOl%
TBLFO016
THLFO017
THLEOOIH
TBLFO019
T13LEOo20

TBLEO021
TBLEO02?

TBLEO023
TBLEO024
TBLEO02%
TbLEO026

TBLFO027
TBLEO02R
T13LFO02Q
TBLEO030
TBLEOU31
TBLEO032

Tf3LFoo3’3
T8LEO034

TBLEO035

INTE(lOln

c INTEG SOLVES A SYSTEM OF NN FIRST OI?OER r)IFFFRFNTTAL EQUATIONS mY INTEOO1l

c A 4TH OROER ADAMS PREDICTOR-CnRRFCTOR METHOD WITH AIJTOMATIC ERI?nR INTEO012

C CONTQOL. STfiRTING Is l+Y TH6 WJNGA-KUTTA NETHOD INTFOOII

LnGICAL ACC INTFOO1O

CnMM(lN/INT/N,T,TF,HsHO sHP,MsvM~J,AcC9XLBcRELT<TS ABSTST,FaCTOf?.BNn91NTEO0 1%

1x (30,5) .F(30,5)!F130),XP f30).G(30t6), TDOUBL,NnfiUQL INTEO016

OTMENSION XO(30)QXXP(30) INTE(,I017

c SETN~UNINITIAL vALUES lNTEOOIR
TNTFOO1O

TF=TTF INTFO02(1

H=HH INTEO021

hP=hHP INTEoO??

M=ut.l INTEO023

VNXVVM INTE(I024

On 10 I=l,N INTEO02%

10 X(IS1)=XO (I) INTEoo2fY
T=TI INTEO027
HND=TI+HP [NTEO02R
Iinmli INTEO029

AuSTST=A13q INTEO03n

RFLTsT=REI INTEO031

FfiCTnR=RF:I TST/ABSTST INTEO03?

XI R=O.00%ORELT5T
InOUBL=O

INTEO033
INTEo036

NnOURLm3 INTEI)03=!

H=2.O*H INTEO036

30 CALL STAUT(IRETRN) INTEO037

Gn To (lGn,99)SIRETRN INTEO03R

C SHOIJLD ANY OF THE STARTING vALUES BE PPINTED OUT INTEoo3q

100 T=T-300*H INTEO06n

Dn 35 J=2.4 INTEO041

T=T+H INTEO04?

CALL TEST(IRETRN) INTEO043

Gn TO (35,6fI)sIRETRN INTEO046

35 CnNTINUE INTEO04%

I

I

26



.

c hEGIfil AoAMS METHOO

bn cbLL ADAN<
CfiLL ACCRY

IF (ACC) GO TO 50
nn 45 ]=ICN

45 X(I*1)=X(T96)
Gn TO 30

5n ChLL TEST fIRETRN)
[;n To (101 c6n)*IRFTRN

101 CALL 00UMIEllRETRNl
(in TO (40.30)SIRETRN

60 1P (Jo~Q.<) CO Tn 65
(Jn 64 1=1.N

64 XD(I)=X(I,J)
65 ChLL PRINT(T.XP)

TT=T
on 7n 1=1.N

70 XXP(I)=XP(I)
99 RFTURN

EF,i)

INTEOC146

INTEO047
INTEO04R
INTEO049
INTEoo5(l
INTEO051
INTEO05?
INTEO053
INTEO056
INTEO05S
INTEO056
INTEO057
INTEO05R

INTEO059
INTEO060
INTEO061
INTEO062
INTEO06?

INTEO06A
INTEO065

%IIHROUTINF START (IWETRN\ sTRTOO1O

c 14uN~;-K~lTTA <TARTING”METHOD sTRTOO1l
LnGIcAL Ar.C sTR7001?

CflMMON/I:~T/N.T.TF.H*HO oHP,qSVMsJ*ACC,XLB~RELTCTSABSTST$FACTORoBNDtSTRTOOl7
lX(30,5),~ f30,510F(30)?xp f30)~G(30,4) .YOOllBL*NnnUfIL

J=.?
CALL RNGA

1(1 l)n 15 l=lON

15 It~(I)=X(I.i?)

c xP(I)=DAL I~YERVAL RFsuLT FnR ERRoR ANALYsIs

c

20

3n
4()
41

IN

10

20

30

T=T-H
ri=O.5*H
[r ((T+H).NEOT) GO 10 30
PoINT 20
FnRMAT(5~w EQNS cANNOT RF SOLVEU FURTHER WITHYN GIVEN ERROR

TPLUSH=T+M
Pv[NT 21?TPLllSH~T
FaUMAT(6M T+H= E15010* 6H TX E15.1O )
InFTRN=2
HrTURN
l~n 4n J=?.?
C)LL fiNGA
CALL ACC.UV
IF (.NOT.ICC) GO TO 10
J=4

CALL nNGA
lI>ETRN=l
i?FTURbJ
E ‘.11)

SIiRROUTItIF RNGA
TEGRATE N FQNS AHEnO ON THE J/TH STEP OF LENGTH H.

C[lMMON/INT/N.T.TF.H?HOCHPoM*VMoJ*ACCQXLB'PELTcl$hBST
1x r30,bI,F 130.5~,F~30)*xP f30).G(30*4) *Tno~lBL9Nn0uRL

CALL OERI/(T,allO.I-l)OFfl!J-l ))
Un in I=!.N
G(IQII=HOF(IQJ-1)
XI I*J)=X( T9J-1)*0.5*G (1*1)
TT=T+O.S*M
cmLL DERTu(T T*x(l.J)*F(l,J) )
un 20 1=1.N
fj[I~2)=H*c(I,J\
X( I?J)=X( TQJ-1)+0.5*G (1s7)
CALL UERl!j(TT~X (l.J),F(l,J) )
1)0 3(I I=l,N
G(I?3)=){*F([,J)

x( IoJ)=X(1OJ-1)+G(I s3)

sTRTOOIA
STRTOOI~
sTRTO016
STRTO017
sTRTOOIR
sTRTOOIQ
!3TRTO020
5TRTO021
!5TRTO02?
STRTO023

) sTRTO024
STRTO025
sTRTO026
STRTO027
sTRTO029
STRTO02Q
5TRTO030
sTRTO031
STRTO03?
STRTO033
5TRTO034
!3TRTO035
sTRToo3fl
STRTO037

STRTO03R

RNGAOO1O
RNGAOoll

9RNc3AOO12
RNGAOOII
RNGAO016
RNGAO015
RNGAO016
RNGAO017
RNGAOolR
RNGAOOIQ

RNGAO020
I?NGAO021
RNGAO022
f?NGAoo23
RNGAO024
RNGAO025
RNG140026
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T=T*H
ChLL DERIv(T.X (l,.I)oF(ls 11)
On 40 I=l,N
GfIQ4)=H*F(I.J)

40 X( ISJ)XXI TSJ-l)+(G(I.1 )+?,O*(G( I*2)+G(I?3))*G (T04))/600
RFTUNN
END

RNGAOO?7
RNGAO028
RNGAoo2q
RNGAoo3fl

RNGAO031
i?NGAoo3?
RNGAO033

sIIBRoUTINF AcCRY AccYOOIO

c TESTS AHS AN1l REL ERROR AND SFTS ACC ●FALsE. IF ,lFITHER SATTSFIFII AccYOoll

LnGICAL 6PC AcCYOol?
cOMklON/INT/N,T,TF,H.HO.HO.MoVM.JCAcC.XLBORELT$T~ ABSTSTOFACTORoElND*AccYOO13

lx (30,s)sF (3n,5)sE(30)pxP (30),G(30*4) .TOOUHL*NnnURL AccVOOl&

10

20

75
c

50
99

AcC=.TRUE.
On 5(I 1=1.N
E(I) =AHS(YP(l)-X(T*J))

IF (E(I) .GE.ABS (X(ICJ)I*WFLTST) GO TO 10
E(Il=E(I)/AHs(x(I.J))
Go To %0
IF (E(I) .GE.4B5TST) GO Tn ?0
E(I)=E(I)*FAcToN
on TCI 50
TxT-ti
HOX005*H

AcC=.FALSF.
FnRM4T(lH , 16HSTEP sIZE CUT TOS F12.RS 6H AT T=, F12.81
PRINT ?5s)!OST
Gn TO 99

CONTINUE
RFTURN

AccYO(Jl~
ACCYO016
AcCYOO17

AccYOOIR
AcCYOOIQ
AcCYO02fI
AcCYO021
AccY002?
ACCY0021
AcCYO024
ACCY0025
ACCYO026
ACCYO027
AccY002R
ACCYO029
AcCYO03n
AcCY0031

EMO ACcY003?

S!ti3ROUTIriF TFST (TRETRN) TESTOO1O

c MON17DRs FOR VM. ENP OF INTFGN OR PRINT QANGE. TESTOO1l
CnMflON/Il~T/N.T*TF,H~HO~HD?M~VM,J~ACC* xLBtRELT~ToARSTSTtFACTOP.HNl)S TESTOO1?

1x 130*5) JF130,5)?F(30)?XP f301,G(3004) .IDOURL~NnnURL TESTOO1?

DTMENSION Xl (30),X2 (30) oFl(30)*F2 (30) TESTO016

IF (M.EcJ.fi) GO To 20 TtSTOOIF

IF ((X IM,.J).LE.VV) .AND. (Y(MsJ-l ).GT.vM)) GO Tn 10 TESTO016
IF ((?i(M, J) .GT.VM) .ANDO(X(MQJ-l ).LE.VMI) GO Tn 10 TESTO(J17

Gn TO 211
10 CaLL OIODF

TESTOOIR

Xr(T-TF)7n*7ns3(l
T~STOOIQ
TESTO02n

7(1 IRETI+N=2 TESTO021
I?rTURN TESTfJO??

20 IFIABS((T-TF)/TF)-l.flE-6) 80,81.81 TESTOOi?a
HO IRETRN=2 TESTn02&

RFTURN TESTOo2%
81 IF(T.LE.TF) GO To 40 TESTO026
30 H=TF-T TESTO027

Dn 35 1=1.N TESTO029
35 X(IQ1)=X(7,J) TESTO029

J=2 TEsToo3(l
CALL RNGII

IPETPN=2
TESTO031
TESTO03?

RFTURN TESTO033
40 IF(l,LT.BND) GfJ Tn 50 TESTO034

C SAVE ALL VARTABLES WHICH MAv BE MOt)IFIEn IN PRINT PROCEDURE TESTO035
HsAVE=II TESTO036
TqAVE=T

JsAVE=J
TESTO037
TESTO039

DO 45 1=1.N TESTO03Q

XI(I)=X(I,l) TESTO0411
X?(II=X(I,21 TESTO041
FI(I)=F(I,l) TESTO04?
F?(I)=F(I.21

45 x(Io1)=X(T?J)
TESTO041
TESTO044
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Jx2
FI=HNO-T

CnLL l?NGsi
CALL pNINT(ToX(10 !))
HNU=13NU+HI.J

c RESTORE VARIAHIES To PRoCEEn
J=.ls4v~
w=HS4VF
T=TSAVE
l){> *6 1=1.N
X(191)=X1(I)
x(r*2)=xzfI)
F([~I)=Fl (I)

46 F(I07)=F2(I)

50 [F ( J.N~ =) GO TO 99
1)0 6(1 1=1.N

.;(I*6)=XIT9%)
1)11 ti(l J=E’.%

60 F(ls.J-l)=F(I.J)
99 I(>FT14N=1

I+L TUI?N
Er,l)

TESTO045
TEsToo4fi
TESTO047
TESTO06i?
TESTO06Q

TESTO050
TESTO051
TESTO05?
TESTO053
TESTO054

TESTO055
TESTO05A
TESTO057
TESTO05R

TESTO05Q
TESTO060

TESTO041
TESTO06?
TESTO063
TESTO064
TESTO06F

TESTO066

511al+nUTINF nTonE DIonfJolo
c FINI) VfiLUL OF T WI+RF THE M/TH VARIAR1.E QEACHES THE VALUF v?4 01000011

CnMNnN/I.T/N.T,TF,H~HO.HP,MOVM*J9ACC, xLBoREL.TsT*ABSTST,FaCTnRORNO~DIooool? ‘

lx (30,5) *~130.%)9E(30 )* XPr3n)oG (30?4)t IDOllRLtNnnUmL D1OI)OO17
l)rME~SION l~(<n) DIOI)O014
YI=XIM,J) DIODO015
y~=x(M,J-1) I)IoL)O016
OrLT=-aHSfHOYl/ (yl-yo)) 1)1000017

10 H=IJE(.T oIODOOIQ
!)m 213 I=] *F! 13100001~

?tl x(I*1)=X(7..J) DIODO02’O
J=% 010Do021
C$LL RNGA rJIoDoo2?

C.}LL DERl~l(T.x(l* I)cO) 01000023
l~LLT=(VM-V(~~..J)) /n(M) DIOT)OO?4

[F (QhS((~FLT \.6E.l.0E-4) GO TO 10 DIODO025
K(149 J)=V’W DIODOO?fi
RFTIIWN DIODO027

1:,!1) DIODO02R

SIIRKt>UTINF pnAMS 4oAMo~lo

c INT;RQATL nNF STEP NY THE AnbMS PREDIcToR-coRREcTr)R METHfID ADAMOO1l
. . . . .

CPklKIOld/TfiIl/11.T.TF.HcHO sH@*Mcv$40J*ACCtXLB.RELT$To ABSTSTCFACTOR.ENDTAUAMOO1?
X130,5)*F t30.%)!F (30) !xpt3fi),G (30~~).TDolJRL~Nn~uBL ADAMoo13

.J=5 ADAMO014

CILL l)EPl~/(T,X(l,4)SF(lQ4 )) ADAMO015

or! 10 1=1.h ADAMOOIA
~[1 K;> (I I=x(I:6) .o.0416666670H* (55.0*F (l.4)-59.0*F(103)

+a7.ii*F (I.2)-9.n*r (1,1)1
T=T+ti
CALL UENIW(T,XP,Ffl *5))
[In 20 1=1.N

20 x( lt%)=X( l,4)+0.041b66667*H* (Q.O*F( Ic%)*l~.O*F{I.4 )
l-<,(l*F (I,?) +F( I,?))

NrTl)l+N
F-,$,1

ADAMO017
ADAMO018
ADAMOOIC4
ADAMoo2n
ADAMO021
ADAMO02?
ADAMO023
ADAMoo2&
AD4MO02%

SIIRROUTIrUI nnut?LE (IRF.TRN) DBLEOO1O

c TEST Tn SEE rF TNTENvAL CAN HE DoUBLEn DBLEOO1l

cn14MON/INT/N,T,TF.H*HOSHP,MQVMCJ*AcC* YLBsRELT%TsABSTSTOFACTOPQRNDoDBLEOO12

lx (.~o,5) sF(30,5)*F (30)* xpt30)*G(30!~) tIo011pL9NnnuRL DBLEOO1?

Ipnut4L=IllnlJtll_+l oBLEOO1O
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IF (InOURL.LT.NnOUPL) GO TO 99
c ALLOWS nOllBLF ATTEMpT ONLy FvERY NOouRL/TH cALL

10

?0

30
c

99

InOUUL=O

I1o 10 I=l,N
Ir (E(I) .GT.XL8)Gn To 99
CONTINIJE
L)I=HP/(2.c*H)

IF(DI.LE.’J.O) GO TO 99
u2=(,+ND-T)/(2.n*H)

IF([~/.LF.>.o) GO T(’) 99
Un 20 1=1.N
X(191 )=X(T?4)
HPX200@Fl

H=2.0*1+0
FoRMAT(l#u STEP I~lcREASEn TO

PDINT 30s 40~T
luE’r~N=2

RrTUl?N
lPETQN=l
RFTUNN
L kn

F1208, 6H AT TX F12.8)

oBLEO(J1%
DBLEOOlf,
nBLEOO17
nBLEooln
OBLEOO1’/
r)BLEOO?O
nBLEoo21
DBLEO022
13BLEoo2~
I’)EILFO024
l’l13LEoo2=i
0BLEOO?6
f)BLEO027
DBLEOO?~
nbLEOO?q
nHLEo03n
nlJLFO(J31
DBLEO03?
13tiLEo(J33
DBLEO034

13BLEO03%

.
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.

.
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