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Abstract
The thermonuclear reactivity of deuterium{D) - tritium(7T) fusion plasma with spin-polarized fuel has been
studied Two mechanisms of depolarization, collisions and waves. in the high temperature fusion plasma
have been considered The binary collisions have been found not to change the nuclear spin states. The
waves with a frequency of a few GHz. however, changes the spin states appreciably, when 6 B/ By ( the ratio
of the amplitude of the fluctuating magnetic field to the external field } becomes larger than 1073,
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1 Introduction

In 1982. Kulsrud ¢f al. have exarmined the possibil-
1ty of spin-polarized fusion and found that the depo-
larization rate of polarized fusion fuels is very small
compared to the reaction rates when we consider the
mechamsins of depolarization such as the binary col-
lisions. the fluctuation of magnetic field and the in-
homogeneity of the field [1]. If it 1s possible to utilize
the polarized fuels. there would be two ments of spin-
polarized fusion

One of the merits is the enhanced cross-section of
fusion reaction up to 1.5 tumes large. If dy,dy and
d_ dencte the fractions of D nuclei polarized parallel.
transverse. and antiparallel to B. tespectively, and if
t: and t. represent the fractions of the T nuclei in
the same manner as D, the total cross-section of spin-
polarized D-T reaction have been found,

2 i 1 2
O':(O’+§b+ )0’3/2—1-{35-’- '_'36)0'1/2. (1)

g(’
where ¢ = dity +d_t_. b = dp, and ¢ = dyf 4+
d_t; The cross section o3/, and /o are the cross-
section for %+ state and %J" state. respectively. Since
the cross-section o3, is much larger than o173, we
are able to estimate with only the first term alone
in Eq.(1). Thus we found that the cross-section for
the polarized fuels becomes 1.5 times as large as the
one for unpolarized fuels, when both D and T are
polarized paralell to B completely.

The other merit is related to the angular distribu-
tion of the fusion product. We will be able to control
the angular distribution of 14MeV-neutrons, and to

mitigate the damage of the first wall in the fusion
reactor.

After the work of Kulsrud. the applications and the
properties of spin-polarized fusion are investigated.
Micklich and Jassby have investigated the ignition
and energy breakeven conditions and also calculated
the neutron wall loading and consequent tritium
breeding ratio [2]. Ignition characteristics have been
investigated for the polarized fusion plasma [3, 4].
The works in Ref. [2. 3. 4] assume no depolarization
mechnisms in plasmas. The reviews for spin polar-
ized fusion plasma are written in [3. 6]. There were
several critical papers {7, 8]. A kinetic equation have
described by Cowley et al, inclading the new polar-
ization space [9]. Therefore, 1t is complicated to solve
the equation for polarizing plasma To avoid the com-
plicated task. we are able to classify the statistical
quantity by the magnetic quantum number accord-
ing to the neutron transport analysis {10]. Thus 1t is
possible to deseribe the distribution function classi-
fied by the magnetic quantum numbers.

In the present paper, we have made the kinetic
meodel for spin-polarized fusion plasmas and inves-
tigated the effect of depolarization of the polanzed
fuels on the thermonuclear reactivity for D-T fusion
plasma.

2 Kinetic Model for Spin-Polarized Fusion
Plasmas

We will study the kinetic model for the spin-polarized
fusion plasmas in this seciion The distribution fune-
tions for fusion fuels (D and T) are classified by the
magnetic quantum number If the transition rate of



the spin states was dependent on the particle energy,
the kinetic model should be employed to study the fu-
ston reactivity. Without the dependence of the par-
ticle energy on the rates, the fluid model becomes
convenient. It seemns favorable, however, to employ
the kinetic model] for the future development of cur
study.

Here, we assume the availability of the perfectly po-
larized fusion fuels. And for simplicity, the Isotropic
distribution model is applied.

2.1 desecription of distribution function

Since the spin guantum number of deuteron D is
unity, the magnetic quantum number of I, mp, has
the values of 1, 0 and -1. Deuteron D in the unpo-
larized plasmas equally exist in the three spin states.
Thus the probabilities of the existence in each spin
states become 1/3. The probabilities for polarized
particles, however, should not be identical among
three spin states. Therefore, the ordinary distribu-
tion function of D, 1. e., fp(v}, will be described by
the expression:

fo(v) = f50) + folv) + Fp(v), (2}

where the superscript +, 0 and - represent the mag-
netic quanturm number for m = 1,0 and —1, respec-
tively.

The method to classify the distribution function
by the magnetic quantum number has reported in
the neutron transport analysis. In Ref. [10], the neu-
tron flux is classified by up and down of spin. And
Boltzmann transport equation has described with the
spin-dependent macroscopic cross section. According
to their work, we are able to classify the statistical
quantity by the magnetic quaniumn number.

Similary to D, the distribution function of T is also
classable by the spin states. Since the spin quantum
number of T 1s 1/2, the magnetic quantum numbers
of T are 1/2 and -1/2. Thus the distribution function
of T should be classified as

fr(v) = fF(0) + f7 (v), (3)
where the superscript + and - represent m = 1/2 and
m=-1/2

If the plasma ions are polarized completely. such
as

fplv) = fpv) = f7(v) =0,
the fusion reaction rate is enhanced 1.5 times. In
the plasmas, however, some depolarization mecha-
nisms exist and increase the above distribution fune-
tion f}(v), f5(v), and fr{x). We will consider this

process in the subsequent section.

2.2 mode! equation for spin-polarized plas-
mas

When we discuss the kinetic equation for spin-
polarized plasmas, we will employ the distribution
function indexed by the magnetic quantum numbers
m. Here, we consider the transition of the spin states
of polarized particles in fusion plasmas. Particles sup-
plied into the plasma are assumed to be perfectly po-
larized in states mp = 1 and my = 1/2. We are
able to consider the fuel particle loss due to the D-T
fusion reaction. The particle and the energy loss are
expressed by using the confinement time dependent
on the velocity of particles. The maodel equation is
given by:

) fm 8 f;f”' v3 f

vE 31;[21'13(1))}

)cou

+ Sm("v) — L7 (v)

_ Z(c?fa Yors +Z(

= 0

)m f—m

(4)

The equation (4) is based upon the model used by
Matsuura ef a4l o study the high energy tail effect
in fusion plasmas [11]. The first term (%’:)ccu rep-
resents the Coulornb collision term. The second term
describes the particle loss from unit volume in veloc-
ity space due to the heat conduction. The third and
fourth terrn, 1. e. , SP*(v) and L7'(v), indicate the
source and the loss of @ species particles in real space
due to the particle injection, the nuclear reaction and
the convection of particles, respectively. Here we will
consider the {ollowing case:

Sa(v) = La(v) =3 S7(v) =Y L7(v). (5)

Let us remind that throughly polarized particles are
supplied into the plasma. Thus

Sa(v) =D S™(v) = SF(v). (6)

The explicit form of loss term L7*(v) are discussed
in Appendix A. The term (%;)m_.m: represents the
number of particles in unit volume of real and velocity
space changing its magnetic quantum number m to
m’. Prohibited transitions are omitted here. The
transition terms for some depolarization mechanisms

are discussed after this section.

2.3 thermonuclear reactivity

In general, the thermonuclear reactivity of D-T reac-
tion is discribed in the following form:

1m~/ o8 fr (o) ou-dvpdir. (T)

(O’?J)DT = n



Vhen the particles are 1soiropically distributed in the
velocity space. the reactivity will be written as

((T‘t‘)}j'}"
872

m— v/o‘ 1'DfD(l'D)‘/(; vy frirr)

U
% (/ t‘fcr(v,)drr)dzgdtq-.
u

v=|vp—vr|. w=1rp+rr

(8)

Since the fusion reaction cross-sections vary de-
pending on the spin states of D and T, 1t is necce-
sary to modify the description of the fusion reactivity
When deuterons with magnetic quantum number mp

react with tritons which have my, the thermonuclear
mpmyr

reactivity (et} py is expressed by

____mpmT
{ov)pr

&2 i m =
- f o 27 (vp) f or S0 (vr)
4] o
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Thus thermonuclear reactivity of spin-polarized D-
T fusion plasmas becornes,

(9)

mopmr

(‘7_1’51)1“ = ZZ(—W—‘)DT

mp mT

(10)

Suppose the perfectly polarized fuels are supplied into
the plasma without no depolarization mechanisms,

_—

the reactrvity {ouv)pr Increases 1.5 times as large
as the one for unpolarized plasmas. The polariza-
tion mechanisms in the plasmas. however, decrease

—

{ov) pp-

3 Effects of Depolarization

Mechanisms of depolarization exist in high temper-
ature plasma and they are discussed in this section.
We consider two mechanisms of depolarization such
as binary collision and the magnetic fluctuation due
to the RF current drive. The transition terms in
Eq.(4) due to two deplarization mechanisms will be
formulated.

3.1 transition of spin states

Let Pm—m: denote the rate of change from m to m’
then the transition term Zm,(a—fL

e Yn —m becomes
or" _
Z( 9t S =

m’ m

rm—m ()3 (0). (11)

We will devote to find the expliat form of rp ;e
hereafter

{1) spin-orbit interaction

Several transition cross-sections om—.m: due to
spm-orbit interaction among fusion fuels are obtained
and presented in Appendix B Since the ¢ross-sections
are found to be independent of the particles energy,

the transition rate 1s written as

rm—nn"(v)

4T ) 7 2
- 34‘0-111—-'”;’ {/(’U; + 31’-vg)fb(ﬁb)dvb
p Y ¢

+ /TU;,UE’ + 31:?1)]’5(@5)(1%}. (12)

Here the subscnipt b stands for the background par-
ticles Since the electron distribution is considered
Maxwellian, the rate r,,_p,+ by the effect of electrons
becomes

Pt (U)

p— . 1
= RelOm—_m'l 1+ Sap?

: exp(—czt:g)},

Jestivae)

(13)

U+/Ta
where o = m. /(27,).

(2) resonance with waves

Since oscilating magnetic field whose frequency
range in the resonant regron with spin precession fre-
quency depolarizes the particles, this is the key issue
for the spin polarized fusion. Waves in the plasma
are kinds of fluctuating field and therefore are wor-
thy to study. Some waves are caused by the plasma
instabilities. which have a relatively low frequency ac-
cording to the experimental observation in tokamaks.
Fusion fuels are resonant with the waves which have
a frequency of a few GHz. Therefore, the nuclear spin
seems not to be resonant with the waves due to insta-
bilities. However, in the other configurations waves
may have the higher frequency than tokamaks. On
the other hand, for plasma heating or current drive
we utilize also the magnetic waves These frequencies
vary in the wide range. Thus the waves externally
applied may be resonant with the spin precession fre-
quency.

In this paper. we will study the properties in the
parameters of the oscilating magnetic field and the
external magnetic field. And we will have no restric-
tion to discuss both the waves applied externally and
the waves due to instabilities.

When the waves in the polarized plasma have a
frequency of a few GHz. plasma 1ons will depolar-



ize. In this case, according to Appendix C, the rate
Pm—em(v) becomes:
8By 2

m—»m"( =2A (_) Qa:? 14

T (v) “\ By (14)
where 6B and By denote the amplitude of fluctuat-
ing magnetic field and the non-Aluctuating external
magnetic field. The constant quantity A, and the
frequency £, depend on the particle species. In our
calculation, we use Ap = 1/8 and Qp = 0.206 GHz

for deuterons, and Ar = 1/4 and Q7 = 1.42 GHz for
tritons.

3.2 prameters for discussion

For the quantitative discussion of depolarization, we
will define the polarization P and the alignment A for
the plasma. These physical quantities are cbtained
by calculating the number density of D and T in cer-
tain spin state. The number density for a species
with the magnetic quantum number m is given

nlt = ]C’O dme? F7 ) dw. (15)

33

The potarnzation of D and T are written by the above
m

n»7 in the following form:
+ - + o=
— n —
Pp = —"—+nD = b pr= = "L (16)
np+np+np np N

If D and T are polarized completely in the states
mp = 1 and my = 1 respectively, polarizations Pp
and Pr become unity. For the complete description
of polarization condition. we should caluculate the
alignment 4 for the particles with spin quantum num-
ber s > 1. Since deuteron’s spin quantum number
s=1. its alignment 4 is expressed:

+ 3.0 -
np ~—2np +np

A= ;
nE-{-nOD—{—nB

(17)
The alignment 4 ranges in -2 < A < 1, and it is
unity in a case Pp = 1. The thermonuclear reactiv-
ity for a polarized plasma with no depolarization is
1.5 times as large as the one for non polanzed plasma.
Due to the depolarization mechanisms in the plasma
the reactivity decreases to some extent. We will cal-
culate the decrement of the reactivity n defined as

—_—

{ov)pp —

{ov),

———

{ov)

n= 0 %100 %], {18)

where {ov}, denotes the reactivity for complete po-
larization. The decrement n becomes -33.3 [%] as the
fuels depolarize completely.

4 Results and Discussions

We have solved Eq. (4) numerically at steady state
under the condition given in Table 1. After calculat-
ing the distribution functions, we have estimated the
polarization { Pp and Pr), the alignment of deuteron
A, and the decrement of the reactivity 7.

Table 1: Input parameters
deuteron density np 5.0x10%%m=7]
triton deunsity ny 5.0x102m=9]

]

electron temperature T, 10[keV
deuteron temperature Tp 9.819keV]
triton temperature 77 9.812[ke V]

10 100
E [keV]
Fig. 1: Distribution function for deuterons.
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Fig. 2: Distribution function for tritons.

At first, we consider the spin-orbit interaction
alone as the depolarization mechanisms. The distri-



Table 2 Effects of spin-orbit interaction

polarization of deuterons Pp 0.9999(8)
polarization of tritons Pr 0 99%1(4)
albignment of deuterons A 0.9999(5)
decrement of the reactivity n | -0.3033(6)[%)]
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Fig 3: Polarization for deuteron and triton and
alignment for deuteron in a case of the external field
By =11T].
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Fig. 4: Polarization for deuteron and tritor and
alignment for deuteron in a case of the external field
By =5 [T]

bution function classified by the magnetic quantum
number of deuterons and tritons are shown in Fig 1
and Fig. 2 For deuterons, the distnibution f3(v) 1s
about five orders of magnitude smaller than fJ(v)
Since particles with mp = —1 are generated by the
transition process from mp = 0. therefore the density
of those is the smallest among three spin states. For
tritons. the distribution f7 (v) is about three orders of
magnitude smaller than f; (v). The consequent po-
larization and alignment of deuterons are presented
in Table 2. If the perfectly polarized fuels in mp = 1
and my = 1/2 are supplied. the polarization and
alignment are kept to be almost untty. The decre-
ment of the reactivity n is found -0.5 %. We are able
to conciude that the effect of spin-orbit interaction
on the thermonuclear reactivity is neglegible.

Varying the externa! magnetic field By and the am-
phtude of magnetic finctuation é8 in Eq (14), the
effects of waves have been considered The polariza-
tion and the alignment are shown in Fig. 3. Fig. 4
and Fig. 5 in the external field B = 1T, Bo =5
T and By = 10 T, respectively. In all cases, when
&B is smaller than 107> T, the polarization and the
alignment are kept umity. Thus the decrement of re-
activity # has a vanishing value as you can see In
Fig 6 The amplitude éB become greater than 107°
T. however, the polarization become neffective. We
show the amplitude of the oscilating magnetic field
with the resonance frequency to reduce the reactivity
by 10. 20, and 30 % in the external magnetic field By
in Fig. 7. The strong external field is found prefer-
able in order to gain the sufficient polarization effect.

10° 10°
>
= =
=
S
A -
= 1W0'F 0=
< —+
= S
= <
E 3
10’ AR B[
S

107 10

10°% 164 107 10
5B [T]
Fig. 5: Polanzation for deuteron and triton and

alignment for deuteron in a case of the external field
By =10 [T}

The frequencies of fluctuating magnetic field due to
the instabihty in tokamaks have been observed in a



lower range from the resonating GHz frequency. Thus
we conclude no effective depolarization in tokamak
plasmas due to instabiiities. For the current drive and
the heating, lower hybrid waves are applied, whose
frequency exist in GHz. If lower hybrid current drive
(LHCD) and heating (LHH) are applied, the plasmas
will be depolarized consequently.

0

.
o i

—
L

Decrement of reactivity | [%]

Fig. 6: Decrement parameter 7 versus the fluctuating
magnetic field.

o
G

Fig. 7: The amplitude of the fluctuating magnetic
field with the resonance frequency to reduce the re
activity by 10, 20, and 30 % in the external magnetic
field By.

3 Concluding Remarks

We have studied the kinetic model for spin-polarized
fusion plasmas. We have investigated the depolar-
ization in the plasma supplied with the perfectly po-
larized deuterons D and tritons T having the mag-

netic quantum number mp = 1 and mr = 1/2, re-
spectively. Especially, we consider the depolarization
mechanisms such as 1) spin-orbit interaction, and 2)
manetic waves. The following results are obtained in
the present research.

1. spin-orbit interaction

(a) The decreases of polarization are less than
0.1 [%] both for the deuterons and tritons.

(b) The decrease of thermonuclear reactivity
{ov) from the perfectly polarized plasina is

0.5 [%].
2. magnetic waves

(a) When the ratio of the amplitude of fiuc-
tuating magnetic field éB to the external
magnetic field By, i. e, §B/Bg, is smaller
than 1075, then the polarization effect is
maintained safely.

The resonance frequency with spin-
polarized fuel is estimated o be about GHz.
The frequency range of lower hybrid current
drive and heating (LHCD and LHH) is in
this range. Thus LHCD and LHH are m-
compatible with the spin-polarized fusion.

In this paper, though the effect of the binary colli-
sions by spin-orbit interaction on the polarization is
found neglegibie, the magnetic wave for current drive
and heating seem to damage considerably on the po-
larization advantages. Depolarization rates due to
inhomoegenious field and precise calculation of the
spin-wave resonance have been remaind for our fu-
ture study.
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Appendix

A Loss Term

We have considered the particle diffusion and the fu-
sion reaction as the loss mechanisms of ions {from the
polarized plasmas. For diffusion process, particles are
assumed to be trapped during the confinement time
15, which 1s made dependent on the particle velocity
The loss term due to the diffusion is expressed in the

form gpm 5pm
( 3 ) -2 (A1)
o art ()
where the confinement time is described by
v |7
(v} = 7 max[l. —] ; (A.2)
th

In our case, 7, = 4 [sec] and v = 4 are used in all
calculations.

The number of particles lost due to the fusion re-
action in the unit phase space and the unit time is
written

b (A.3)

X €m o m, T{Ur JUrd Uy,

where v, = |, — v5|. For the isotropic distribution,
we can rewrite the above equation:

afee o .
( t )DT—"a (va} S (va), (A.4)

where,

2r 0 .
IS ED Y ’[:_/ vs fy ")
my 2 <

X (/ fmambo(vr)vfdvr) dv;.  (A.D)

Therefore, the loss term for a species particles with
m, Is expressed by

me o (OFRN (85
Le*(v) = ( ot )dsz I ( ot )DT

Lot rn ()

(A 6)

B  Cross-Section for Spin-Orbit Interaction

We will calculate the magnetic field generated by the
motion of charged particle and the interaction be-
tween the magnetic field and the nuclear spin. Here,

we assume 1he non-relativistic and linear motion with
constant veloeity The vector potential associated
with the motion of the charged particle is

— g _

A= v . {B.7)

T 4mege?

The corresponding magnetic field is easily obtained
i the form

WV ox ?
gub

B =
(B.8)

Amepe?e?

where, 7 is the vector with the unit length in the
same direction as 7 x ¥ . Since the angular momen-

tum T 1S
m(T x )

= —mubn,

(B.9)

thus the magnetic field due to the motion of charged
particle is witten as

— q —

B = (B 10)

dmegcirim
The interaction between the magnetic field and the
magnetic moment of the nucleus is in the form

T —_— -

U=-m B, (B.11)
where p, denotes the magnetic moment of the nu-
cleus, which 1s written as

— §.€

o = 5. {B.12)

- 2y

The g factors of respective particles g, are 0.86 for D
and 5.94 for T. The spin vector operaters s for D
and T are

) YT +oyy 40 Z) for T
| As. T +s, ¥ +s,2) {forD.

The vectors T, . and "z indicate the unit vecors
for x, v, and 2 direction, respectively The matrices
o disignate Pauli’s spin matrices. The matrices s are
given as follows.

1 G 1 0
sr=—11 0 1

V2 0 1 @

1 g ¢ 0
Sy = —= i 0 1 ,

V2 0 7 0



1 9 0
o0 0
g0 0 -1

Thus the interaction is given

5, =

gieq — 3
=o—m 55 - 1.
Bregctmm,

(B.13)

Next, we calculate the cross-section of the spin-orbit
interaction by a use of Born approximation. The dif-
ferential cross-section of the transition from the state
m' to m due to the interaction U7 is given

dea m? ; =7 —
o f(m rexp{—ik’ -7 )J
2
U|m;exp(—i? - ?)d? (B.14)
Inserting Eq.(B.13) into the above. we obtain
do g2e2g? V( ; o7 —
= mexp(—ik’ T
Q" 26r R e 3eim? P :
T |2

m. exp(—i? - ?))d?

T’3
(B.15)

The spin vector [m) acts only on the vector oper-

ater & . One has to know {m’|3"|m)} for the possible
transition m’ to m, which is given below.

i1 R .
(517l = (7 +i7)
1. 1 N
5Ii-3) = S(@-iy)
(=151 = 0
— Ao .
o7y = —2(1‘ +iy)
— ho
A0 = (7 -i7)
CUFI) = w4
—1s = —=(T +i
\/-2- Yy
(-1]F11) = 0
OF -1 = SF i)
- = (7 —i
7 v
The transition from m’ = 1/2 to m = —1/2 is given
for instance
do gielq?

dQ T 1024x%z2chmE

— oy — 2
.'z*x(?ﬂy) fL;q_JF ,

(B.16)

Since the integration in terms of 7

— —_—— [
Fexp(—igT) — _ dwiyg
/—TB"*——dT = — qz y (Bl?)
thus we obtain
o= gie?q® ./’“ sin® @ o
76872cicim? J, sin*f
_gieand gy
48725 ctm?’ ’

where, In A 1s the Coulomb logarithm. Here we use
the relation

2

l?x(?—l—i?) 7

o)
2 . 2
2( sin @ )
=-|—==1]. (B.19)
3 4811:12%

2 ?XF
3’ q?

Giving In A = 20, the cross-sections of spin-orbit in-
teraction are presented in Table A Note that the
deuterons’ cross-section from mp = 1 to mp = —1
and wvice versa are zerc, that 15 not indicated in the
Table. The length r, denotes the classical proton ra-
dius expressed as

62

= B2
" dregcim, (B.20)

The spin-orbit cross-sections are small compared with
the fusion reaction cross-section.

Table A: Spin-orbit cross-sections

tritons 23577; by ions
2357r, by electrons
deuterons 9.867rr§ by lons
9.867r; by electrons

C  Transition Probability due to Magnetic
Waves

The spin state of nucleus changes temporaly by suf-
fering the fluctuating magnetic field. This changes
follow Schrodinger equation:
g

z‘ha—‘; = Hjc,.
Here, H;; and C; denote Hamiltonian matrix and the
complex vector of probability amplitude. Subscript
i and j stand for respective spin states. We assume

(C.21)

the uniform magnetic field ?0 in the z-axis and the
fluctuating part §B. Thus

B(t) = Bo(t) + 5B(1). (C.22)



Since = component of the external field 1s not assoc-
ated with the change of the nuclear spin state thus
oscilating field 15 assumed to have r and y compo-
nents i this calculation  Under this situation. Hamul-
topian matnx for tritons 1s given

g o ek By 8Br — i6By \
BECE 2m, \ 6B, 4+ 188, — Hy ]
and for deuterons
B J (6B, — i6B
g,fﬁ 1 ’ : \/5( y)
IIU :fg-— W((QB_T-l-léBy) 0
T 0 Lo (8 B2 +16By)

To solve Eq (C.21 ). the fiuctuating field should be
given in explicit form In this paper we suppose the
following oscilating field:

8B, (1) = 6B coswt. 8B, (t) = 0. (C23)
We are able to rearrange Schrédinger equation by
substituting the explicit form of Hamiltonian matri-

ces into. then

?hd’iilt/ﬁ _ *g;TBQF'I}’“Amp}z_kf_z(wwﬂpﬂ]ﬁ"1/3
¥]
dy_1/a héB "
dv, h éB
it — o ez(w—ﬂp)t+67z(u+ﬂp)t ~o
di 22 Ba "[ ’
d“»o h 5B -
Pl S LYo PRI O MR CE S T P
dt 2V/2 Bo p{[ '
. [€z{m—n},)z+f—z(w+np):]_}_1}
d=_; h &B
ih— P = ez(w—QP)t_E_E—z(w-]-Qp)t ~g.
dt '2\/5_80 0[ ’

(C.24)

To derive Eq. (C 24) we used these relations are used

T,
Cijz = ":’1,/2‘?XP(“‘EEOf)
i
€175 = Ll/gexp(*gEot)
i
¢, = '}lexp(—gb—ot)
o = Yo
i
c1 = ’)—1’3XP(—EEOT)
h
Es = —g‘e Bs. (C'.25)
mp

The oscilation of the exponential with w + @, and
w + 29, are much faster than those with w — Q,

and w — 28, the time average of exp(w + {2;)t and

exp(w + 28,)f reduces to zero  Therefore. approxi-
mated equations become.
0
%(éBI—iéBy) .
— By
SVE hoB .\ -2
h= —§B_UQ:>€L Ply_ip
Ldvege héB Cta—
=g = 5 BRIV
dy h &B
ih— - L o Ww—p)t
! dt 2\/280 pe o
d~g kR 6B
R — __ 70 —i{w—§k )
T 2/2 Bo ole o
+ ez(w—ﬂ,,lt‘_v_l}
C[‘\Ll h &B
it - _ =0 o —fk )t ]
N 932 By *° o

(C.26)

We calculate the transition probability for spin 1/2
for example. Waves interact the nuclear spin for the
small duration ¢,,,;. In addition. when é B /By is small
enough to keep unchanging in 7’s. the v’s in the R. 1.
S of the equation are safely assumed to be constant.
The solution to the above equation is

7 éB t,nt v
Yoz = 53_071/2./0 e~ Hw 2R gy
Tij2 6B 1— e~ (w=282p ) tane
=5 gt . (C.27
2 By 7 w— 20, ( )

Calculating the probability |y_1,2]%. and we obtain.

2 71/226329 ) Sm&v_@% 2
vyl = (g b)) " |

(C.28)



Because of the sharp peak at w = 2Q, in this proba-
bility, the transition process is considered as the res-
onance at w = 282,. Taking the limits using

. sin(i_lgl)r“—“‘ 2
L“%z{m—} —1 (€2
we obtain
Y1j2.4,08
|7—1/2|2 :( 2/ )?(3_0)2(th’:,“)2' (030)

In addition, since 4, = 1/€, and 7,5 then the tran-
sition probability per unit time becomes

Y12l l(ﬁ

2
ey Y1 Bo) Q,. (C.31)

We are able to calculate the transition rate for spin
I {deuterons). From the state mp = 0 to the other
transtion, we have the following rate:

lvol* 1 6B,
— o —{—=—)"02,. 32
tznt S(BO) i (C3)
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