Chapter 1. Fundamentals of Fusion

Reading assignments: Harms Chaps. 1, 2, 3, 7 Stacey Chap. 1,

1. Origin of fusion energy

A. Fusion energy production
1) Mass—-energy transformation

E,,, (heating)
—T>

—>
M;, (fuels)

E,,,. (Teaction energy)

—>
(N>

Matter - Energy
Transformation

eactor/generator, Mout (products)

(e.g.) Hydro-electric process

Chemical reactions (combustion)
Fission process
Fusion process

Total energy conservation including rest mass energy :
Eg,z+M; — E,+ My )
It \om=M,,—M,;, <0, then we can get E_,> E,, .
2) Binding energy for an assembled nucleus

Zp + (A—Zn — 44X + BE

where BE = [(Zm,+(A—2) m,)— mx] = —Amc? (2)

Im < 0 — Released energy (Exorthermic or Exoergic)
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3) Mass defect energy (or Q-value) of nuclear reaction
reactants products
atbh — d+e

Adm = (ma *me) - (ma + my), dm < 0 exothermic or exoergic

dm > 0 : endothermic or endoergic

Q= (—Am),c? by Einstein’s mass—energy relation (3)



Realization of energy production (Am < 0 ) by nuclear ractions
1 < A < 60 : fusion reaction

two light nuclei — new nuclei orn + Q
60 < A fission reaction

heavy nucleus + n — two lighter nuclei + ns + Q
For E,+E, K Q,

Qp=~ E,+E, = %mdvf,—k % m 2 (4)
By momentum conservation for reactions with center of mass at rest,
MyVyg = MU,
(M [ ™Mq
Ed_( md+ me )Qab’ Ee_( md+ me )Qab (5)

B. Interesting fusion fuels
1) 1st generation fuels
D-T : D + T — “He (35 MeV) + n (14.1 MeV)
Highest o0
T-breeding is needed

Radioactivity of T ( B emitter, 12.3 y), n activation and damage
T-breeding -

®Li + n(thermal) — T + *He + 48 : 742% of natural Li

i+ n(fast) = T + *He + n' - 25 : 9258% of natural Li

10 T ll}lllrl T |lll||l| 1 |II|||I1 T T rI0T

T TTTTT
[

TLi(n, n'a)T

1

T T
el

o)
i

'
1l

CROSS SECTION, barns

THRESHOLD FOR

TLi(n, na)T k %
v oassul 1 | 1.2 | L1t diay

ol 1 ~3 0 100
[ 200 TR
NEUTRON ENERGY, MeV

o
2
o[ i

o

. . 7 .
Gross” Fig. 2.1 Reaction cross sections versus neutron energy for the “Li(n, a)T and Li(n, n’,

i iti arn = i0°2%
a)T reactions used 1o manufacture tritium. One barn
m.

2) Advanced fuels
ODp: D+D — TQ +p 3

: Cheap, Limitless,
(D-Dn: D+D — °He (0.81) + n (2.44)

Wide distribution

D-"He: D + °He — “He (36) + p (146) :
/!
10% in regolith

No n activation,

Direct conversion,



3) Exotic fuels
p—GLi I p Tt i - "He +°He +4 : Low activation, No n,
p—nB L p Tt B — 3'He + 87 Direct conversion
¥ Semi-catalyzed D-D : (D-D) + (D-T)
5D — 2n+p+3He+4He+24.9
% Catalyzed D-D : (D-D) + (D-T) + (D-"He)
6D — 2 (p - n + He) - 431
No T-breeding, Higher T, , Lower P, than D-T
(cf) Natural fusion in terrestrial conditions (Nucleosynthesis)
p+p = D+ BT+ v+ 1.2MeV
4
p+ D — *He+ 5.5

SHe + *He — *“He + 2p + 12.9 p
& N
*He + *He — "Be + 1.6 o 7T BN
““-—i-ﬂ*‘
Be™ B~ — Li + 0.0 N N
v 1
. 15({ tP
Carbon cycle : 4p — *He + 2B + 2v + 25.1 MeV A 14,{,’
P” BN

(closed fusion cycle)

>1—-.150/hp
C. Promise of fusion p*

Harms Fig. 1.3
1) Energy demand
Ancient - 1750 © 5 Q 1 Q = 10" Btu
1751 - 180 : 2 ~ 10" J =317 TW/yr
1851 - 1950 : 4 ~ 4x10" t coal
1951 - 2000 : 15 * 2500 Cal/day =~ 10" J/day

>~ 120 W to sustain life
* Energy consumption in 1975 =~ 025 Q =~ 8 TW

1994 11.7 TW (fossile fuels : 87 %)
2050 ~ 50 TW
2) Energy resources
Recoverable fossile fuels :
Coal 53 Q
Oil 12
Natural gas 13
Oil shale, Tar sand 3 Total 81 Q
Renewable resources —-- Limited
Solar, Wind, Tide, Wave, Hydroelectric, Geothermal, Organic waste,
Biomass
Fission fuels :
U 10 Q U, **Th 10° Q

Fusion fuels :
Li 10° Q (land deposit)

10° Q (sea water - 0.17 ppm of T)
D 10° Q

* Inexhaustible large-energy options :
1) Solar energy 2) Fission breeders 3) Fusion



3) Advantages of fusion energy
- Essentially limitless, cheap, widely-distributed fuels

D : 1/6500 ( =0.0153 %) of sea water (10" tons)
1 liter water = 300 liter gasoline
- Lack of radioactivity and environmental problems
- Reduced danger of diversion of weapon-like materials
(None of materials subject to the provisions of NPT)
- Inherent safety against destructive runaway (nuclear excursion)

- Multiple end uses
(Direct energy conversion, Fusion-fission hybrid, RI product,
Fuel synthesis, neutron source, waste treatment, etc.)

* Drawbacks
Large unit size for © GWe — Large investment

2. Physical characterization of fusion reaction

A. Fusion reactions
1) Requirement for a fusion event between two colliding nuclei

UR) = D% _ Z25E 47 ey Isive Coulomb
s = e BT e r, © 042412 eV . repulsive Coulomb force
g Tunneling (quantum mechanical effect)
.. = |
> a
|
g & i
0 0 : Harms Fig. 2.1
£ R, +R, Distance, r
§ 5 = R,~ R,(A}® + AY®)
0 =
e § R,= (1.3—1.1)x10"®m (proton radius)
i
attractive nuclear force

Kinetic energy of nuclei in center of mass system for a fusion event
Eon > U(R,) = 04 ZiZ> [MeV ] 6)
where
_ 1 2
E, = 9 My

_ MMy .
M= m, reduced mass (7)

v=|v,— vy . relative velocity
% Even where Eon < U(R,), there are some fusion events due to
barrier penetration by quantum mechanical tunneling effect.

Pr obability( tunnneling) o< % exp ( -X % )



2) Fusion reaction cross sections
Beam-target collisions (Binary interactions)

. nE For fixed target
v, E 5 m=m;, U=, E = mwi/2
n? For moving target
z m= m, v=|v;—vy], E =Emnm
o ? ol
n
dn]_ = - 012(E) nlnzdx (8)

Fusion cross section for low energy Eon < U(R,) by quantum mechanical
tunneling process

00(E) = 4¢P Gamow theory (1938) )

where A = const, B =21 mrl/ 7172 €/h €, (¢f) Gross TABLE 32
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. DOlan‘ Fig. 2C1 l‘facuon wnll]‘ ‘u”"’p‘ﬂ} cross-section g for
Cross-section oy for various fusion Coulomb collisions Seatt
reactions as a function of kinetic energy £,z 16 5
(m, v=)i2 of the relative motion of the colliding Oaa = 107 cm
nuclei. ~ -15
Oca = 10

Oee = 107" (e-H)
Oir = 10" (e-H)
0 = 10%° (H-H)
Notes)
i) For E < 100 keV,

Op_r 2> Op_p> O p sy,
i) 0fgom = Ol barn), 0yp = O0(10%barn) at E = few 10 keV
iii) Oscatt > 100 Obr
= loss energy > fusion energy
=  Fusion by beam-target collisions are not proper for
practical energy-producing fusion reactors



3) Fusion reaction rate parameter (or reactivity or 0— v parameter)
<> = [ [ filo) fv) ool doid’vs (10)

For beam-plasma <ov>, as functions of beam energy in various plasma
ion temperatures,
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From calculations based on the theory (9) in (10) under two Maxwellian
distributions of species 1 and 2 with T < 25 keV,
<ow>pr & 3710 °kT) P exp(-20/(kT)°)  m%/s (10)pr
<ov>pp & 23x10°(KT)  exp(-188/(KT)"*) (10)pp
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4) Fusion reaction rate (density)

Differential reaction rate per unit volume by Eq. (8) :

dR,, = %(—dn} = dndny0,,(V)v

(11)
Where dnl = nlfl( 1)1) dBU]_, dnz = nzfQ( vz) d37/2
f1, fz = normalized distribution functions
Total reaction rate :
R12 = n1n2<00>12 (12)

where the fusion reaction rate parameter is

<> = fv fv 012(71)'1) fl( vl)fz( vz)d3U1d3U2

Notes) 1) Riz = nme<ov>p }
p = nkT

= Rp oc <>z / (KTF at a given p

6 T T T T I

<av> <

(kTj)* . 0D (10°m™/J?s)

b1
A S AR
Approximation formula :
3tk - <ow>pr / (kTF =~ 41x10° m%/Js
for 8 < 1_(’1‘ < 25 keV
oL [0T07 /2 -s) <o>pp / (KTF =~ 40x10° (30 keV/T)"?
i for 15 < kT < 70 keV

!1 ] , , Dolan’® Fig. 2D1
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ii) Fusion power density : P;= R;Q (kD)
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p-"8 1 ¢ Fusion power densities as a
I AP function of temperature. Values are nor-
I 7 46 10 20 (0G0 100 malized to the maximum obtained for DT
I{keV| —= reaction at T = 13.5 keV.

iii) For a given pressure
(Riz)max occurs at kT = 13 keV for DT

15 for DD

60 for D°He
iv) At given T

Rpr = 100 Rpp



v) At given T and p (constant plasma ion density n)

2

Rpp= ’fT<ou>DT for 50%-50% DT
2

Ry = ”7<ov>DD for DD

= Rpr = 50 Rpp

= D-T reaction has less severe conditions of T and P

than D-D reaction

= 1st generation reactor = D-T reactor !

5) Fusion power density

= Rate of energy density released by fusion reactions

PIZ = Rlef: n1n2<00>12Q12 W/m3

2
Py, = %%<OU>DDX 365 MeV

o137 3
~ 3x10°°" #? W/m° for 10 keV
-35
10 n’ for 100
Nph
Ppr = — 400> pr x 176 MeV
=~ 6x10™° npny W/m® for 10 keV
34
5x10 Nph T for 100
IOIB
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Note) Expected optimum operation density

Design value in fission reactor core : 20 ~ 60 M wW/m’
For a fusion reactor of L = 3 m & Pu = 10° kW s

Por = Pw/I° = 40 MW/n’
= np = 10°~10" m® for 10 keV

(13)



B. Coulomb scattering
1) Collisional processes in laboratory and center-of-mass(c.m.)
reference frames

Type of interactions between charged particles in plasmas -
Weak, long-range, collective Coulomb interactions of many particles (Ap < L)

Accumulation of small-angle scattering (Coulomb collisions)
= Large-angle deflection (Collective behavior)

Consider an elastic Coulomb collision between a test particle (1) and
a field particle (2)

Lab. reference frame c.m. reference frame
Conservation laws :

miv; + myvy, = myv; + myv, | momentum
mivt + mavs = mw,?+ my,? : energy
= V =V’ | cm velocity is unchanged by collisions
v | = |v’ | Magnitude of relative velocity is unchanged by collisions,
although its direction is changed.
where
R mv+ myv . .
V= AR _ U T 0, : c.m. velocity
dt m,+ my
v= v — vy > relative velocity
r=1r— 17 . relative position

Equations of motions :
In lab. frame,

Fo=m dz”l _ 0105( 71— 73)
12 = ™ =
dt? dne,| ri— 7y |3
Fo=m d’ 7 — 0,19 rp—17y)
12 2 dP dne, | r|— 7y | ®

In cm. frame,

&R

(m, + m,) ;7 2 0 . constant c.m. motion



2
r% = Zﬂigi | :l 7 = C?r . relative motion (14)

mym
where m, = ﬁ
1T My

reduced mass
Note) (14) describes motion of a single fictitious particle

of (reduced) mass my, (relative) velocity v which is changed
only direction, but not in magnitude.

Relationship between ©,(measured in lab.) & © (calculated in c.m.) :

m
cot6, = —LcscO,+ coto, (15)
my
Notes) m<<m ! O, = O,
m X m ! O; = 90/2
m >>m : O, = (mym)O,
Transferred energy from 1 to 2 in a collision
AR 4m1m2 .9 O ¢
——*5 sin (16)
E, (my+ m,)? 2
1 ’2 v
where AE = gml(v%—vl ) = E(1- 7 )
Notes) m1 << m2 AE << E,
m T m . AE = E,
m; >> me AE << E,

2) Coulomb scattering cross section

(or Rutherford scattering cross section)

From Eq. (14), binary Coulomb collision can be treated as the scattering of

a particle m; with v by a fixed center of force (Rutherford-type scattering)

de = 2nxde = SR = 6 Mt do

Harms Fig. 3.2
.} _ qlaz) 1 _ C 1 _ K
tan( 2 ) o (41180 mTUZx o mrvz X - X (17)
Notes) 1) 77 ii) AQ“"&/
> JI - -I‘:’Jac
* Ag =zxddx
6.1 as x |

A2 =10 2mbde



Since particles passing through a geometrical annular area dA = do, = 2nxdx
will be scattered into a solid angle d? = 2rsin®_d0,, we can expect that
dog o d .

From this relation, the differential scattering cross section for scattering
into (6., 6. + dO.) is written as:

do. = Z;s = 0,(0,)d? = 0,(0,)21sin0,d0, = 2uxdx (18)

Then, Coulomb cross section (Rutherford scattering cross section)

can be found as

, _ dog, xdx
090 =" = “sine.do,
(18)/; 1 ( C )2 1 _ K* 1
4\ ma?| sin*(6,./2) 4 sin*(6,./2)

- el

16me, m v* )2 .0,
9 sin 5
> Notes)
¢’ For 'head-on’ collisions (6, — =, x — 0),
g Harms Fig. 3.3 0’ (©,) = K?%/4
? For ’'glancing’ collisions( 6, — 0, x — o),
§ 543 ___________ 0’ (6, — o mostly small-angle scattering
5 : by long-range Coul. force
0 n

Scattering Angle, 6,
Total scattering cross section :

o, = foos(ec)a@ = Zth [4sm4(9 2
szoﬂ cos(0,./2) &, = anzf‘“("/Z) d(sin6)

sin® ,.do ,

- sin3(0,/2) n©../2 sin’0
0 in \172
= nKz{[sin( énm )] —1} (20)
where 6 _;,, follows from the inversion of Eq.(17) for x = A, :
O = 2tan_1<}\£) (21)
D

3) Effective Coulomb scattering cross section
In a single encounter, a large—angle ( ©. > 90°) cross—section is

06,5909 = w4

x’ﬁl _ (g,99)* 1.6x10~* 2
T Xy o a(degma®)? T EXkeV) m ()

(17) for © /2 = 45°




Effective large—angle deflection = Cumulative multiple small-angle deflections
due to long-range collective interactions
with charged particles in Debye sphere

+ A single large-angle deflection
due to a close encounter ( in Ap )

by a binary Coulomb collision
Deflection angle for a single small-angle scattering :

2¢145

17 = AO =
an ¢ dne ,m 0%

- o

By calculating a mean square deflection of test particle traveling
in plasma with scattering center density #,

(062 = fAAeef"“(A 02 f(20,d(20)

mi

where AO,_,, = 41(]2/2T[80m71)2xmin

— 2
Aemin - q1q2/27[€omrv X max

f(26,d(26,) = nyL2nxdx :# of collisions resulting in A6,
SokﬁZé

1/2
3 ) . Debye length of 2
nyds

Here, x,.x = Ap = (

Xmn = %90 = | @109 | /475807”#)2 = | qq5 | [ 12ne kT,

the effective Coulomb scattering cross section can be found :

_ 1 _ (‘1102)2111/\
Os,eff = ”27\3 - 2n(80m,112)2 (26)

where A = ln( % mex ) . Coulomb logarithm
Notes)

-2
1) 05 = % m? for Z=1 & InA=20 _

~ 107%%* InA / THK)
Os.eff > Opr = O scatt = 103~104ofus
(e.g) 04 = 10* barn (H*+ H' at 10 keV)
opr = 107 barn  ( at ~25 keV )

Scattering
Cs

102 |

-

o
=]
T

Fusion
Cat

Harms Fig. 3.5

Cross Section, o (b)
3
T T

o _Multi— coll. _ Ovef _ _ 2 S e
1) ¢ = o =8 InA = 0(10) 10/ 10 102 108
Slngle CO”. Os(ec> 90 ) Particle Energy (keV)

iii) For high T, o0g o v?o T7 : collisionless plasma
(eg) n=10"m? T =100 keV = A= 10°m, vi= v/As = 10 ~100/s



4) Characteristic scattering (or confinement) times
a) Mean collision (or scattering) time
= Momentum relaxation (transfer) time
= Particle confinement time

P _ _ P
dt T,
}\'S
T, = —*%

v

In c.m. reference frame,

- N2 1
s12  p pe0, gV
2V s, eff
. onemio®  2my/ m,ei(3RT)%? o
nz(qqu)zlnA nz(qqu)zlnA
where
o, =~ 6, for m; < m, (rs)L e (rs)c
ec/z ml - mz = 2(TS)C
(my/my)O, my > my (mq/my)(7y),
) 2 1/2(kT )3/2
e — ) — \/_ €My, e 28
Te (Tsa)r 6V 3z Zn e*ln A (28)
TS/Z(I{) TS/Z(keV) T’i/z(eV)
~ 5_ e M ~ 16_—e \"&V/ ~ 11_~e \®¥¥V/
At U my Uy ry Y\
eiy — 1 _g_nJnA . . . ] .
v, = (19 ~ 5x10 TR mean collision time between e & i
) ) T. 3/2 S\ 1/2 T. 3/2 )
Tee ,L.ez: ’L'” Tze — 1: L(_l) . L?’ ﬂ 7 . LZ ml
¢ ¢ ¢ Z\T, Z°\m, T, 7 m,
For Ti = Te = 10 keV, Z =1, n,= 10% m™3,
Tie:Ti":r"c":r"lezlzﬂ:mi (29)
me me
~ 1074:107%: 1072 1 (sec)
b) Energy confinement time
= Energy relaxation (transfer) time
= Temperature relaxation time
= Equilibration time
dar _ T, — T,
dt Ty
1, ® 12 = (# of collisions required to transfer all energy)

eq
x (mean collision time)

_ 1 o2
(AEJE), "¢

where energy transferred in a large-angle scattering in c.m. system is



2m,m
— =212 x 2my/me for mi << mo

2
E, /, (m,+ m,)
1/2 for m; = mp
2mo/my  for my >> me
Then,
ee . ee . et 2 A~ A~ ? ee
TE~TC ~Tc, TE~TC~ m TC ,
e
et 2 et e ) et
1% ~ —Lt 1 T% =~ T
E c E c
me me
ee . i er e . z . 3 . z
T T T T =~ 1 : T — (30)
E E E E
m, m, m,

~ 107%:1072: 1 : 1 (sec)

~

C. Radiation power losses
1) Bremsstrahlung (Braking radiation or Free—free radiation)

Mainly due to electron acceleration or deceleration in e-i collisions
since radiation fields( P,,,= E,.;,xH,,,) exactly cancel in e-e or i-i collisions

due to oppositely accelerated particles.
Assume small-angle Coulomb scattering. Preore conn — Pagier con = Pshoton

Photon

-
Mg
Electron
$fixed Jon
> ’
Harms Fig. 3.6
dv ‘ Ze* — dv Ze*
~ = = ~
2 ¢ dt dme ,mx*

x . .
At on = » < 1 , otherwise continuous spectrum

Power radiated from a single e-i collision

P — 1 q2 dv ‘ 2 — Zzee
rad GTESOCB e dt 961’[383037%22964

# of collisions per unit volume of #z, with #; in do during ¢,

dN = nn;dovt,, = n,mn;2nx’dx

Total bremsstrahlung power density at all impact parameters x
Zbnn; fhv_’w dx

xmax

P, = f P dN= —— et

o tow Br*edctml Jnimp &
k .

in = N wBoge = h/AD Since AxAp=h

v=V8T./um, % tin

>/ 725 )
L S = A ZGTY Wi

(35)




where A, =~ 4.8x10°°" in keV unit for k7,

1.6 10°%  in eV unit for k7,
Notes) In fusion plasma, soft X-ray range of brems. can penetrates

thru plasma (0,< 0y) = ,Optically thin (transparent)
& Serious energy losses

2) Cyclotron radiation

a = ’1)2/7"L = 7’Lea)zce = vJ.eeB/me = Pmd = Pcyc = nePrad

P.,.= 6.2x10 "Y' B*n [kT,(keV)] W/m’ (36)
~ 15 MW/m’ > Py

Notes)

Optically thick(opaque) to fundamental frequency (IR, MW)
Losses at harmonics = 102~10" Pye — reflectors

3) Line (Excitation+Recombination) radiations from impurities

(bound-bound, free-bound)

— 274 —4
P,-mp=5.4x10‘37nenz(Zz(kTe)“2+ 38078 | 8.6x10 77 ) W/m®  (37)

(kT e)l/Z (kT 6)3/2
T
o +.
{onieas: f‘:b ‘“‘:;"
= Cong?
(z Con,
=le
>t

Homework :
Harms Chap.1 Problems 1.3, 1.5, 1.8
Chap.2 2.2
Chap.3 3.3, 3.4, 3.5, 3.7
Chap.7 71, 74, 7.6



