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Nuclear cross section depends on the polarization of the Deuterium and Tritium
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DT cross section increases by 50% for fully polarized nuclei
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The burn parameter Hy decreases as the reactivity increases
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Ignition conditions for an isobaric hot-spot configuration (Multi-1D simulations)
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Polarized nuclei implies an extension of the ignition region in the p, R, - T, space
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The angular distribution of the fusion products also depends on the polarization

- =
Doy + Ty, *HE 3 N+4He  do/dQe3asin2®)+(2b/3+c/3)[1+3cos ()]
- _ _ _
a=dt,+dt b=d, c=dt+dr,

c=(32a+b+c/2)c,=00,

d, = 1$ $t =1
do / dQ « sin?(6)

do / dQ « cte
isotropic

do /dQ o« 3sin%(0) + [ 1+ 3cos3(0)]/3
R.M. Kulsrud, H.P. Furth, E.J. Valeo and M. Goldhaber Phys. Rev. Lett. 49 1248 (1982)



Non-isotropic angular distribution does not modify the ignition condition by itself
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The effect of the non-uniform [sin?(0)] angular
distribution has been analyzed neglecting the

increased cross section (always & = 1)
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2D-DUED code with a 3D Monte-Carlo alpha particle
package accounting for the angular distribution has

been used to analyze if the anisotropic angular
distribution could affect the ignition condition.
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No significant modification of the thermonuclear
power and ignition energy threshold when the non-

isotropic sin?(0) angular distribution is used by itself.



1D numerical simulation of a direct-driven target
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Gain versus peak laser power and absorbed energy

= =

5
Dy + Tg, He s
... T

200 P... =230 TW

P[TW]|

100+

100

a)o=1
FWHM = 1356 um

E, =498 kJ
E,. =311kJ

1 En=220MJ
G, =44

time |ns]|

e 3=10

- T T T T T
140 160 180 200 220 240
P_. |TW]

n+4He = o=350c, unpolarized DT =6=1

200 250 300 350
E,. [kJ]

=1 =G, =44,
P*=215TW, E* =290 kJ



Gain versus peak laser power and absorbed energy
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The gain G increases nearly linearly ( oc 8°°) with the polarization factor 6

-y .
5 4 = o =08c,; fully polarized DT=86=1.5
Doy + Ty, He 3, n+°He o UIYP
-
#)3=1 {pys=15 =1 =G, =44
FWHM = 1356 um 1 FWHM = 1356 um : P* =215 TW; E* =290 kJ
2004 P..=230 TW 4 P,.=175TW
E, =498 kJ 1E,.=422kJ
— E, =311kJ {E,=269kJ
E 1E.=220MJ 1 E=269MJ
g |Gm=4 1G,.=64
] o0=15= Gmax =64;
100- - P*=170 TW; E* = 250 kJ
- 1 The maximum gain G, o 8°° as found by
M. D. Rosen, J. D. Lindl and A. R. Thiessen
Laser Program Annual Report UCRL-50021-83
0 o 5 0 S 5 Lawrence Livermore National Laboratory
time [ns]| time [ns]| 70
100+ ' .
’,.
10+
60 .6
G G, &8
14 Gmu J""
r".”’
50
”'
0.1
-."
Ce5=1.0 ]
ik i : '8I=l.5 40— 1 T T T T
140 160 180 200 220 240 L I 14 L 1A 15
P.. [TW] 5



Absorbed energy (oc 894) and peak power (ocd9-) thresholds reduce by about 15% and 20%
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Summary
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Fusion Reactor Plasmas with Polarized Nuclei

R. M. Kulsrud, H. P. Furth, and E, J, Valeo
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Nuclear fusion rates ean be enhanced or suppressed by polarization of the reacting
nuclei. In a magnetic fusion reactor, the depolarization time is estimated to be longer

than the reaction time.

PACS pumbers: 52.50.Gj, 25.50.-8, 28.560.Re, 52.55.-8

Recent technological developments''® have
made possible the generation of polarized gases
in quantities of practical interest for the produc-
tion of polarized fusion plasmas. The dependence
of nuclear fusion reactions on nuclear spin® sug-
gests that polarization of the reacting particles
may be advantageous in providing control of the
reaction rates and the angular distribution of the
reaction products.

The large cross section for the reaction D(T,
n)*He at low energy arises primarily from a J
=%" resonant level of *He at 107 keV above the
energy of the free D and T nuclei.* At low ener-
gies, the reaction occurs only in the I =0 state,
so that the angular momentum must be supplied
by the spin of the D and T nuclei. Since D has
spin 1 and T spin %, their possible combined
spin states are S=% and %¥. The reaction is due
almost entirely to interacting pairs of D and T
nuclei with.S =%. The statistical weight of this
state is 4 while that of the S = § state is 2. Thus,
for a plasma of unpolarized nuclei, effectively J

do  fo

de ~ 2n

[%a sin®0 + (§b + §c¢) ( 2

-

(4//)-3+3 coszﬂ)}

where ¢ is the pitch angle relative to B. If all the nucl
* = 3 : 2 2 L

only % of the interactions contribute to the reac-
tion rate.

We consider now the case of a magnetic D-T
reactor where the fractions of D nuclei polarized
parallel, transverse, and antiparallel to B are
d,, d,, andd., respectively, while the corre-
sponding fractions of the T nuclei are{, and /..
Then the total cross section is

o=(a +-§-b + %C)ﬁ)u + ('32'6 + %‘c)(l "f)‘]'c’ (1)

wherea=d . +d.t., b=d,, c=d.t +d.l,, and

fo, is the cross section for the §* state. The
magnitude of f has been estimated at about 0,95,*
but may be greater than 0,99.% (The remainder
of the cross section is aseribed to a §* state
that lies 3 MeV about the £ state.) For an un-
polarized plasma, ¢ =b =c =% so that o =§0,. On
the ott_1_er hand, if all the nuclei are polarized
along B, thena =1, b =c =0, and o =f0,, so that
the enhancement of reactivity is 3/.

The resultant angular distributions of the neu-
trons and @ particles are

@)

ei are polarized parallel to _ﬁ, the an

gular dis-
£ _nnla aTh AnsS ae 1o H nen

The statistical weight of the J = 3/2 state is four
and that of the J = 1/2 state is two, so if the Dand T
nuclei are both randomly polarized, the probability
for the colliding system to be in the I = 3/2 state is
two-thirds. An immediate consequence of this is that
if it is ensured that the nuclei come together with
J=3/2, the effective cross-section is 3/2 times the
unpolarized cross-section. One way to accomplish
this is to align all spins of both the D and T nuclei
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Static and dynamic polarization of HD
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Abstract

The static polarization of HD samples has been achieved using “*brute force”™, for HD samples purified by double
distillation. Proton polanzation in excess of 60 % and deuteron vector polarization higher than 14% have been reached.
It has been demonstrated that the ageing technique allows to get relaxation times at 1.3 K and 1 T larger than a week. [t
is advocated that the conventional dynamic polarization of HD should be feasible for the proton and the deuteron
contained in the HD molecule. This would simplify considerably the machinery presently necessary to perform nuclear
physics experiments with HDY targets polarized by the static method.

) 2004 Elsevier B.V. All rights reserved.
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BF polarnzation s achieved by putting a sohid HD
" W sample m a strong static magnetic field at the lowest
Towards the polarization of DT molecules achievable temperature and waiting long enough to reach
S. Bouchigny, J.-P. Didelez* the equlibnum polanzation which depends solely on the
IN2P3, Institus de Physique Nucléaive, Orsay, France nuclear species magnetic moments. With commeraally
Available online 21 February 2007 available dilution refngerators (10mK) and superconduct-

mg magnets (15T), the BF polanzation of H could reach
90% and the D vector polanzation exceed 30%. Equip-
ments for produang BF polanzed HD targets are existing
at the IPN Orsay (France). A detaled description of this
material has already been pubhshed [5]. This comprises
essentially a Dilution Refnigerator: 10 mK-13.5T, in which
HD targets are statically polanzed; a Transfer Cryostat:
4K-0.35T, allowing to remove under a small holding field
and at low temperature, the targets from the Dilution
Refngerator to put them mto, for example, a vanable
temperature Storape Cryostat: 1.5-20K-2.5T. However,
the preferred geometry for such a system 15 of cylindncal
type, the target being kept polarized within an axal field
produced by a superconducting coil. There have been
studies for Magnetized Target Fusion in a cylindncal
geometry [6], but sizeable target radn of the order of cm are
necessary to reach the fusion conditions. Such large targets
cannot be kept at the very low temperature of a Dilution
Refnigerator (10 mK) where the cooling power 15 in the
range of a few p W (1 cm® of Tritium produces several mW
of heat power by intrinsic radioactivity). Therefore, the
maximum possible polanzations reachable by the BF
method for DT molecules would be low and the gain not
worthed the pam. In fact, the mam advantage of the DNP
compared to the BF method 15 the possibihty to work at
temperature and field conditions close to | K and 25T,
where the coohng power can be of the order of mWs.



High level of *He polarization maintained in an on-beam *He spin

filter using SEOP
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ABSTRACT

Maintaining high levels of *He polarization over long periods of time is important for many areas of
fundamental and particlebeam physics. Long measurement times are of ten reguired in such experiments,
andthe data quality is a function of the *He polarization. This is the case for neutron scattering, where the
*He can be used to analyze the spin of a scattered neutron beam. For neutron scattering, the relatively
small fluxes of polarzed neutrons lead to expernment times longer than several days. Conseguently, the

capable of polarizing the *He gas in place on a typical neutron instrument. With the polarizer we have
constructed, a very high level of *He polarization of 80.4% & 1.5% was obtained and maintained with good
time stability. Having such high levels of polanzation that are stable over time will reduce the
measurement times for such expernments and eliminate time-dependent data corrections.

& 2010 Elsevier BV, All rights reserved.
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Nuclear Spin-Polarized Fuel in Inertial Fusion

Richard M. More
Lawrence Liveymove National Labovatovy, Livevmore, California 94550
(Received 1 February 1983)

This Letter examines the possibility of using spin-polarized DT fuel for inertial-con-
finement fusion, Analytic models and estimates are developed to determine whether an
initial spin-polarized state would survive target irradiation and implosion. It is found
that collisional depolarization cross sections are not large enough to give significant de-
polarization, and that the short duration of inertial-fusion implosions precludes spin
resonance for magnetic fields that can be reasonably expected in the target fuel.



Dynamic Nuclear Polarization

Dynamic nuclear polarization (DNP) results from transferring spin polarization from electrons to nuclei, thereby
aligning the nuclear spins to the extent that electron spins are aligned. Alignment of electron spins at a given
magnetic field and temperature is described by the Boltzmann distribution under the thermal equilibrium.

When electron spin polarization deviates from its thermal equilibrium value, polarization transfers between
electrons and nuclei can occur spontaneously through electron-nuclear cross relaxation and/or spin-state mixing
among electrons and nuclei. On the other hand, when the electron spin system is in a thermal equilibrium, the
polarization transfer requires continuous microwave irradiation at a frequency close to the corresponding

electron paramagnetic resonance (EPR) frequency

mg =+ 1/2

AE=E412-E12

mg = - 1/2

By=0 By #0 Magnetic Field
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Deuteron polarization of solid DT

P. C. Souers
Chemistry and Materials Science, Lawrence Livermore Nativnal Laborarory, Livermore, California M550

P. A. Fedders
Deparrment of Physics, Washington University, 51, Louis, Missouri 63730
[Received 31 March 1989; revised manuscript received 16 November 1989

Yanous possible means of attaining o large nuclear polarization of deuterons in solid desterinm
tritide (I¥T] for use as a hvdrogen-fusion fuel are considered. Tt i noted that dynamically polarized
nuclear targets have reached only 409 polarization for devterons despite there heing no theoretical
limit. In contrast, protons have been polarized to almost 100%. We consider dynamic nuclear po-
larization wsing both electrons as the pumping source (EDNP) and nucles INDNP)L Most polarized
targets have worked by EDNP thermal mixing. If protons are present, they bleed off part of the po-
larization intended for the devterons, In a pure devterated material, the smaller douteron magnetic
moment has so far prevented adequate nuclear cooling. The method most likely to work is the
EDNP solid-seate effect, which requires a narrow ESR spectrom for the atoms in solid DT, Should
the tritons be polarized, their polarization can be transferred to the deuterons. Using NDNP
thermal mixing, again, only 40% deuteron polarization is obtamed. Using the NDNF sohd-state
effect and many polarization cvcles, over 909 is achieved. The calculations offer optimism regard-
ing dewteron polarization as far as the state of present knowledge of the properties of solid DT is
concerned.
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