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Alfvén limit in fast ignition
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Fast ignition inertial confinement fusion relies on rapidly heating the compressed fuel to ignition using a
laser-generated electron beam. The current required far exceeds the Alfvén limit, so it can only propagate while
the plasma provides a nearly coincident return current. The resistive decay of the return current is shown to be
too rapid for the originally proposed scheme to work. Possible solutions to this problem are to increase the
mean energy of the beam, to heat the fuel to a higher temperature by lowering the beam radius and duration,
to use multiple beams, and to use an annular beam. Considering the laser wavelength required shows that
increasing the mean energy and number of beams are the most practical solutions.
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The fast ignition scheme for inertial confinement fusionrent, and as the electron beam enters the plasma the initial
proposed by Tabalet al. [1] relies on rapidly heating the charge separation will draw an equal, almost coincident, re-
core of the compressed fuel to ignition using a laserturn current from the plasma, giving a net current very much
generated electron beam. This has advantages over the cdawer than the forward current. However, the return current
ventional scheme of a spherically converging shock wave ins in turn opposed by the effect of collisions and separates
that it could achieve the higher gain of the isochoric modelfrom the beam current due to their mutual repulsion, giving a
over the isobaric moddP], that it does not require a high net current that increases in time. This means that a current
degree of symmetry, and that it could have a higher effithat exceeds the Alfvén limit can only propagate for a limited
ciency. Alfvén[3] noted that the main limiting factor on the time. In this Rapid Communication an upper limit for this
propagation of an electron beam in a conductor is the selfmagnetic inhibition time is derived, which corrects a previ-
generated magnetic field, which acts to turn the electronsus derivation[4], and it is used to reconsider the beam
back towards the source, limiting the current to a value of theequirements for fast ignition.

order of The simplest model for the plasma return current is the
basic Ohm’s lawE =7, whereE is the electric fieldj, is
J.= 4_7Tp (1) the plasma current density, angis the plasma resistivity.
AT eug The use of this equation in the context of laser-generated

o ) electron transport is discussed in some detail by GlirjSky
known as the Alfvén limit, where is the electron charge and |; 35sumes that the dynamics of the plasma electrons is domi-
p is the electron momentum. The current required for fastaied by collisions. This is an adequate approximation pro-

ignition is given by vided that the plasma electron density is much greater than
ek, that of the beam. This is certainly the case in the compressed

=, (2 fuel, but it may not be the case near the region where the

Kty electrons are generated, which will be at the laser critical

density. As the beam current is much higher than the limiting
value the beam current densjtynust be almost exactly bal-
anced by the plasma current density, so we canj yise-j.

wherekK; is the total electron energ{k) is the mean electron
energy, and, is the beam duration. Fast ignition requires a

minimum energy for ignition, a maximum mean fast eleCtmnSubstituting the resulting expression for the electric field into

energy, to ensure that_ the electrqns stop in the core, and l—aaraday’s law gives the growth rate of the magnetic field as
maximum beam duration, to avoid expansion of the core,

therefore it requires a minimum current. Tabekal. esti- JB
mated these parameters to be 3 kJ, 1 MeV, and 10 ps, re- i V X 7. (3
spectively, for a deuterium-tritiungDT) fuel density of 3

_3 _3 .. . . . s
X 10° kg m™3 (300 g cm ),_glvmg a minimum ignition cur- Assuming a constant resistivity and a constant current den-
rent_of 03 GA. More detailed calculations by At;e{ﬁ] put sity, we can estimate the magnetic field from E8). to be
the ignition energy at 18 kJ and the pulse duration at 20 psg _ 7it/R, whereR is the beam radius for a cylindrical

increasing this value to 0.9 GA. The Alfvén liMiEq. (1)]  peam. The net curredt, is 27RB/ uo and the beam current
for 1 MeV electrons is 47.5 kA, a factor of 910" lower g 7R?j, giving

than this, indicating that the scheme is unworkable. How-
ever, this is a limit on the net current, not the forward cur- t
Jne~ 23, (4)

D
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woR? varying the current profile later. The magnetic fi¢kety. (3)]
h=—"— ©) for a constant resistivity and a constant current density given
by Eq.(7) is
is normally referred to as the magnetic diffusion time, but as ,
diffusion of the magnetic field has not been included here, :4r—/RL0t (8)
due to the assumption of approximate current balance, | will (1+r3R?® R’
refer to it as the current decay time, to avoid confusion. Thel_
assumption of approximate current balance is only valid for
times much less than this, as is obvious from &), which t 1-2rYR2
predicts a net current greater than the beam current for Jnet= rmio-
t>tp/2. If magnetic diffusion is included, the net current D
tends to the beam current. The Alfvén limit thus applies forThus there is a net forward current up to a radiusR()fsE,
times greater than the current decay time. This is much lowesnd a net return current at larger radii. The net forward cur-
than the times relevant to the propagation of cosmic rays, thgent is
application Alfvén considered, and to most cases of interest
in beam physics, but it is typically greater than the duration 3= 3_2lJ (10)
of laser-generated electron beams, so we must consider the 2Tty
time dependent problem. This calculation only takes into ac- . . , .
count the resistive decay of the plasma return current, th&hich is close to the simple estimate of E¢). An absolute
mutual repulsion between the beam and plasma currents h4BPer limit on the current can be obtained by calculating
not been taken into account, so E§) gives an upper limit when the energy per unit Ien_gth in the magnetic field V\_/ould
on the current decay time. It is thus an adequate model fofdua! that of the particles which generatef#it The latter is
determining if magnetic inhibition will be important. In prac- 9IVeN by Jne(K)/€v, where(K) is the mean forward energy
tice, the effect of the mutual repulsion on the plasma elecof the electrons ana is the propagation velocity of the
trons is only likely to be significant near the region where theP€am. To determine the absolute upper limit we should as-
electrons are generated, as the beam and plasma densitfs§ne that all of the electrons are traveling forwards, so that
could be comparable. The effect on the beam electrons is {0 is the mean electron energy amdthe mean electron
cause pinching, otherwise known as magnetic focusingvelocity. This equals the energy per unit length in the mag-
which does not affect these calculations because it is the fin&letic field given by Eq(8) when
beam radius that is of interest. It only affects the laser con- 20 47 (K) 1
ditions required to achieve it. The time at which the net t=——"—""tp. (11)
current given by Eq(4) exceeds the Alfvén limit gives the 27epo v J
magnetic inhibition time

his gives a net current density fromXx B/ u of

9)

This differs from the result of Ref4] because there the total
to energy in the forward current was used, rather than that in
t~ 233, (6) the net forward current, which is the energy actually avail-
A able to generate the magnetic field. That this is the correct
The maximum radius gi\/en by Atzeni’s ignition power and approach is clear when we consider the limit as being that for
intensity thresholds is 2@m, and the Spitzer resistivity at the current density given by E¢9), rather than that for the
the final, ignition temperaturgkT/e) of approximately —Bennet profile[Eq. (7)]. For a strongly relativistic, mono-
10 keV is of the order of 1€ m, giving a current decay €nergetic beantk)/v~p, so Eq.(11) can be written ag,
time [Eq. (5)] of 50.3 us, which is much greater than the =tp/(1.3%/J,), which is only a factor of about 1.5 greater
beam duration, justifying the assumption of current balancethan the simple estimate of E(). Repeating these calcula-
We estimatedJ/J, to be at least 1.810% giving t,/t, tions for a Gaussian current profijgexp(—-r2/R?) gives a
~0.65, so the minimum ignition current cannot be main-magnetic inhibition time a factor of ex@.5/1.35=1.22
tained for the required time. The parameters originally sugfower than Eq(11). This is a result of the sharper fall off of
gested by Tabalet al, for which the radius is 1@m, are the Gaussian profile, which contains 1-éxp)=~0.632 of
actually worse in this respect, givirg't,~ 0.24. its total current within the radiuR, compared to 0.5 for the
The reader may not be convinced by such a crude treaBennet profile. The ratio of the inhibition tin{&q. (11)] to
ment, so | will now give a more rigorous one. For this | will the beam duration is given by
use the Bennet current profi[é]

@)ZEZE (12)

t gC
i fp=—-=3.10X 10"~ ,
. Jo tp v\ e/ Ky
IB= 2 21 (7)
(1+r?IR? . . . .
which | will refer to as the propagation factor. For Atzeni's
which has a total current given by #R?j,. This is chosen ignition parameters;~0.73, which confirms the previous
above all for of its mathematical simplicity. Its most impor- estimate.
tant feature is not that it is an equilibrium solution, but thatit Thus we can conclude that only a fraction of the beam
peaks on-axis and falls with radius, features that would bevill enter the compressed fuel before the magnetic field
expected of a “typical” beam. | will discuss the effect of grows sufficiently to start turning electrons back towards the
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source of the beam. We would expect the majority of thes@nd vy is the Lorentz factor, given by 1&/mc2. Assuming
electrons to spread out in the corona, rather than return to thibat the distance over which the energy is deposited is given
core. Such behavior has been seen in particle-in-cell modeby the stopping distance at the mean electron energy, and
ing of similar situationg7]. Numerical solutions of a model using the strongly relativistic approximatia(K), we ob-
similar to that used here have shown that energy depositiogjn fooc(K) and Ky« (K), for increases in the mean energy

is considerably reduced by magnetic inhibition if electronsgp e 2 MeV. so the desired increase could be achieved by

returned to the source are removed, and concentrated near ; X d
. ' . the total ener

the source if they are reflectd8]. Therefore more energy “Mcreasing the mean energy to 5.5 MeV an 9y

must be put into the beam, but this increases the currenE0 99 kJ. The resistivity can be lowered by increasing the

lowering the magnetic inhibition time. Clearly we require the em_pe_:r_atureT t_%,ZWh'Ch Fhe fuel is heated, as the Spitzer
propagation factor to be greater than one for an ignitionres"s’t'vIty 7 T% lgnoring th_ezrr_nlal condu_ct|on '°.‘”d alpha
beam. Before considering how it could be increased, wearticle heat'ng_we have- KtR S , wheres is again taken
should consider by how much it must, realistically, be in-to be the collisional stopping d|stanc¢ at the mean electrqn
creased by, because in obtaining the value of 0.73 we wer@nergy. The temperature can thus be increased by increasing
looking to obtain an upper limit, so that we could be certainthe total energy, reducing the radius, aqg reducing the mean
that magnetic inhibition is important. To be certain that it energy. For the total energy we hakg:Ki"™*, making this is

will not be important we must take the opposite approach@ very inefficient solution. For the radius we hafyec 1/R,

The magnetic field turns electrons back before they lose a0 the desired increase could be achieved by reducing the
of their forward current in generating[#], so we can count radius to 1.8um. For the mean energy we havk,

on an actual propagation factor half that of E@2). The  «(K)*?y*%(1+y)72 so the desired increase could be
Bennet profile contains only half the total current within theachieved by reducing the mean energy to 50 keV, but at the
radiusR, and for more sharply peaked profiles the inhibition same time the temperatu(&T/e) is increased to 1.4 MeV,
time is lower, so we can count on at least another factor of 2so this is not possible. In reducing the radius to &8 the

The total electron energy used was the energy that must temperature is increased to 1.2 MeV, so this must be com-
uniformly deposited in a cylindrical region of the core, the bined with an increase in the mean energy. The temperature
actual value must be higher than this to take account of losesould also be increased by reducing the beam duration, as
in reaching the core, of scattering of electrons out of thethis reduces cooling due to thermal conduction. Such a re-
region, and of the wide energy spectra of laser-generateduction is implicit in all of the above proposals. For Atzeni’'s
electron beams, which contain electrons with energies toparameters, if the energy were to be deposited instanta-
high and too low to produce useful heating. We can thuseously the temperature would be approximately doubled,
count on at least doubling the total energy. The use of deading to an increase of approximately 2.8 times in the
lower value for the resistivity may appear to be unreasonpropagation factor, well short of that required. The problem
able, but it has been shown that the final resistivity does giveould also be overcome by making more fundamental
a good estimate of the final magnetic field when there is &hanges to the scheme itself. The most obvious of these is to
large increase in the temperatiy83. Taking all of these fac- use multiple beams, each containing a fraction of the total
tors into account, we see that, to be on the safe side, wenergy. As a result of the limited overlap possible between
should consider a propagation factor four times lower tharthe beams, we can count on increasing the total energy re-
that of Eqg.(12) and a total energy of 36 kJ, so we need toquired by a factor of about f10], so 44 beams with a total
increase it 11 times. The propagation factor is independent adnergy of 144 kJ would be required to achieve the desired
the beam duration. It might also be expected to be indeperincrease by this means alone. As each beam has a radius of
dent of the fuel density, but the density scaling of Atzeni’'s 20 um they would fill practically the whole surface area of
ignition thresholds give,/R?xp®*> and hencef,=p % the core, which suggests the use of spherically symmetric
He attributes this departure from the expected scaling to thigradiation. This would avoid alignment problems inherent in
fall in In A with density. As this also appears in the electronthis scheme, remove the inefficiencies of overlapping beams
stopping power the maximum mean electron energy will alsand, in theory, remove the magnetic field. In practice, inevi-
fall with density, further lowering the propagation factor. In table irregularities in the irradiation and in the compressed
spite of this, we would still expect the density scaling of thefuel will lead to some magnetic field generation. This is simi-
propagation factor to be relatively insignificant. In order tolar to the conventional scheme, but using a spherically con-
achieve ignition we must have a minimum energy per areaerging heat wave instead of a shock wave. It also has simi-
K¢/R?, so the propagation factor can be increased by increasarities to the coronal ignition scheme of Hain and Mulser
ing the mean energy and by lowering the resistivity. Increasf11], in which ignition is triggered by a heat wave initiated at
ing the mean energy increases the distance over which thte laser critical density. Another possibility is to use a hol-
energy is deposited. Atzeni found the ignition thresholds tdow electron beam to increase the current lifdi. The

be weakly affected by changing this distance by a factor of Alfvén limit for an annular beam is greater than that of Eq.
either way, but he only considered distances much less thai) by a factor of approximately the radius of the annuRis
the diameter of the core. | will assume that this distance cadivided by its widthAR. As only a narrow annulus would be

be doubled with no increase in the total energy, but that alheated thermal conduction and alpha particle heating would
energy deposited beyond this distance is wasted. The collhave to be relied upon to heat the central region. Heat flow
sional stopping distance of an electron varies approxi- out of this region would make the scheme less efficient, so to
mately assxK?/y, whereK is the electron’s kinetic energy be on the safe side | will assume that total energy has to be
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doubled to 72 kJ. To give an Alfvén limit higher than the deromotive potential, or maximum oscillation energy of an

beam currenfEq. (2)], would requireR/AR=7.6xX 10% giv-  electron in the laser field. In the strongly relativistic limit,

ing AR=0.26 nm forR=20 um. However, the propagation N2> 10 W, this is approximately 4.17\?)'2 eV, giving

factor could be increased sufficiently for a lower value of 1/2.1/2

R/AR because the temperature is increased, lowering the re- N =~ 0.37M. (14)

sistivity. Neglecting thermal 3c/gnductioﬁjoc R/AR,mWhich eKt”2

for the Spitzer resistivitypo T~/ gives f o (R/AR)4, as it _ _ _ S

is AR that determines the current deca;r/’ tifieg. (5)], NotR, F_or(K)/e—l MeV, R=20 um, faps=0.5, which is about the

so AR=41 nm could be sufficient. As this requires a tem-h'g_heSt value that can be reasonably expectge:qzo ps, and

perature of 2.4 MeV the mean energy would have to be in-Kt_36. kJ, we havehg ~120 nm. Redgcmg th!s WOUlq be

creased. The beam duration would also have to be reduced V@deswaple, S0 the mgthods .Of choice for increasing the

prevent cooling. As a means of lowering the resistivity this jsPropagation factor are Increasing the mean energy and the

less efficient than simply lowering the radius. number of beams, as these increase the maximum wave-
An important factor to be taken into account when decid—length’ wherea_s the othe_r methods reduce it considerably.

ing which solution to choose is the maximum laser wave—The proposed increases in the mean energy and number of

length\ required, which results from the requirements for aﬁea;}mslgotlh g't\)le\t” fO'A.'Ot'“m’ a petrft?]cttly practu;al_val_gi:
minimum laser intensity and a maximum electron energy, should aiso be taken Into account that magnetic inhibition

which puts a maximum value on2. A low wavelength is could still occur due to the mutual repulsion between the
undesirable because it brings problems with laser efficiencge?r_? _and t;e_turn iﬁ"te?ts' T_h's rtiqwk;es a dlfferer][t trﬁlatrrent,
and focusing optics. The laser intensity required for fast ig- ut it 1s obvious that fowering the beam currént will also

PN reduce this effect. This again favors increases in the mean
nition is
energy and the number of beams.
K, In conclusion, it has been shown that the resistive decay
lp = 3 bR, (13 of the return current will prevent the propagation of the elec-
apns

tron beam envisaged for fast ignition. Increasing the mean
where f 4,5 is the fraction of the laser energy converted toenergy, increasing the temperature by lowering the beam ra-
beam energy. The radil®in Eq. (13) could be greater than dius and duration, using multiple beams, and using an annu-
the beam radius due to magnetic pinching of the beam, howlar beam have been shown to be possible solutions to this
ever, analytical and numerical results indicate that this willproblem. Taking into account the laser wavelength required
be strongly limited by the fall in resistivity resulting from the shows that increasing the mean energy and number of beams
large increase in temperatui® 12, so | will take it to be the are the most practical solutions. In the terminology used by
beam radius. The mean electron energy at relativistic intenAtzeni, these considerations reduce the “ignition window,”
sities has been found to be approximately given by the ponrequiring the ideal conditions to be reconsidered.
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