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Abstract

Bremsstrahlung is one of the most important energy loss mechanisms in achieving ignition, which is only possible above
a threshold in temperature for a given fusion reaction and plasma conditions. A detailed analysis of the bremsstrahlung
process in degenerate plasma points out that radiation energy loss is much smaller than the value given by the classical
formulation. This fact seems not useful to relax ignition requirements in self-ignited targets, because it is only relevant
at extremely high densities. On the contrary, it can be very positive in the fast ignition scheme, where the target is
compressed to very high densities at a minimum temperature, before the igniting beamlet is sent in.
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1. INTRODUCTION AND SCOPE tron temperatureg-1 keV), which correspond to a classical
plasmaYaakobiet al., 2000. Nevertheless, the same labo-
The classical approach to produce ignition in fusion plas+atory had obtained higher densities in compressed targets
mas is to heat them up to a temperature high enough fotO years beforé McCrory et al., 1989 depending on the
the fusion-born charged particle energy to overcome raditailoring of the implosion pulse and the target structure.
ation emission. This approach is followed both in mag- In the standard approaches formerly cited, targets were
netic confinement, where plasmas are underdense, arsklf-ignited either from a central hot spark or from a larger
inertial confinement, where plasmas are compressed to vegomain(volume ignition. A different scheme was proposed
high densities. in the fast ignition mode(Tabaket al., 1994, where the
Although standard scheméBodner 1981, Brueckner & target is highly compressed at a temperature as low as pos-
Jorna, 1973; Kidder, 1979; Meyer-ter-Vehn, 1982; Martinez-sible, and ignition is triggered by sending a powerful ultra-
Val et al, 1994; Tahir & Hoffman, 1994; Atzeni, 1995, shortbeam of the required energy. Inthis case, the interaction
2002 of inertial fusion research do not take into accountphase between the ignition beam and the target is of primary
plasma degeneracy, inertial compression could producenportance(Deutsch, 1997; Kateet al,, 1997; Piriz &
them according the lines established in the shockSanchez, 1998; Borehaet al, 1999; Key, 2001; Kodama
multiplexing implosion scheméKidder, 1974; Yamanaka et al, 2001; Norreyset al,, 2000; Rothet al., 200)) but is
et al, 1986, 1987; Yamanaka & Nakai, 1986vhich got  worth pointing out that the compressed target can be in a
600 times compression with moderate laser beam energyegenerate state when the igniting beam is launched. Al-
(Nakaiet al, 199 in a series of experiments carried out though the igniting region will be heated to a very high
at the end of the 1980s, particularly with spherical polymertemperature in a very short time, a significant fraction of the
shells, where a compression factor of 1000 times waseacting plasma can still be at a degenerate state. It is there-
achievedAzechiet al, 1991). However, the interest of in- fore very important to analyze radiation emission from de-
ertial fusionresearch focused on differentimplosion schemegenerate plasmas, in the framework of fast ignition.
yielding moderate densitigs-20 g/cm®) with high elec- Radiation losses in inertial targets are dominated by
bremsstrahlung. Inverse Compton can additionally transfer
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temperature is moderate or low, as is the case in degener- o me V2 —mgUu?

ate plasmas. A comprehensive review of atomic physics F(u.Te) = 27T, 4mu”exp oT. ) 3
processes in very dense plasmas can be found elsewhere

(More, 1993.

- . . whereuy, = (2hv/m.)Y2 is the minimum electron speed to
The possibility of using degenerate plasmas for inertial enerate ahv photon T, is given in energy units arfdu, T,)

fusion was recently outlined in a macroscopic a| roacrg . ) R
y P PP is the classical Maxwellian distribution.

(Leonetal., 2001 but a more accurate and detailed analysis In the degenerate case, the energy electron distribution

for the relevant physical mechanisms inside the plasma WaS | ows the Fermi-Dirac expressigsee, e.g., Eliezat al
needed. In the following, radiation loss by bremsstrahlunglgsa_ e ?

emission is studied from the starting point of electron-
photon energy transfer through its integration in the Fermi—

Dirac distribution. It must be taken into account that most of Ne(e,To) = E mé/? e!/? (4)
the low level energy states in the electron statistics are al- w2 (h/2m)® exp =55 41
ready occupied, and a very broad range of electron transi- o

tions are forbidden.
This subject was already studied by Tot4ajp89 witha  \yhere the Fermi energy; (known also as the chemical

general purpose, not specifically oriented to fusion applicapotentia) plays a fundamental role, and depends on electron

tions. Besides that, in our analysis, a clear connection bejensity and,.

tween the degenerate and the classical case is obtained. Itispor T, < er,

clearly seen that there is a transition temperature, for a given

plasma density, below which the degenerate emission rate 2\ 12
€F = &F, ( > _e: (5

EF,

applies. On the other hand, bremsstrahlung emission fol- 7
lows the classical formula for higher temperatures.

After analyzing in detail bremsstrahlung emission in de-
generate plasmas, the corresponding equation is applied tehere
the definition of ignition temperature. In targets compressed
to very high densities, as those sought in the fast ignition 1( 3 )zxs( h2> "

e

12

concept, it is found that the ignition temperature is lower &~ g
than the classical one, because of bremsstrahlung emission
reduction.

= (6)

T me

Itis worth noting that the probability of state with energy
& to be occupied is
2. BREMSSTRAHLUNG FUNDAMENTALS

The spectral distribution of radiation emitted by a monoen- Flg)= —————————
ergetic electron beam of unit intensity scattered by an ion of exp A Y
charge Ze, isMiyamoto, 1980 in Sl units

)

e

32m? e°z? ) @ In particular, forT, = 0, all energy states < e are fully
343 (4meg)3c®miu? occupied, whereas all states> ¢ are empty. Wher,
increasesstill in the degenerate case, and thereffyr€ e¢)

for hv = m2u?, being O forhw = m2u?. In the foregoing ~ transition froms < e toe > &¢ becomes not so sharp, and

expressionsy is the photon frequency, andstands for the ~ SOme electrons can be found with> &¢. Because of the
electron speed. No relativistic correction has been includedfrbidden electron transitions in the degenerate casé3q.

because the electron temperatliréin energy unitsis much 1S N0 longer valid, anah.f(u, Te) must be substituted by a
lower thanm,c2. term properly taking into account that most of the low en-

It must be noted thaBdv has units of Jm2 and it can be €9y states are fully occupied, and an electron cannot fall
integrated to give the radiation power densitgr) dv emit-  Into them after emitting a photon. Henegf (u, Te) in Eq.(2)
ted from a plasma with an ion density and an electron Must be replaced by
densityn.. In the case of having multiple ion species, a
summation over the ion species must be extended. We first (e T 1- 1
recall that the classical integration is ene e—hv—egp '
ool ) 1

whereng(e, Te) is given by Eq.(4).

B(v,u)dv =

®

e}

w(v)dv = [f

Umin

B(v,u)n nef(u,Te)udu} dv (2)
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The total radiation loss expressed in terms of power denene gets for the spectrum

sity is
16N27?2 1 \3/ e® Z2nne
0 wiv) = 34/3 Arre cmd’? ) TY2F,5(n)
W:f w(v) du, (9) ° AR
° hv
o hy -1 1+exp<n—_r>
where the spectral power density is now % [1— eXpV} n| —— <2 [ (13
Te 1+ expny
* 1
w(v) =K . ds e — or andF;,,(n) is the corresponding Fermi—Dirac integral func-
eXp< T ) +1 tion. The total bremsstrahlung power density in a degenerate
© plasma, characterized loyandT,is obtained by integrating
1 Eq.(13)
X |1— (10
e—hv— ¢
exp<T>+l w| W= KT e )~ Einzen +1 14
e el Il 1(n) Zn(e ) |- (14
and Fermi-Dirac integrals are given below, with the corre-
sponding limits forp > 1 (degenerate case
K - 25672 1 \ebz2%n, 1 P g " g
B 343 4mey ) c3h3 x12dx 2

Fij2(n) :fo opx—m 1 37” (19
The integrand of Eq(10) is depicted in Figure 1. The
degeneracy effect is clearly seen. » xdx 1 2
The spectrum is obtained by integrating EtQ). Defin- Falm) = f expx—m +1 5772 T (16)
ing the degeneracy parameter by

If bremsstrahlung emission in the degenerate case is com-

n = g (12 pared to the value of the classical case, we find the exact
T.' result
- n 5-1E27 efem
P T E 1_,00-ev"_é

0025 | P
®
§’ 02" Ef;=3.65 kev"
Z0164 v
2 e ;
= 01" i :
2
Q005"
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Fig. 1. Integrand of Eq(10) for a degenerate plasma with, = 3.65 keV andl = 100 €V. It is observed that the integrand vanishes
for all energies except those closestq, and for small values div. For other electron and photon energies, bremsstrahlung emission
is not possible.
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Wdeg N 1 |: 1 :| 4ar
= — ———|Fn) - S In?(e" +1)|. 17 Ne = —5 (2MeTo)¥?Fy (7). 19
W™ 2 Foaly M~ 5%+ (17) 5 (2MTe) V2R (n) (19

Forn > 1, which corresponds to a fully degenerate case, If n,andT,are given, the value of the Fermi—Dirac inte-

the last equation can be rewritten as gral F1/»(n) is derived from them, using the last equation.
The value ofy is then calculated from Eq15). In very
Waey 7287 [ To |32 degenerate cases, the approximate vajifg,,)** can be
Wo. 8 (;) : (18  used. Oncey is known, the Fermi energsk(T,) is directly

derived from Eq(12).
When using the degenerate model, the classical limit is

. o theoretically achieved faj — —oo. This is so because of the
bremsstrahlung loss will be about 7% of the radiation Iossdifference between Fermian and Maxwellian energy distri-

frqm a clasglcal plasma at the same temperature. Howevey, ions. It can be checked that the degenerate model goes
this comparison is not totally accurate. If the plasmas havpexactly to the classical one as— —oo. Equation(17)

the same temperature, the density of the degenerate Caéauals one in this limit
will be much larger j[han that .Of the CI"_"SSical case. If they In the classical case, bremsstrahlung emission goes as
have the same density, they will have different temperatureil/z‘ In the degenerate case, it goesT&s Figure 2 shows

(much _'OWer inthe deg_enerate cas@more cpmprehenswe the bremsstrahlung power density for various density val-
analysis is presented in the following section. ues, as a function of,. Below a certaifl, value, for a given
density, bremsstrahlung emission follows the degenerate case
3. RADIATION LOSSES REGIMES IN expression. On the contrary, for upper temperatures, it cor-
INERTIAL FUSION PLASMAS responds to the classical case. A shitange is observed
as the transition regime from one to another. Of course,
In our analytical model, the fully degenerate case correthe transition temperature increases with density.
sponds top > 1[Eq.(12)]. Note that the electron density ~ Additional information is given in Figure 3, where the
can be written as ration of the radiation emission in the degenerate case to the

For instance, ifT, = 0.1e¢ in the degenerate plasma, its

i ... nem1E29 efcm®
ees No=1E28 elcm®
- Ne=1E27 efcm’
e ¢ = 1E26 sicm®

Bremsstrahlung Power (W/im 3}

.....................................

il R Piidi i
10’ 10 10 10
Te (keV)

Fig. 2. Bremsstrahlung emission power from a deuterium—tritium plasma as a functignfof various electron densities. Each line
shows a lowT, range, corresponding to degenerate cases, and ahighge, for classical plasmas. The fitting between both regimes
is very smooth.
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Fig. 3. Ratio between the bremsstrahlung power of degenerate cases and the power of classical ones, for different temperatures. At
temperatures lower than the transition value, the classical formulation is not valid.

value of the classical case is depicted. Itis seen that the ratipossible to reduce the fusion ignition temperature by com-
becomes 1 above the transition temperature, and decreaga®ssing the targets up to degenerate levels.

very fast as temperature decreases below it. Such a featureSpectral differences are also observed between classical
will be analyzed later on in order to find out whether it is and degenerate cases, as can be seen in Figures 4 and 5. In

-
o

Bremsstrhalung Spectrum

-
o,

Degenerate
| === Classical: Te =30 eV.
»=n= Clagsical: Te=3.56 eV, [---ry--ommommmmpomosmeees

H 1

0 i i i i
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Photons Energy (eV}

Fig. 4. Bremsstrahlung spectrum for different cases. Classical plasmas show a straight line in the semilog scale. In the degenerate case,
the slope changes for small valueshof
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Fig. 5. Ratio of bremsstrahlung spectrum of a degenerate plasma to the spectrum obtained from the formulation of the classical case.
The ratio is 1 when the case has a negativelue(classical domainbecause the degenerate case formulation tends to the classical one
an — —oo (for practical purposes, ag= —5).

Figure 4, spectral distribution of photons is given for atritium plasma, featured by the following fusion reactivity
classical case and a degenerate case, both of them with &alue(in m%/s):

electron density of 1.8% 10?2 cm™3. Fermi energy is in this
examplesro =11.68 eV. In the degenerate case, the temper-
ature is 3.5 eMn = 3). In the classical one, itis 30 eV. The
spectral shape@n semilog scalgare the same at medium
and high photon energies, but they are different at low val-
ues, where the degenerate case does not have a constanin this formula, T is given in kiloelectron volts. lons are
slope, which is a typical feature of the bremsstrahlung specaot degenerate and have a Maxwellian velocity distribution.
trum from classical plasmas. Therefore, it is worth pointing In Figure 6, bremsstrahlung power and fusion-born
outthat the degenerate case has a special signature, as caraligha-particle power are plotted versus temperature for
seen in a more clear way in Figure 5. The density chosen idifferent density values. For the lower densify0?° elec-
these calculations can represent a solid surface plasma trbns per cm), the crossing between both linésrems-
aluminum irradiated by femtosecond lasers of the appropristrahlung power and fusion poweselongs to the classical

ate powefless than 1&W/cm?). The aluminum layer does region, clearly identified by the slope of bremsstrahlung
not have time to expand, ardl = 3 is produced by the emission(asT¥?). On the contrary, for the highest elec-
conduction band electrons. This spectral information can beon density in the figure, 1 cm™3, the crossing point
useful to properly understand radiation emitted from thatcorresponds to the degenerate case, and it is slightly below
surface, and can also help analyze compression conditioriskeV, that is, somewhat lower than the standard ignition
of inertially confined targets. temperature, 4.5 keV. It is also seen from the picture that
the electron density has to be over?i@m=3 for the
degeneracy effects to be relevant to decrease the ignition
temperature. For this density, the transition temperature
between both bremsstrahlung regimes lies slightly below
the classical ignition temperature, that is 4.5 keV.

We will follow the standard definition of the ignition tem- It is worth pointing out that 18 cm™2 is an extremely
perature as the value for which the fusion-born chargedhigh electron density, more than 20,000 times DT solid den-
particle power equals the radiation loss power. A calculatiorsity. In inertial fusion schemes based on self-ignited targets,
has been carried out for the stoichiometric deuterium-such a compression factor seems to be out of reach, because

(20

(ov) =

T2/3

3.68x 10 18
- T3

19.94>

4. IGNITION TEMPERATURE IN
DEGENERATE PLASMA: THE CASE FOR
FAST IGNITION
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Fig. 6. Bremsstrahlung power and alpha-particle power for stoichiometric deuterium-tritium, as a funcidoradifferent electron
densities. When this one is above?1em™3, the low ignition temperature regime appears.

itwould need a very powerful and very symmetric sphericaltargets(Chu, 1972; Eliezer & Martinez-Val, 1998vhere a
implosion with the formation of a central hot spark. double front could develop, because electron heat conduc-
However, targets compressed for fast ignition could betion is notinhibited in degenerate plasmas. The former analy-
degenerate because the main objective is to precompress this of bremsstrahlung emission would therefore be relevant
full target to very high densities at very low temperatures.in physical cases as the one depicted in Figure 7, where a
During ignition, a complex interaction phase will develop, first wavefront of electron temperature moves ahead of the
and a fraction of the ignited region will become hot andfusion burning frontat higher ion temperatuyeln highly
classical, but a significant fraction of the igniting region will compressed targets, the colder fuel could be degenerate and
actually start burning when it still is a degenerate plasmagould reabsorb a fraction of the radiation emitted from the
because of the significant reduction in the radiation lossreacting zone. It is worth remembering that in the classical
Therefore, ignition requirements in the fast ignition conceptcase, an optically thick region is given by the condition that
could be significantly relaxed by the aforementioned reducthe total radiation loss can not exceed the black body radi-
tion in the bremsstrahlung emission power. To produce deation limit:
generate plasmas in the compressed targets, fuel preheating

must be avoided during the compression phase. Otherwise, 47R20 TS ~ 47R3DTY2, (21
such very high density values as those formerly cited in our
calculations could not be attained. whereTy is the surface temperature afigithe average vol-

Note that in the former analysis, ion and electron temperyme onep being a term to characterize the bremsstrahlung
atures have been assumed to be equal. However, if a chargethission(including the density factoysando the Stefan—
particle beam is used as an igniting trigg&oth et al,  Boltzmann constant. If the same temperature is assumed for
2003 the ion temperature in that region will be larger than T, andT, (which is an oversimplified hypothesjst is found
the electron temperature, and this factor will also contributefor the classical case that the spark radius for which the
to keep electron degeneracy for a longer while, thus redugplasma becomes optically thick is
ing radiation losses. In fact, the interaction of charged par-
ticles with a degenerate plasrt®kupsky, 1977; Maynard &
Deutsch, 198pwill become very important in this context
and would have to be properly accounted for in the study of
fast ignition in precompressed degenerate targets. which is related to the fact that the radiation mean free path

Degeneracy effects could also be of importance in thén a classical plasma scalesh&? assuming thermal equi-
propagation of fusion burning waves in highly compressedibrium between electrons and radiation.

R=3 % T72 (22)
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Fig. 7. lon and temperature profiles in a double-front fusion burning wave, in a precompressed degenerate target.
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