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Analytic models of high-temperature hohlraums
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A unified set of high-temperature-hohlraum models has been developed. For a simple hohlraum,
Ps=[As+ (1— aw)Aw+AyloTh+ (4Valc)(dTH/ dt), wherePg is the total power radiated by the sourée,
is the source ared is the area of the cavity wall excluding the source and holes in the Mglls the area
of the holesg is the Stefan-Boltzmann constaiii is the radiation brightness temperatuveis the hohlraum
volume, anct is the speed of light. The wall albedgy= (T\,/Tr)* whereT,y is the brightness temperature of
areaA,y. The net power radiated by the soueg=Pg— ASUT‘,;, which suggests that for laser-driven hohl-
raums the conversion efficienay-g be defined a®\ /P .- The characteristic time required to charﬁ‘gin
response to a change Ry is 4V/c[ (1— aw)Aw+ Ay]. Using this modelTg, ayw, andzncg can be expressed
in terms of quantities directly measurable in a hohlraum experiment. For a steady-state hohlraum that encloses
a convex capsulePy={(1— aw)Aw+Ay+[(1— ac)Ac(Ast+ awAw)/Ar]loTre Whereac is the capsule
albedo A: is the capsule ared;=(Ag+Ay+Ay), andTgcis the brightness temperature of the radiation that
drives the capsule. According to this relation, the capsule-coupling efficiency of the baseline National Ignition
Facility hohlraum is 15-23 % higher than predicted by previous analytic expressions. A model of a hohlraum
that encloses a pinch is also presented.
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[. INTRODUCTION example, be made with a power-imaging diagnostic as de-
scribed by Olsoret al. [84].) We also show how, in certain
High-temperature hohlraums are being used for indirectsituations, the radiation temperature can be obtained from a
drive inertial-confinement-fusioiCF), high-energy-density, Single x-ray-power measurement, as described by Decker
equation-of-state, and astrophysics resedfch83. Laser- and co-workerg39]. In Sec. 1V, following ideas developed
driven-hohlraum experiments have been conducted at 1000y Murakami and Meyer-ter-Vehfil4], we generalize the
300 eV [2,4-8,10-13,15-23,25-28,30,31,36,37,39,44,49model to include a convex inertial-confinement-fusion cap-
52,53,72,75,7F National Ignition Facility(NIF) hohlraums  sule. The expressions obtained for the brightness temperature
will be driven by 400 TW of laser power, and are expected toof the radiation that drives the capsule, and the capsule-
reach 300 eV in systems designed to achieve thermonucleg&pupling efficiency, take into account the anisotropic radia-
ignition  [29,34,36,41,48,51,52,64,B0 Temperatures of tion flux and source and hole areas self-consistently. In Sec.
60—180eV have been produced #pinch-driven cavities V we model a cavity that encloses a centrally-located convex
[16,42,44,46,54,62,65,66,70,71,74,78,79,8]1,88 60-MA  source, such as apinch. The models in these sections de-
zpinch driver would achieve 210—-300 e\63,65,67,7(Q) scribe single cavities, and can be applied to a system of
Megajoule heavy-ion beams focused to spots a few millimeconnected cavities as described by Tsalétisl.[11], Rosen
ters in diameter would drive hohlraums to 200-300 eV[20,36, Hammeret al. [63], and Cunecet al. [81].
[14,24,33,43,50,52,55-59,)/6 The models outlined in Secs. Il, 1V, and V must be supple-
Radiation_hydrodynamic simulations must be performednented with additional information to determine the wall
to characterize high-temperature hohlraums accurately. Newalbedo, source power, and radiation temperatures. Analytic
ertheless, it is convenient to obtain analytic estimates ogXpressions for the albedo have been developed by Rosen
hohlraum temperatures, both for existing systems and corft al. [1,20,30,36,52,69,85and Pakula, Sigel and co-
figurations proposed for future facilities. Useful steady-statevorkers([3,6,10,15,19,85,86 The source power might best
power-ba|ance modelsometimes expressed in terms of en- be obtained from measurements or numerical simulations.
ergy) have been developed and are commonly used for zerd=0r az-pinch-driven hohlraum, we can estimate the source
dimensional calculation$1,6,8,10,11,14,15,20,25,30,36,37, Power from measurements using a partially open geometry,
44.,52,63,68,69,81,43 as described in Sec. VI. In Sec. VIl we comment briefly on
In Sec. Il we develop a time-dependent model and quanNIF andZ-accelerator hohlraum designs.
tify the error introduced by the steady-state approximation.
The_ mogiel does not assume the source area is negligiblg, and Il. SIMPLE HOHLRAUM
distinguishes between the radiation, wall, and source bright-
ness temperature. For a laser-driven hohlraum the model We consider first an idealized radiation cavity with vol-
leads to a definition of laser-conversion efficiency in terms ofumeV driven by an x-ray source. We assume the total area
the net source power. In Sec. lll we use the model to exprest of the surface that enclos&sis equal toAg+ Ay +Aw,
the radiation brightness temperature, wall albedo, @mda  whereAg is the source aredy is the area of holes in the
laser-driven systejnlaser-conversion efficiency in terms of hohlraum wall, andA, is the area of the wall excluding the
directly-measurable quantitieéThe measurements can, for source and holes. This is valid when the source region can be
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characterized by an areg; that is part ofA+, and does not power. The reemitted component can be greater, such as dur-

apply, for example, when a significant fraction of the sourceng times when the aredy, is cooling) For most experi-

X rays are emitted by a plasma that fills When the source ments of interest, very little of the incident radiation is re-

is not located inside the hohlraumg is the area of the flected. Hence the quantity,, might more correctly be

aperture through which the x-ray-source radiation ent®s. referred to as the reemission coefficig6t.

includes the area of diagnostic apertures in the hohlraum Since the value oty at timet is a functional ofT(t)

wall, and for a laser-driven hohlraum, the laser entrancever the time interval «,t) [1,3,6,10,15,19,20,30,36,

holes. 52,69,85,86 Eq. (4) is, in general, nonlinear. However, in
We assume arealg and Ay are uniformly distributed many situations there are periods of interest over which the

acrossAt, radiation entering the cavity from aredg and  quantity [Ag+ (1— aw)Aw+Ay] does not change signifi-

Ay is Lambertian, and no radiation enters the cavity throughcantly. During such times we can define a hohlraum time

Ay . We defineUg to be the energy in radiation that fild  constantry as the characteristic time required to chafr@e

and assume the radiation is homogeneous and isotropic. Uin response to a change Ry:

der these conditions it is straightforward to show that the

radiation flux incident o\ is equal to €UR/4V), indepen- _ 4V

dent of the spectrum, whereis the speed of lighf87,88. TH_c[AS+(1—aW)AW+ Aul’

Hence the radiation brightness temperafligeis given by

(6)

We note ry increases as the hohlraum becomes more effi-
4 CUr i cient, i.e:, as{(l_— aW)_AW+AH]—>O. _ _
TlIRT gy Equation (6) is valid for volumes with arbitrary shape,
and takes into account the source and hole areas. The time

whereo is the Stefan-Boltzmann constafEquations are in  constant implicit in Eq. 4.20 of Ref8] is —4R/3c(In ay),

mks units throughout. where it is assumed the cavity is spherical, the cavity
EquatingdUg/dt to the difference between the incoming radius=R, and the source and hole areas can be neglected.
and outgoing power at the surface definedAgygives Equation 6 reduces to this expression whér47R3/3,

Aw=47R? Ag=A,=0, and 0<(1— ay)<1.

dUg 4 Since the hohlraum-radiation power incident 8w is
dt = (PstPw) = (AstAwtAn)oTr, 2) AsoT g, the net power entering the cavity through is
where Pg is the total power entering the cavity from area Pn=Ps—Aso Tk )

As, andPyy is the total power entering the cavity from area
Aw . (No assumptions have been made, of course, about tHe
absorptivities of areas\g and Ay, .) Equation(2) assumes Ve dT4

that either the hohlraum is evacuated, or if it is filled with Pn=[(1— ay)Ay+ AH]UTé"" TR (8
plasma, that the power required to heat the plasma is much c dt

less thandUg/dt. The above equation also assuniedv/ . . _
work due to motion of the cavity wall can be neglected. ThelVer time periods whep(1— ay) Awt Ay] does not change

brightness temperaturéEg and Ty, of areasAg and Ay, S|gn|f|cantlty, thehcharacterl_stlc time required to chaiidgin
respectively, are obtained from response to a change Ry, is

ombining Eqs(4) and(7) gives

4V
oT4=—"2 and oT4=-% 3 THN= c[(1—aw)Aw+Aul"

(€)

In the steady statevhendUg/dt=0) Eqgs.(7) and(8) be-

Equations(1)—(3) can be rewritten as come

4
P [Act (1— ay) Ayt Ay Jo T4+ 4VT<T %, @ Ps—AsoTh=Py=[(1- aw)Ay+AuloTh (10
The above equation suggests thaAif and A, are held
whereayy, the wall albedo, is defined by constant andPy is independent of\g, thenTg is maximized
whenAg=A;— Ay andAy=0. If Py is not independent of
e Pw _ (T_w Ag, there may be a different value 8k that maximizesy.
W_AWUT‘,; TR We note also that af(1— ayw)Awt+AL]—0, i.e., as the
hohlraum becomes increasingly efficientz—Tg, the
P\ is the sum of the incident hohlraum-radiation power re-brightness temperature of the source.
flected from the ared,, and the power reemittedA frac- Equation (10) is similar, but not identical, to previous
tion of the power incident o\, is reflected due to scatter- expressions of the steady-state power balance for a zero-
ing and plasma collective effects. The rest is absorbed, sonttimensional hohlraum. Some of the earlier discussions de-
of which is subsequently reemitted. The reflected componerfine Ay, to include the source area, which is equivalent to
is, of course, always less than the instantaneous incidemtssumingAs=0 andTg is infinite. In some discussions the

4
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source term is a net power not defined as in Ed); in
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Equations (12)—(17), of course, only estimate time-

others, it is not clear whether the net or total source power islependent effects since they neglect the dependenegy,of

intended. Some discussions Ugg and T,y interchangeably.

However, for most situations of current interest EQ) is
consistent to first order with previous expressions.

on the radiation-temperature history. These equations are ex-
pressed in terms dPy and 7y ; similar expressions can be
readily obtained in terms d?g and 7 .

For a laser-driven hohlraum the source term commonly

used isnceP | asern Wherencg is the instantaneous conversion

efficiency from laser to x-ray power. We proposggg be
defined as

PN _ PS_Asa'Té

NcE= , (11

IDLaser PLaser

which is the conversion efficiency of laser light to x-ray-
source power that exceeds the hohlraum-radiation power in-

cident on the source. In an open geomeiiye= Py /P aser
=Ps/PLaser-

Since Eq(10) is more convenient than E¢B), it is useful
to estimate the error due to the assumptitithz/dt can be
neglected. We define (16) to be the ratio ofr‘F‘e as deter-
mined by Eq.(8), to T & as determined by Eq10), wheres
is the fractional error. WheRy and[ (1— aw)Aw+Ay] do

. Tg, aw, AND 5ce AS FUNCTIONS OF DIRECTLY
MEASURABLE QUANTITIES

The results of the previous section can be used to suggest
methods for making time-resolved measurementsT pf
aw, and nce. Combining Eqs(1) and(2) we find

4Vo dT;  dUg
c dt dt’

Aro[T1-Tg]= (18

whereT=[(Ps+ Py)/Aro]Y*is the brightness temperature
of the total wall areaA;. HencedUg/dt is equal to the
difference betweerA\TaT‘T" (the total power emitted byr)
andAToT‘F‘e (the total power incident oAr).

Whent>(4V/A:c) (i.e., whendUg/dt=~0) Egs.(3) and
(18) can be combined to give:

not change significantly over a time interval that we define as

extending from O td, we estimate from Eq8):

1—exr{ — LH (12
THN

assumingT &(t)>T #(t=0). From Egs.(10) and (12) we

obtain
F( t )
S=exp — —/,
THN

which equals 5% whetr=3 1y .
WhenPy<t*" over the time interval from 0 towhere 4

o (1-aw)AwtAy]

T}

(13

is a positive integer[(1— aw)Aw+Ay] does not change

significantly over this interval, and< 7y, we find from Eq.

(8):

T4~ Py
R o (1- aw) Aw+Ay]

(4n+1)7yn)’ (14

assumingT #(t)>T x(t=0). From Egs.(10) and (14) we
obtain

Whent>4n7yy,
P 4n
4 __ N _
Tk ol (1—aw)Aw+A4] ! (t/THN> 19
4n 1
Nt/THN. ( 7)

When Pyxt* (and Ty is approximately proportional to),
6=5% whent~80ry .

oTg=0Ti=fsoTe+fwoTy, (19
wherefs=(Ag/A7) and fyy=(Aw/A7). In the steady state,
the radiation brightness temperature equals the brightness
temperature oA, andT‘F‘e is a linear combination oTé and
T

Equationg10) and(19) are equivalent; however, E¢L9)
givesTg(t) as a function of g, fy, Tg, andTy,, quantities
that can be directly measured as a function of time in a
hohlraum experimenit84,89—108 Such a measurement of
Tr might complement, for example, the use of a shock-
breakout diagnostic, which requires radiation-hydrodynamic
simulations to infefTg [44,84,97. ObtainingTg is of inter-
est since it is the brightness temperature of the radiation that
would drive a physics package placed inside the hohlraum.

Results by Deckeet al. [39] and Eq.(19) suggest that a
single x-ray power measurement can be used to obtain
Tr(t). As described if39], we consider an x-ray-flux diag-
nostic that views the hohlraum wall, with part of the source
and no holes in the field of view. We defing to be the
fraction of the detector’'s field of view occupied by the
source, and=1—vg. If the diagnostic is designed such
that vg=[Ag/(AstAy)] and vyw=[Aw/(Ast+Ay)], we
have from Eq.(19)

AstAy
e

4
oTgr

[vsoTatvwoTw]=(fs+fw)

where Pyie,=Avien(vsoT s+ vwoTy,) is the total power
emitted by the field of view and\,, is its area. In such an
arrangement the measured fluR\{.,,/Aview) Would be di-
rectly proportional toT‘,;. Using this technique to measure
Tg(1) is, of course, meaningful only ifs andf,y, are known
and do not change significantly during the period of interest.
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Combining Egs(5) and(19) gives the wall albedo: As in Secs. Il and lll, we assume the area of the outer
hohlraum wallA; equals Ag+Ayw+Ay), areasAg and Ay
1 are uniformly distributed acros&;, and radiation entering
Xw s|? ' (22) the cavity from aread\g and Ay, is Lambertian. We define
fs(ﬁv +fw oT { to be the radiation flux incident oy, ando'T j¢ to be

the flux incident on the capsule aréa . We assumerT &

Hence ay(t) inside a hohlraum can be determined fromandoT e are uniform on area8; andAc, respectively.
time-resolved measurements bf, f,, and Ts/Ty)*. It Under these conditions Eq4) becomes (neglecting
has been proposed35,47,76,8) that optimized wall- dUg/dt)

material mixtures be used to increase albedos:(Ef.sug-

_ 4 _ 4
gests one technique for testing such mixtures inside a hohl- Ps=[AsT (1= aw)Aw+AyloTgr+ (1= ac)AcoTge,

raum. (24)
Since Eq.(21) implicitly assumes the net power is as \yhare
defined by Eq(7), and distinguishes between the wall and
radiation temperatures, it differs from a similar expression Pw Pc
for the albedo given as Eq. 8.4 in RgE2]: awfm aCEW (25
R RC
= 1 22) and P is the total power emitted from the aréa .
Vol [T\ 5 1 Since the capsule is convexT . is equal to the flux
fu) | Tw  fw emitted by the ared; [14,109:
4
However, Egs(21) and (22) are approximately equivalent oT4 = PstPw _ PstawAwoTg 26
Whenfwml. RC AS+AW+AH AT '
For a laser-driven hohlraum, combining Ed8), (11), o )
and (19) gives the conversion efficiency: Combining Eqs(7), (24), and(26) gives
A
f - - . awAw) | e
WCE:P_SAT[(]-_fS)UT‘lS_ fwo T4, (23) Ps=|Ast(1—-aw)AwtAy+(1 ac)Ac( A ) oTre

Laser (27)

Consequently we can determingg(t) inside a hohlraum gp(g
from time-resolved measurementsfef, fyy, T, and T,

The quantitiesfs, fy, T& Ty, and (Ts/Ty)* might be . B Ast awAw
obtained from an x-ray-framing camef5] and a filtered Pn=| (1= aw)Awt Ayt (1= ac)Ac A
array of x-ray detectors, as described @5,84]. According (29

to Egs.(19), (21), and(23), such a system could in principle ] )
provide Tx(t), aw(t), and7ce(t) using a single aperture in Similar expressions foPs and Py can be obtained as func-

the hohlraum wall. Whefis andf,, are known and relatively tions of Tr. From Eq.(28) we obtain the coupling efficiency
constant during the time of interest, only measurements of/capsueOf Pn t0 the power absorbed by the capsule:

4 4 .
TgandTy, would be required. (1- ac)AcoThe

Ncapsulé= Py

4
ol RC

IV. HOHLRAUM WITH A CONVEX CAPSULE

A. Two radiation temperatures _| A~ awAw An
(1=ac)Ac  (1—ac)Ac

As+ awAw) } -1
1. The source directly irradiates the capsule 29

We now assume the hohlraum described in Secs. Il and
Il encloses a centrally located convex capsule, such as migis ac—0 andAc— Ar, then 7capsue— 1, as expected.
be used in ICF experiments. Since a convex surface cannot Since Eqgs.(27)—(29) account for the source area, hole
irradiate itself, the radiation flux incident on the capsule is, inarea, and anisotropic radiation flux in a self-consistent man-
general, not the same as the flux incident on the rest of theer, they differ from previous expressions for the radiation
cavity wall[14,109. We also assume the source is alloweddrive and capsule-coupling efficien$6,52. (For example,
to irradiate the capsule directly, and is not blocked by shieldshe expression for the coupling efficiency given as Eq. 7.37
to improve radiation symmetry. This applies, for example, toin Ref. [52] is derived from Egs. 7.30 and 7.36. Equation
proposed NIF ignition hohlraumg$29,34,36,41,48,51,52, 7.30 assumes there are holes in the hohlraum wall whereas
64,80, distributed-radiator heavy-ion-beam-driven hohl- Eq. 7.36 does not; in addition, Eq. 7.36 assumes the source
raums [57-59,78, and the central cavity in the-pinch-  does not directly irradiate the capsule, and that the source
driven system described by Hammer and co-workersarea is negligible. However, Eq. 7.37 agrees approximately
[63,65,81,82 with Eq. (29) above whemg, Ay<At and ay~1.)
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The expression for the coupling efficiency given as Eq.the capsule directly, this expression becomes identical to Eq.
3.9 in Ref[14] assumes that the source and holes area can 83) above when the shield are@g, andA,=0.
neglected. If we assuniesing the notation of Refl14]) that
Psi=A;1Ps/A,; i.e., that the source is uniformly distributed B. Single radiation temperature
across the cavity wall and is allowed to irradiate the capsule

directly, then this expression becomes identical to ©8) _ Time-dependent effects are mo_st readily e_stimated with a
above whemg=A,=0. simpler, though less-accurate, single-radiation-temperature

model. If we neglect that the capsule is convex and assume
2. The source indirectly radiates the capsule that the source irradiates the capsule directly, tfgRr

] ] ) =Tgr, and we can generalize the arguments in Sec. Il to
In some ICF concepts involving heavy-ion beamszor ptain

pinches, direct radiation from sources located at both ends of
a cylindrical hohlraum is blocked from the capsule by polar  Pg— ASaT‘é: Pn
x-ray symmetrization shieldgl4,33,50,55,56,65,87(Such

shields would, of course, also prevent the sources from re- =[(1-aw)Aw+ A+ (1—ac)AcloT R
ceiving direct radiation from the capsulé&or such a system Vo dTA

we defineAyy to include the surface area of the shields. In + Ve _R (34)
addition, we make the simplifying assumptions that the ra- c dt

diation flux incident on the sources is the same as that on the ) ] )
capsule, and the sources and capsule are directly irradiatéefluations(27) and (28) are consistent with E¢(34) when

only by power emitted from the region defined By, . Ac—0, since in this limit the flux incident oAt approaches
We define oT . to be the flux incident onA. and  the flux emitted, and'r— Tre.
As,o T4 the flux incident on the areaA(y+Ay), and as- The hohlraum time constants become

sume the fluxes are uniform over the respective areas. Under

these conditions Eq$24) and (26) become av

= CTAgt (1— awAwt Ant (1—agAd 2
Ps=Aso T act[(1— aw)Aw+AyloT i+ (1—ac)AcoT e, y
(30)
T = ) 36
N e[(1- aw)Aw+ A+ (1-ac)Ac] (38
T4 Pw awAwoT & 31 . . . . . .
o RCTA AL AwtAn (31)  which are meaningful only over time periods during which

74 and 7yy do not change significantly. Other results ob-
tained in Sec. Il follow immediately.

Assuming Eq(34) and thatdUg/dt can be neglected, the
capsule-coupling efficiency can be expressed as:

Combining Eqgs(30) and(31) gives

Ps—AsoT gc=Py

{ [(1— a) A+ Ay 1(Aw+Ar) _ (1-ag)AcoTh
= 7 Capsule= N
aWAW N
(1—aw)Aw Ay o
- a = + +1] .
+(1-ac)Ac|oTre (32 (1-aohe  (1—aghc T1 S
The capsule coupling efficiency is: As A,—0 anday—1, the efficien_cies_gi\{en by Eq829),
(33), and (37) approach 1, since in this limit the only net
(1- ag)AcoT éc absorber of power in the hohlraum is the capsule.
McCapsule= P
N V. HOHLRAUM WITH A CONVEX SOURCE
— -1
— [ ( (1= aw)Aw+ Aul(AwtAn) } A. Two radiation temperatures
Ap(l— A ' .
awAw(1~ac)Ac The models in Secs. II, lll, IVA1, and IV B assume that

(383)  Agis uniformly distributed acrosé, and that the source
radiates onto itself. If we assume instead that the source is
As  ac—0 and Ac—(AwtAy), then ncapsue  convex, then the source cannot irradiate itself, and the radia-
—awAw/(Awt+Ay), as expected. tion flux incident on the source is, in general, not the same as
As noted previously, the expression for the coupling effi-the flux incident on the rest of the cavity wail4,109.
ciency given as Eq. 3.9 in Refl4] assumes that the source  This approximates a hohlraum that enclosespinch, as
and hole areas are negligible; in addition, it neglects the areiz used in some weapon-physics and ICF experiments
of the shields. If we assum@sing the notation of Ref14]) [42,44,54,61-63,65,71,74,81)82Ve shall assume that the
thatPg;=0; i.e., that the sources are not allowed to irradiateresults of this section are relevant primarily to such a system.
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We assume the area of the outer hohlraum wall equajs ( Equations(41) and (42) are consistent with Eq43) when
+An+Ag), whereAg is the area of the transmission-line Ay, Ag<Ay anday~1, since in this limit the flux incident
gap that feeds power to the pinch. We assume radiation emn (Ay+ Ay +Ag) approaches the flux emitted by this area,

tering the cavity through areds, andAg is Lambertian. We
define o T &5 to be the radiation flux incident oAg, and
ch‘é to be the flux incident on the aredg+ Ay +Ag). We
assumeo T gs and o T & are uniform on areagg and (Ay
+Ay+Ag), respectively.

Under these assumptions E{) becomes(neglecting
dUg/dt)

Ps=AsoT pst[(1— aw)Ay+ A+ (1—ag)AcloTg,
(39)

where

_ Pw P
W ALoTE YO AgoTE

(39

ag, the effective albedo of areAg, is not zero because
some of the radiation reemitted from the walls of the trans-

mission line enters the hohlrauf61,71,81. P is the total
power that enters the hohlraum through afea

Since the source is convex;T gs is equal to the flux
emitted by the region defined by the are&,(+ Ay+Ag)
[14,109:

Pu+Ps  (awAwtacAc)oTy

4 = =
TTRS™ ALt AT Aa An+An+Ac (40
Combining Eqs(38) and(40) gives
awAw+ aGAG
Pe=|| | At (1— ay)Ap+A
S AW+ AH+AG S ( W) W H
+(1-ag)Ag|oT (42)
SincePy=Pgs—AsoT gs, We have from Eq(39):
Pv=[(1— aw)Aw+Ay+(1—ag)AgloTh. (42

Similar expressions foPg and Py can be obtained as func-

tions of Tgs.

B. Single radiation temperature

If we neglect that the source is convex and assUigg

andTR—>TRs.
The hohlraum time constants become

4V

T C[Ast (1—aw)Aw+ A+ (1—ag)Acl’ “44
av

THN= (45)

c[(1-awAwt+Ay+(1-ag)Agl’

Of course, Eqs(44) and (45) have meaning only over time
periods during whichry and 74y do not change signifi-
cantly. Other results obtained in Sec. Il follow immediately.

VI. zPINCH-SOURCE MODEL
A. Pg as a function of geometry

In principle, Ps can be measured through a small diagnos-
tic hole in the hohlraum wall. Because of aperture closure it
is more convenient to measure the source power in a system
with large diagnostic apertures. However, large apertures
lower the radiation temperature in a hohlraum, which de-
creases the heating of the source and hence the source tem-
perature and total source poweg. For az-pinch source, a
simple model can be used to estimate the effect of hohlraum
geometry onPs.

We consider az pinch at stagnation and model it as a
convex blackbody with constant volume. We estimate the
time rate of change of the pinch’s internal enetdy as

dUg 4
T PextAso T rs— Ps=Peg— Py,

(46)
where Pg,; is the external source of power delivered to the
pinch, ando T &g is the radiation flux incident on the pinch.
In a geometry with large diagnostic apertures,

dUs

ar PextAsoT gsi— Psi=Pex— Pu

(47)

where the subscript L' denotes quantities in the large-
aperture systenfWe assumég,; andAg are independent of
geometry) When dUg/dt, dUg/dt, and dUg /dt can be
neglected, we can combine E¢41), (42), (46), and(47) to
obtain

=Tg, We can generalize the arguments in Sec. Il to obtain a

single-radiation-temperature model of a hohlraum containing

a z pinch:
Ps—AgoTa=Py
=[(1- aw)Aw+Ay+(1-ag)AgloTy
4Vo dTR

¢ dt “3

gPs=Pn=Pn=0.Pst, (48)

where

g_ awAw+ aGAG
Aw+Ap+Ag

As+ (1_ aw)AWJF AH + (1_ aG)AG
(49
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apertures, and, is the corresponding quantity for the large- f(t)=
aperture system.

Equation(48) gives the total- and net-source terRisand
Py as a function oPg , the total source power in the system

is calculated for the hohlraum without the large diagnostic gL_g[ r{ ( t )<5n+2)/2
1-—exp —

} , (54

7s

where the source time constary is defined by

with large apertures. According to EGL8), the total power (15n+6)3]2(5n+2)
Ps emitted by az pinch in the hohlraum without the large 7| Tog Ay (55

apertures is greater thd, by the factor ¢, /g).

_ As t—x,f—(g.—g)/g, Té—T&(9./9), and [according
B. Source time constant to Eq. (48)] Py— Py .

Equation(48) assumesdUg/dt, dUg/dt, anddUg /dt To estimate the error due to the assumptiddg/dt
can be neglected. We can assuihd/dt=0 when the time =dUg /dt=0, we define ¢ to be the ratio ofP5 as de-
of interest is much longer than the hohlraum time constanttermined by Eq.(50), to Ps as determined by Eq(48).
i.e., the time required to fill the hohlraum with radiation. We Hence the fractional errat is given by
can setdUg/dt=dUg /dt=0 when the time of interest is
much longer than the time required by the radiation to heat 9LPsL
the z-pinch source to its equilibrium temperature. g ~Psi(1+1) g —9 t | (5n+2)2

An estimate of the hohlraum time constant is given as Eq.e= (gLPSL> =( gL ) F{—( )

(45). To estimate the-pinch-source time constant, we make 7s

the simplifying assumption that the hohlraum time constant g9
can be neglected, and stt)r/dt=0. Combining Eqs(41), (56)

(42), (46), and(47) we obtain The maximum value ofe equals ¢, —g)/g, and occurs

dUs dUg whent=0.
a9t at - PwPN=9uPsi—gPs. (50)

VII. NIF AND Z-ACCELERATOR HOHLRAUMS
To develop an expression forg, we assume thepinch can .
be modeled as an isothermal plasma with ion-charge state -I(-jhle t(;asellge NII_:bhgh_lrau|ﬁ29,34,36,41,51,5hg,6¢an be
Z>1, and thatU 5 is dominated by the kinetic energy of the modeled as described in Sec. IVAL. For this systam

: , =4.0x10°m%, Ay=1.6x10"*m? A =1.2x10"°m?
electrons and potential energy of the iqid0]. Hence ’ w ' H J
P gy 410 Ac~6X1078m? ayy=0.89, ac~0, andV=2.3x 10~ m?

z [29,34,36,52 Assuming a 75% laser-conversion efficiency
Us=3NZKTs+ N, |;=3NZkTs+NZIpe=(0.07NKTZ?  [36] and P ,ee~400 TW[29,34,53, Egs.(11) and(28) pre-
=1 dict that the capsule-drive temperatUng: would be 303 eV.
=BT?, (51) The value predicted by integrated calculations is 300 eV
[29,34,53. According to EQ.(29), 7capsuis=17%, which is
whereN is the number of ionsk is the Boltzmann constant, 15—23 % higher than predicted by previous analytic relations
|5 is the jth ionization potential, andi, is the average of [36,52. The total source powePs would be 640 TW, sub-
the first Z ionization potentials. Equatior(51) sets Z  stantially in excess oP .
=(0.02)TE? and | o e=2kTs (Ts in degrees kelvip which Using Egs.(12-(17) and (34—(36), we can estimate
are reasonable approximations for a tungsteinch at elec-  lower bounds on time-dependent effedfSor the NIF sys-
tron densities (X10?22m~3) and temperatures (210°K) of ~ tem, these equations provide only lower limits since they

interest[24,86,111— 11} Similarly, USL:BTg/LZ' neglect the heat capacity of the H-He gas fill and other
Combining these expressions for internal energy withmaterials inside the hohlraumAssuming the baseline NIF
Egs.(3) and (50) (and assuming\s=Ag,) gives laser pulse shagd®9,34,53 andPye P ;e WE Can approxi-

mate Py as being proportional ta* for ~3 ns before it

129Ts _1,,dTsL 4 . peaks. Using Rosen’s albedo modél,20,30,36,52,69,85
Ts g~ Tsigp | =Aso(OLTsL—9Ty). (52)  and Eqgs.(16), (17), and(36), we find that during this time
mun~0.07 ns, ands~9% att=3 ns. Assuming that after-

AssumingT ‘é:TéL(1+f) where O<f<1, f(t=0)=0, and Ward Py is constant for 2 ns at peak power, we finding
To.= yt" wherey is a positive constant antia non-negative Eds. (12), (13), and (36)] that over most of this interval

integer, we findneglecting terms second and higher order in7un~0.085 ns ands is negligible. _
f) One of the standard-pinch-driven hohlraums fielded on

the Z acceleratof54,62,74,81,10hhas a centrally located

B

df 3n 8Asog 8Aso (0. —0) pinch and can be modeled as described in Secs. V and VL.
at " (E) i (T) SIZtSNZ}f: g 7™ For this systemAg=6x10 °n?, Ay=150<10"3m?, Ay,
(53 =5.65<10"°m?* and V=4.5x10"°m°. Because of gap
closure we estimate from experiments conductedZahat
Whents[3n/(5n+2)]%52) 7o, Ag~6.9x10"°m?, 50% of its initial value. Assuming

026410-7
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peaks for 3 ns at 132 elas discussed belowand Rosen’s (expressed in terms d?5 and 7y) and Eq.(56) that during
albedo mode[1,20,30,36,52,69,85we obtain that at peak most of this intervals ande can be neglected.
temperaturen,,= 0.85. According to calculations by Vesey
and co-worker$61,71,81, ag~0.34; henceg=0.87.

To estimatePg5 we use measurements 8f;; made on
shots taken with nine large diagnostic apertures in the hohl- The authors wish to thank L. P. Mix for reviewing this
raum wall. For this system the average valuePgf is ap-  article, G. A. Chandler, K. R. Cochrane, M. E. Cuneo, D. L.
proximately 122 TW andg), =0.97. Consequently, from Eq. Fehl, H. C. Ives, M. K. Matzen, D. H. McDaniel, T. A. Me-
(48) we havePgs=(g, /g)Ps =136 TW. Using this value hlhorn, L. P. Mix, J. J. Ramirez, J. F. Seamen, R. A. Vesey,
and Eq.(41), we estimate that in the standard hohlraum sys-and T. C. Wagoner for critical technical discussions, M. E.
tem (without the large aperturgdr peaks at 137 eV, and Cuneo, J. L. Porter, P. H. Primm, L. E. Ruggles, W. W. Sim-
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from Eq.(55) that 7= 3 ns; hence from Eq56) we estimate
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