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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,
PS5@AS1(12aW)AW1AH#sTR

41(4Vs/c)(dTR
4/dt), wherePS is the total power radiated by the source,AS

is the source area,AW is the area of the cavity wall excluding the source and holes in the wall,AH is the area
of the holes,s is the Stefan-Boltzmann constant,TR is the radiation brightness temperature,V is the hohlraum
volume, andc is the speed of light. The wall albedoaW[(TW /TR)4 whereTW is the brightness temperature of
areaAW . The net power radiated by the sourcePN5PS2ASsTR

4, which suggests that for laser-driven hohl-
raums the conversion efficiencyhCE be defined asPN /PLaser. The characteristic time required to changeTR

4 in
response to a change inPN is 4V/c@(12aW)AW1AH#. Using this model,TR , aW , andhCE can be expressed
in terms of quantities directly measurable in a hohlraum experiment. For a steady-state hohlraum that encloses
a convex capsule,PN5$(12aW)AW1AH1@(12aC)AC(AS1aWAW)/AT#%sTRC

4 , whereaC is the capsule
albedo,AC is the capsule area,AT[(AS1AW1AH), andTRC is 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 az pinch is also presented.

DOI: 10.1103/PhysRevE.64.026410 PACS number~s!: 52.58.2c, 52.75.2d, 44.40.1a, 47.70.Mc
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I. INTRODUCTION

High-temperature hohlraums are being used for indire
drive inertial-confinement-fusion~ICF!, high-energy-density
equation-of-state, and astrophysics research@1–83#. Laser-
driven-hohlraum experiments have been conducted at 1
300 eV @2,4–8,10–13,15–23,25–28,30,31,36,37,39,44
52,53,72,75,77#. National Ignition Facility~NIF! hohlraums
will be driven by 400 TW of laser power, and are expected
reach 300 eV in systems designed to achieve thermonuc
ignition @29,34,36,41,48,51,52,64,80#. Temperatures of
60–180 eV have been produced inz-pinch-driven cavities
@16,42,44,46,54,62,65,66,70,71,74,78,79,81,82#. A 60-MA
z-pinch driver would achieve 210–300 eV@63,65,67,70#.
Megajoule heavy-ion beams focused to spots a few millim
ters in diameter would drive hohlraums to 200–300
@14,24,33,43,50,52,55–59,76#.

Radiation-hydrodynamic simulations must be perform
to characterize high-temperature hohlraums accurately. N
ertheless, it is convenient to obtain analytic estimates
hohlraum temperatures, both for existing systems and c
figurations proposed for future facilities. Useful steady-st
power-balance models~sometimes expressed in terms of e
ergy! have been developed and are commonly used for z
dimensional calculations@1,6,8,10,11,14,15,20,25,30,36,3
44,52,63,68,69,81,83#.

In Sec. II we develop a time-dependent model and qu
tify the error introduced by the steady-state approximati
The model does not assume the source area is negligible
distinguishes between the radiation, wall, and source bri
ness temperature. For a laser-driven hohlraum the m
leads to a definition of laser-conversion efficiency in terms
the net source power. In Sec. III we use the model to exp
the radiation brightness temperature, wall albedo, and~for a
laser-driven system! laser-conversion efficiency in terms o
directly-measurable quantities.~The measurements can, fo
1063-651X/2001/64~2!/026410~11!/$20.00 64 0264
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example, be made with a power-imaging diagnostic as
scribed by Olsonet al. @84#.! We also show how, in certain
situations, the radiation temperature can be obtained fro
single x-ray-power measurement, as described by Dec
and co-workers@39#. In Sec. IV, following ideas developed
by Murakami and Meyer-ter-Vehn@14#, we generalize the
model to include a convex inertial-confinement-fusion ca
sule. The expressions obtained for the brightness tempera
of the radiation that drives the capsule, and the caps
coupling efficiency, take into account the anisotropic rad
tion flux and source and hole areas self-consistently. In S
V we model a cavity that encloses a centrally-located con
source, such as az pinch. The models in these sections d
scribe single cavities, and can be applied to a system
connected cavities as described by Tsakiriset al. @11#, Rosen
@20,36#, Hammeret al. @63#, and Cuneoet al. @81#.

The models outlined in Secs. II, IV, and V must be supp
mented with additional information to determine the w
albedo, source power, and radiation temperatures. Ana
expressions for the albedo have been developed by R
et al. @1,20,30,36,52,69,85# and Pakula, Sigel and co
workers @3,6,10,15,19,85,86#. The source power might bes
be obtained from measurements or numerical simulatio
For a z-pinch-driven hohlraum, we can estimate the sou
power from measurements using a partially open geome
as described in Sec. VI. In Sec. VII we comment briefly
NIF andZ-accelerator hohlraum designs.

II. SIMPLE HOHLRAUM

We consider first an idealized radiation cavity with vo
umeV driven by an x-ray source. We assume the total a
AT of the surface that enclosesV is equal toAS1AH1AW ,
whereAS is the source area,AH is the area of holes in the
hohlraum wall, andAW is the area of the wall excluding th
source and holes. This is valid when the source region ca
©2001 The American Physical Society10-1
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characterized by an areaAS that is part ofAT , and does not
apply, for example, when a significant fraction of the sou
x rays are emitted by a plasma that fillsV. When the source
is not located inside the hohlraum,AS is the area of the
aperture through which the x-ray-source radiation enters.AH
includes the area of diagnostic apertures in the hohlra
wall, and for a laser-driven hohlraum, the laser entra
holes.

We assume areasAS and AH are uniformly distributed
acrossAT , radiation entering the cavity from areasAS and
AW is Lambertian, and no radiation enters the cavity throu
AH . We defineUR to be the energy in radiation that fillsV
and assume the radiation is homogeneous and isotropic.
der these conditions it is straightforward to show that
radiation flux incident onAT is equal to (cUR/4V), indepen-
dent of the spectrum, wherec is the speed of light@87,88#.
Hence the radiation brightness temperatureTR is given by

sT R
45

cUR

4V
, ~1!

wheres is the Stefan-Boltzmann constant.~Equations are in
mks units throughout.!

EquatingdUR /dt to the difference between the incomin
and outgoing power at the surface defined byAT gives

dUR

dt
5~PS1PW!2~AS1AW1AH!sT R

4, ~2!

where PS is the total power entering the cavity from are
AS , andPW is the total power entering the cavity from are
AW . ~No assumptions have been made, of course, abou
absorptivities of areasAS and AW .! Equation ~2! assumes
that either the hohlraum is evacuated, or if it is filled wi
plasma, that the power required to heat the plasma is m
less thandUR /dt. The above equation also assumesPdV
work due to motion of the cavity wall can be neglected. T
brightness temperaturesTS and TW of areasAS and AW ,
respectively, are obtained from

sT S
45

PS

AS
and sT W

4 5
PW

AW
. ~3!

Equations~1!–~3! can be rewritten as

PS5@AS1~12aW!AW1AH#sT R
41

4Vs

c

dT R
4

dt
, ~4!

whereaW , the wall albedo, is defined by

aW[
PW

AWsT R
4 5S TW

TR
D 4

. ~5!

PW is the sum of the incident hohlraum-radiation power
flected from the areaAW and the power reemitted.~A frac-
tion of the power incident onAW is reflected due to scatter
ing and plasma collective effects. The rest is absorbed, s
of which is subsequently reemitted. The reflected compon
is, of course, always less than the instantaneous inci
02641
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power. The reemitted component can be greater, such as
ing times when the areaAW is cooling.! For most experi-
ments of interest, very little of the incident radiation is r
flected. Hence the quantityaW might more correctly be
referred to as the reemission coefficient@6#.

Since the value ofaW at time t is a functional ofTR(t)
over the time interval (2`,t) @1,3,6,10,15,19,20,30,36
52,69,85,86#, Eq. ~4! is, in general, nonlinear. However, i
many situations there are periods of interest over which
quantity @AS1(12aW)AW1AH# does not change signifi
cantly. During such times we can define a hohlraum ti
constanttH as the characteristic time required to changeTR

4

in response to a change inPS :

tH[
4V

c@AS1~12aW!AW1AH#
. ~6!

We notetH increases as the hohlraum becomes more e
cient, i.e., as@(12aW)AW1AH#→0.

Equation ~6! is valid for volumes with arbitrary shape
and takes into account the source and hole areas. The
constant implicit in Eq. 4.20 of Ref.@8# is 24R/3c(ln aW),
where it is assumed the cavity is spherical, the cav
radius5R, and the source and hole areas can be neglec
Equation 6 reduces to this expression whenV54pR3/3,
AW54pR2, AS5AH50, and 0,(12aW)!1.

Since the hohlraum-radiation power incident onAS is
ASsT R

4, the net power entering the cavity throughAS is

PN5PS2ASsT R
4. ~7!

Combining Eqs.~4! and ~7! gives

PN5@~12aW!AW1AH#sT R
41

4Vs

c

dT R
4

dt
. ~8!

Over time periods when@(12aW)AW1AH# does not change
significantly, the characteristic time required to changeT R

4 in
response to a change inPN is

tHN[
4V

c@~12aW!AW1AH#
. ~9!

In the steady state~when dUR /dt50! Eqs. ~7! and ~8! be-
come

PS2ASsT R
45PN5@~12aW!AW1AH#sT R

4. ~10!

The above equation suggests that ifAT and AH are held
constant andPN is independent ofAS , thenTR is maximized
whenAS5AT2AH andAW50. If PN is not independent of
AS , there may be a different value ofAS that maximizesTR .
We note also that as@(12aW)AW1AH#→0, i.e., as the
hohlraum becomes increasingly efficient,TR→TS , the
brightness temperature of the source.

Equation ~10! is similar, but not identical, to previou
expressions of the steady-state power balance for a z
dimensional hohlraum. Some of the earlier discussions
fine AW to include the source area, which is equivalent
assumingAS50 andTS is infinite. In some discussions th
0-2



r

nl
n

y-
r i

a

-
f

ex-
e

gest

e

,
ess

a
f

ck-
ic

that
m.

tain
-
ce

e
h

e

st.

ANALYTIC MODELS OF HIGH-TEMPERATURE HOHLRAUMS PHYSICAL REVIEW E64 026410
source term is a net power not defined as in Eq.~10!; in
others, it is not clear whether the net or total source powe
intended. Some discussions useTR andTW interchangeably.
However, for most situations of current interest Eq.~10! is
consistent to first order with previous expressions.

For a laser-driven hohlraum the source term commo
used ishCEPLaser, wherehCE is the instantaneous conversio
efficiency from laser to x-ray power. We proposehCE be
defined as

hCE[
PN

PLaser
5

PS2ASsT R
4

PLaser
, ~11!

which is the conversion efficiency of laser light to x-ra
source power that exceeds the hohlraum-radiation powe
cident on the source. In an open geometryhCE5PN /PLaser
5PS /PLaser.

Since Eq.~10! is more convenient than Eq.~8!, it is useful
to estimate the error due to the assumptiondUR /dt can be
neglected. We define (12d) to be the ratio ofT R

4 as deter-
mined by Eq.~8!, to T R

4 as determined by Eq.~10!, whered
is the fractional error. WhenPN and @(12aW)AW1AH# do
not change significantly over a time interval that we define
extending from 0 tot, we estimate from Eq.~8!:

T R
45

PN

s@~12aW!AW1AH# F12expS 2
t

tHN
D G ~12!

assumingT R
4(t)@T R

4(t50). From Eqs.~10! and ~12! we
obtain

d5expS 2
t

tHN
D , ~13!

which equals 5% whent'3tHN .
WhenPN}t4n over the time interval from 0 tot where 4n

is a positive integer,@(12aW)AW1AH# does not change
significantly over this interval, andt!tHN , we find from Eq.
~8!:

T R
4'

PN

s@~12aW!AW1AH# F t

~4n11!tHN
G , ~14!

assumingT R
4(t)@T R

4(t50). From Eqs.~10! and ~14! we
obtain

d'12F t

~4n11!tHN
G . ~15!

When t@4ntHN ,

T R
4'

PN

s@~12aW!AW1AH# F12S 4n

t/tHN
D G ~16!

d'
4n

t/tHN
. ~17!

When PN}t4 ~and TR is approximately proportional tot!,
d55% whent'80tHN .
02641
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Equations ~12!–~17!, of course, only estimate time
dependent effects since they neglect the dependence oaW
on the radiation-temperature history. These equations are
pressed in terms ofPN andtHN ; similar expressions can b
readily obtained in terms ofPS andtH .

III. TR , aW , AND hCE AS FUNCTIONS OF DIRECTLY
MEASURABLE QUANTITIES

The results of the previous section can be used to sug
methods for making time-resolved measurements ofTR ,
aW , andhCE. Combining Eqs.~1! and ~2! we find

ATs@T T
42T R

4 #5
4Vs

c

dT R
4

dt
5

dUR

dt
, ~18!

whereTT[@(PS1PW)/ATs#1/4 is the brightness temperatur
of the total wall areaAT . HencedUR /dt is equal to the
difference betweenATsT T

4 ~the total power emitted byAT!
andATsT R

4 ~the total power incident onAT!.
When t@(4V/ATc) ~i.e., whendUR /dt'0! Eqs.~3! and

~18! can be combined to give:

sT R
45sT T

45 f SsT S
41 f WsT W

4 , ~19!

where f S[(AS /AT) and f W[(AW /AT). In the steady state
the radiation brightness temperature equals the brightn
temperature ofAT , andT R

4 is a linear combination ofT S
4 and

T W
4 .
Equations~10! and~19! are equivalent; however, Eq.~19!

givesTR(t) as a function off S , f W , TS , andTW , quantities
that can be directly measured as a function of time in
hohlraum experiment@84,89–108#. Such a measurement o
TR might complement, for example, the use of a sho
breakout diagnostic, which requires radiation-hydrodynam
simulations to inferTR @44,84,97#. ObtainingTR is of inter-
est since it is the brightness temperature of the radiation
would drive a physics package placed inside the hohlrau

Results by Deckeret al. @39# and Eq.~19! suggest that a
single x-ray power measurement can be used to ob
TR(t). As described in@39#, we consider an x-ray-flux diag
nostic that views the hohlraum wall, with part of the sour
and no holes in the field of view. We definevS to be the
fraction of the detector’s field of view occupied by th
source, andvW[12vS . If the diagnostic is designed suc
that vS5@AS /(AS1AW)# and vW5@AW /(AS1AW)#, we
have from Eq.~19!

sT R
45

AS1AW

AT
@vSsT S

41vWsT W
4 #5~ f S1 f W!S PView

AView
D ,

~20!

where PView[AView(vSsT S
41vWsT W

4 ) is the total power
emitted by the field of view andAView is its area. In such an
arrangement the measured flux (PView /AView) would be di-
rectly proportional toT R

4. Using this technique to measur
TR(t) is, of course, meaningful only iff S and f W are known
and do not change significantly during the period of intere
0-3



m

oh

s
nd
io

t

e

an
ig
nn
, in
th

ed
ld
t

,
l-

er

ter

-

le
an-
on

.37
n

reas
urce
rce

tely

STYGAR, OLSON, SPIELMAN, AND LEEPER PHYSICAL REVIEW E64 026410
Combining Eqs.~5! and ~19! gives the wall albedo:

aW5
1

f SS TS

TW
D 4

1 f W

. ~21!

Hence aW(t) inside a hohlraum can be determined fro
time-resolved measurements off S , f W , and (TS /TW)4. It
has been proposed@35,47,76,80# that optimized wall-
material mixtures be used to increase albedos: Eq.~21! sug-
gests one technique for testing such mixtures inside a h
raum.

Since Eq.~21! implicitly assumes the net power is a
defined by Eq.~7!, and distinguishes between the wall a
radiation temperatures, it differs from a similar express
for the albedo given as Eq. 8.4 in Ref.@52#:

aW5
1

S f S

f W
D S TS

TW
D 4

1S 22
1

f W
D . ~22!

However, Eqs.~21! and ~22! are approximately equivalen
when f W'1.

For a laser-driven hohlraum, combining Eqs.~3!, ~11!,
and ~19! gives the conversion efficiency:

hCE5
f SAT

PLaser
@~12 f S!sT S

42 f WsT W
4 #. ~23!

Consequently we can determinehCE(t) inside a hohlraum
from time-resolved measurements off S , f W , T S

4, andT W
4 .

The quantitiesf S , f W , T S
4, T W

4 , and (TS /TW)4 might be
obtained from an x-ray-framing camera@95# and a filtered
array of x-ray detectors, as described in@65,84#. According
to Eqs.~19!, ~21!, and~23!, such a system could in principl
provideTR(t), aW(t), andhCE(t) using a single aperture in
the hohlraum wall. Whenf S and f W are known and relatively
constant during the time of interest, only measurements
T S

4 andT W
4 would be required.

IV. HOHLRAUM WITH A CONVEX CAPSULE

A. Two radiation temperatures

1. The source directly irradiates the capsule

We now assume the hohlraum described in Secs. II
III encloses a centrally located convex capsule, such as m
be used in ICF experiments. Since a convex surface ca
irradiate itself, the radiation flux incident on the capsule is
general, not the same as the flux incident on the rest of
cavity wall @14,109#. We also assume the source is allow
to irradiate the capsule directly, and is not blocked by shie
to improve radiation symmetry. This applies, for example,
proposed NIF ignition hohlraums@29,34,36,41,48,51,52
64,80#, distributed-radiator heavy-ion-beam-driven hoh
raums @57–59,76#, and the central cavity in thez-pinch-
driven system described by Hammer and co-work
@63,65,81,82#.
02641
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As in Secs. II and III, we assume the area of the ou
hohlraum wallAT equals (AS1AW1AH), areasAS andAH
are uniformly distributed acrossAT , and radiation entering
the cavity from areasAS and AW is Lambertian. We define
sT R

4 to be the radiation flux incident onAT , andsT RC
4 to be

the flux incident on the capsule areaAC . We assumesT R
4

andsT RC
4 are uniform on areasAT andAC , respectively.

Under these conditions Eq.~4! becomes ~neglecting
dUR /dt!

PS5@AS1~12aW!AW1AH#sT R
41~12aC!ACsT RC

4 ,
~24!

where

aW[
PW

AWsT R
4 aC[

PC

ACsT RC
4 ~25!

andPC is the total power emitted from the areaAC .
Since the capsule is convex,sT RC

4 is equal to the flux
emitted by the areaAT @14,109#:

sT RC
4 5

PS1PW

AS1AW1AH
5

PS1aWAWsT R
4

AT
. ~26!

Combining Eqs.~7!, ~24!, and~26! gives

PS5FAS1~12aW!AW1AH1~12aC!ACS aWAW

AT
D GsT RC

4

~27!

and

PN5F ~12aW!AW1AH1~12aC!ACS AS1aWAW

AT
D GsT RC

4 .

~28!

Similar expressions forPS andPN can be obtained as func
tions ofTR . From Eq.~28! we obtain the coupling efficiency
hCapsuleof PN to the power absorbed by the capsule:

hCapsule[
~12aC!ACsT RC

4

PN

5F ~12aW!AW

~12aC!AC
1

AH

~12aC!AC
1S AS1aWAW

AT
D G21

.

~29!

As aC→0 andAC→AT , thenhCapsule→1, as expected.
Since Eqs.~27!–~29! account for the source area, ho

area, and anisotropic radiation flux in a self-consistent m
ner, they differ from previous expressions for the radiati
drive and capsule-coupling efficiency@36,52#. ~For example,
the expression for the coupling efficiency given as Eq. 7
in Ref. @52# is derived from Eqs. 7.30 and 7.36. Equatio
7.30 assumes there are holes in the hohlraum wall whe
Eq. 7.36 does not; in addition, Eq. 7.36 assumes the so
does not directly irradiate the capsule, and that the sou
area is negligible. However, Eq. 7.37 agrees approxima
with Eq. ~29! above whenAS , AH!AT andaW'1.!
0-4
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The expression for the coupling efficiency given as E
3.9 in Ref.@14# assumes that the source and holes area ca
neglected. If we assume~using the notation of Ref.@14#! that
PS15A1PS /A2 ; i.e., that the source is uniformly distribute
across the cavity wall and is allowed to irradiate the caps
directly, then this expression becomes identical to Eq.~29!
above whenAS5AH50.

2. The source indirectly radiates the capsule

In some ICF concepts involving heavy-ion beams oz
pinches, direct radiation from sources located at both end
a cylindrical hohlraum is blocked from the capsule by po
x-ray symmetrization shields@14,33,50,55,56,65,67#. ~Such
shields would, of course, also prevent the sources from
ceiving direct radiation from the capsule.! For such a system
we defineAW to include the surface area of the shields.
addition, we make the simplifying assumptions that the
diation flux incident on the sources is the same as that on
capsule, and the sources and capsule are directly irrad
only by power emitted from the region defined byAW .

We define sT RC
4 to be the flux incident onAC and

AS ,sT R
4 the flux incident on the area (AW1AH), and as-

sume the fluxes are uniform over the respective areas. U
these conditions Eqs.~24! and ~26! become

PS5ASsT RC
4 1@~12aW!AW1AH#sT R

41~12aC!ACsT RC
4 ,

~30!

sT RC
4 5

PW

AW1AH
5

aWAWsT R
4

AW1AH
. ~31!

Combining Eqs.~30! and ~31! gives

PS2ASsT RC
4 5PN

5F S @~12aW!AW1AH#~AW1AH!

aWAW
D

1~12aC!ACGsT RC
4 . ~32!

The capsule coupling efficiency is:

hCapsule[
~12aC!ACsT RC

4

PN

5F S @~12aW!AW1AH#~AW1AH!

aWAW~12aC!AC
D11G21

.

~33!

As aC→0 and AC→(AW1AH), then hCapsule
→aWAW /(AW1AH), as expected.

As noted previously, the expression for the coupling e
ciency given as Eq. 3.9 in Ref.@14# assumes that the sourc
and hole areas are negligible; in addition, it neglects the a
of the shields. If we assume~using the notation of Ref.@14#!
thatPS150; i.e., that the sources are not allowed to irradi
02641
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the capsule directly, this expression becomes identical to
~33! above when the shield area,AS , andAH50.

B. Single radiation temperature

Time-dependent effects are most readily estimated wit
simpler, though less-accurate, single-radiation-tempera
model. If we neglect that the capsule is convex and assu
that the source irradiates the capsule directly, thenTRC
5TR , and we can generalize the arguments in Sec. II
obtain

PS2ASsT R
45PN

5@~12aW!AW1AH1~12aC!AC#sT R
4

1
4Vs

c

dT R
4

dt
. ~34!

Equations~27! and ~28! are consistent with Eq.~34! when
AC→0, since in this limit the flux incident onAT approaches
the flux emitted, andTR→TRC.

The hohlraum time constants become

tH[
4V

c@AS1~12aW!AW1AH1~12aC!AC#
, ~35!

tHN[
4V

c@~12aW!AW1AH1~12aC!AC#
, ~36!

which are meaningful only over time periods during whi
tH and tHN do not change significantly. Other results o
tained in Sec. II follow immediately.

Assuming Eq.~34! and thatdUR /dt can be neglected, the
capsule-coupling efficiency can be expressed as:

hCapsule[
~12aC!ACsT R

4

PN

5F ~12aW!AW

~12aC!AC
1

AH

~12aC!AC
11G21

. ~37!

As AH→0 andaW→1, the efficiencies given by Eqs.~29!,
~33!, and ~37! approach 1, since in this limit the only ne
absorber of power in the hohlraum is the capsule.

V. HOHLRAUM WITH A CONVEX SOURCE

A. Two radiation temperatures

The models in Secs. II, III, IV A 1, and IV B assume th
AS is uniformly distributed acrossAT , and that the source
radiates onto itself. If we assume instead that the sourc
convex, then the source cannot irradiate itself, and the ra
tion flux incident on the source is, in general, not the same
the flux incident on the rest of the cavity wall@14,109#.

This approximates a hohlraum that encloses az pinch, as
is used in some weapon-physics and ICF experime
@42,44,54,61–63,65,71,74,81,82#. We shall assume that th
results of this section are relevant primarily to such a syst
0-5
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We assume the area of the outer hohlraum wall equalsAW
1AH1AG), whereAG is the area of the transmission-lin
gap that feeds power to the pinch. We assume radiation
tering the cavity through areasAW andAG is Lambertian. We
define sT RS

4 to be the radiation flux incident onAS , and
sT R

4 to be the flux incident on the area (AW1AH1AG). We
assumesT RS

4 and sT R
4 are uniform on areasAS and (AW

1AH1AG), respectively.
Under these assumptions Eq.~4! becomes~neglecting

dUR /dt!

PS5ASsT RS
4 1@~12aW!AW1AH1~12aG!AG#sT R

4,
~38!

where

aW[
PW

AWsT R
4 aG[

PG

AGsT R
4 . ~39!

aG , the effective albedo of areaAG , is not zero because
some of the radiation reemitted from the walls of the tra
mission line enters the hohlraum@61,71,81#. PG is the total
power that enters the hohlraum through areaAG .

Since the source is convex,sT RS
4 is equal to the flux

emitted by the region defined by the area (AW1AH1AG)
@14,109#:

sT RS
4 5

PW1PG

AW1AH1AG
5

~aWAW1aGAG!sT R
4

AW1AH1AG
. ~40!

Combining Eqs.~38! and ~40! gives

PS5F S aWAW1aGAG

AW1AH1AG
DAS1~12aW!AW1AH

1~12aG!AGGsT R
4. ~41!

SincePN5PS2ASsT RS
4 , we have from Eq.~38!:

PN5@~12aW!AW1AH1~12aG!AG#sT R
4. ~42!

Similar expressions forPS andPN can be obtained as func
tions of TRS.

B. Single radiation temperature

If we neglect that the source is convex and assumeTRS
5TR , we can generalize the arguments in Sec. II to obta
single-radiation-temperature model of a hohlraum contain
a z pinch:

PS2ASsT R
45PN

5@~12aW!AW1AH1~12aG!AG#sT R
4

1
4Vs

c

dT R
4

dt
. ~43!
02641
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Equations~41! and ~42! are consistent with Eq.~43! when
AH , AG!AW andaW'1, since in this limit the flux incident
on (AW1AH1AG) approaches the flux emitted by this are
andTR→TRS.

The hohlraum time constants become

tH[
4V

c@AS1~12aW!AW1AH1~12aG!AG#
, ~44!

tHN[
4V

c@~12aW!AW1AH1~12aG!AG#
. ~45!

Of course, Eqs.~44! and ~45! have meaning only over time
periods during whichtH and tHN do not change signifi-
cantly. Other results obtained in Sec. II follow immediate

VI. z-PINCH-SOURCE MODEL

A. PS as a function of geometry

In principle,PS can be measured through a small diagn
tic hole in the hohlraum wall. Because of aperture closur
is more convenient to measure the source power in a sys
with large diagnostic apertures. However, large apertu
lower the radiation temperature in a hohlraum, which d
creases the heating of the source and hence the source
perature and total source powerPS . For az-pinch source, a
simple model can be used to estimate the effect of hohlra
geometry onPS .

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

dUS

dt
5PExt1ASsT RS

4 2PS5PExt2PN , ~46!

wherePExt is the external source of power delivered to t
pinch, andsT RS

4 is the radiation flux incident on the pinch
In a geometry with large diagnostic apertures,

dUSL

dt
5PExt1ASsT RSL

4 2PSL5PExt2PNL , ~47!

where the subscript ‘‘L’’ denotes quantities in the large
aperture system.~We assumePExt andAS are independent o
geometry.! When dUR /dt, dUS /dt, and dUSL /dt can be
neglected, we can combine Eqs.~41!, ~42!, ~46!, and~47! to
obtain

gPS5PN5PNL5gLPSL , ~48!

where

g[
~12aW!AW1AH1~12aG!AG

S aWAW1aGAG

AW1AH1AG
DAS1~12aW!AW1AH1~12aG!AG

~49!
0-6
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is calculated for the hohlraum without the large diagnos
apertures, andgL is the corresponding quantity for the larg
aperture system.

Equation~48! gives the total- and net-source termsPS and
PN as a function ofPSL , the total source power in the syste
with large apertures. According to Eq.~48!, the total power
PS emitted by az pinch in the hohlraum without the larg
apertures is greater thanPSL by the factor (gL /g).

B. Source time constant

Equation~48! assumesdUR /dt, dUS /dt, and dUSL /dt
can be neglected. We can assumedUR /dt50 when the time
of interest is much longer than the hohlraum time consta
i.e., the time required to fill the hohlraum with radiation. W
can setdUS /dt5dUSL /dt50 when the time of interest is
much longer than the time required by the radiation to h
the z-pinch source to its equilibrium temperature.

An estimate of the hohlraum time constant is given as
~45!. To estimate thez-pinch-source time constant, we mak
the simplifying assumption that the hohlraum time const
can be neglected, and setdUR /dt50. Combining Eqs.~41!,
~42!, ~46!, and~47! we obtain

dUS

dt
2

dUSL

dt
5PNL2PN5gLPSL2gPS . ~50!

To develop an expression forUS , we assume thez pinch can
be modeled as an isothermal plasma with ion-charge s
Z@1, and thatUS is dominated by the kinetic energy of th
electrons and potential energy of the ions@110#. Hence

US5 3
2 NZkTS1N(

j 51

Z

I j5
3
2 NZkTS1NZIAve5~0.07!NkTS

3/2

[bTS
3/2, ~51!

whereN is the number of ions,k is the Boltzmann constant
I J is the j th ionization potential, andI Ave is the average of
the first Z ionization potentials. Equation~51! sets Z
5(0.02)TS

1/2 and I Ave52kTS ~TS in degrees kelvin!, which
are reasonable approximations for a tungstenz pinch at elec-
tron densities (231028m23! and temperatures (23106 K! of
interest@24,86,111–114#. Similarly, USL5bTSL

3/2.
Combining these expressions for internal energy w

Eqs.~3! and ~50! ~and assumingAS5ASL! gives

3
2 bS TS

1/2dTS

dt
2TSL

1/2dTSL

dt D5ASs~gLT SL
4 2gT S

4!. ~52!

AssumingT S
45T SL

4 (11 f ) where 0< f !1, f (t50)50, and
TSL5gtn whereg is a positive constant andn a non-negative
integer, we find~neglecting terms second and higher order
f!

d f

dt
1F S 3n

2t D1S 8ASsg

3b Dg5/2t5n/2G f 5
8ASs~gL2g!

3b
g5/2t5n/2

~53!

When t@@3n/(5n12)#2/(5n12)tS ,
02641
c

t,

t

.

t

te

h

f ~ t !5
gL2g

g H 12expF2S t

tS
D ~5n12!/2G J , ~54!

where the source time constanttS is defined by

tS[F ~15n16!b

16gAssg5/2G2/~5n12!

. ~55!

As t→`, f→(gL2g)/g, T S
4→T SL

4 (gL /g), and @according
to Eq. ~48!# PN→PNL .

To estimate the error due to the assumptiondUS /dt
5dUSL /dt50, we define 12« to be the ratio ofPS as de-
termined by Eq.~50!, to PS as determined by Eq.~48!.
Hence the fractional error« is given by

«[

S gLPSL

g D2PSL~11 f !

S gLPSL

g D 5S gL2g

gL
DexpF2S t

tS
D ~5n12!/2G .

~56!

The maximum value of« equals (gL2g)/gL and occurs
when t50.

VII. NIF AND Z-ACCELERATOR HOHLRAUMS

The baseline NIF hohlraum@29,34,36,41,51,52,64# can be
modeled as described in Sec. IV A 1. For this systemAS
54.031025 m2, AW51.631024 m2, AH51.231025 m2,
AC;631026 m2, aW50.89, aC;0, andV52.331027 m3

@29,34,36,52#. Assuming a 75% laser-conversion efficien
@36# andPLaser5400 TW @29,34,52#, Eqs.~11! and~28! pre-
dict that the capsule-drive temperatureTRC would be 303 eV.
The value predicted by integrated calculations is 300
@29,34,52#. According to Eq.~29!, hCapsule517%, which is
15–23 % higher than predicted by previous analytic relatio
@36,52#. The total source powerPS would be 640 TW, sub-
stantially in excess ofPLaser.

Using Eqs. ~12!–~17! and ~34!–~36!, we can estimate
lower bounds on time-dependent effects.~For the NIF sys-
tem, these equations provide only lower limits since th
neglect the heat capacity of the H–He gas fill and ot
materials inside the hohlraum.! Assuming the baseline NIF
laser pulse shape@29,34,52# andPN}PLaser, we can approxi-
mate PN as being proportional tot4 for ;3 ns before it
peaks. Using Rosen’s albedo model@1,20,30,36,52,69,85#
and Eqs.~16!, ~17!, and ~36!, we find that during this time
tHN;0.07 ns, andd;9% at t53 ns. Assuming that after
ward PN is constant for 2 ns at peak power, we find@using
Eqs. ~12!, ~13!, and ~36!# that over most of this interva
tHN;0.085 ns andd is negligible.

One of the standardz-pinch-driven hohlraums fielded o
the Z accelerator@54,62,74,81,104# has a centrally locatedz
pinch and can be modeled as described in Secs. V and
For this systemAS'631025 m2, AW51.5031023 m2, AH
55.6531025 m2, and V54.531026 m3. Because of gap
closure we estimate from experiments conducted onZ that
AG'6.931025 m2, 50% of its initial value. AssumingTW
0-7
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peaks for 3 ns at 132 eV~as discussed below! and Rosen’s
albedo model@1,20,30,36,52,69,85#, we obtain that at peak
temperatureaW50.85. According to calculations by Vese
and co-workers@61,71,81#, aG'0.34; henceg50.87.

To estimatePS we use measurements ofPSL made on
shots taken with nine large diagnostic apertures in the h
raum wall. For this system the average value ofPSL is ap-
proximately 122 TW andgL50.97. Consequently, from Eq
~48! we havePS5(gL /g)PSL5136 TW. Using this value
and Eq.~41!, we estimate that in the standard hohlraum s
tem ~without the large apertures! TR peaks at 137 eV, and
@from Eq. ~5!# the wall temperatureTW5(aW)1/4TR
5132 eV. The measured value ofTW is 13367 eV @115#.

From Eq.~44! we estimate that during the 5-ns rise of t
x-ray power pulsetH;0.12 ns. AssumingPS}t4 ~the source
temperature is approximately proportional tot! during this
time, we use Eqs.~14!–~17! ~expressed in terms ofPS and
tH! to find d'100% att50, and 10% att55 ns. Assuming
n51, N51.931019, and g54.931014 K/s, we obtain
from Eq.~55! thattS53 ns; hence from Eq.~56! we estimate
that«510% att50 and is negligible at 5 ns. Assuming th
afterwardPS andTSL are to a good approximation consta
for 3 ns at peak power, we estimate with Eqs.~12! and~13!
.
.
a,
K.
,

e

a,
s

s
S.
.
C

R
ki
.
an
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~expressed in terms ofPS andtH! and Eq.~56! that during
most of this intervald and« can be neglected.
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