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Short, bright pulses of x-ray line emission are needed for flash radiography of laser-fusion targets.
The experiments described here were ctuTied out with the nominal laser pulse lengths of 60 and 120
ps. The M~L spectra were for Y (2.00—2.35 keV), Pd (2.95—3.46 keV), and Cs {4.43—5.15 keU),
and the L ~E spectra were for Cl (2.790 keV), Ti (4.749 keV), Mn (6.180 keV), and Ni (7.804 keV).
The L-+E energies are for the 1s2@ 'Pl ~1s2'$0 transition. Both the duration and the absolute
brightness of the x-ray line emission a&ere measured. Even at 60 ps, the x-ray Gashes from Y, Pd,
and Ti were all bright and of duration comparable to or shorter than the laser pulse length. In par-
ticular, the Pd M~L hnes w'ere as bright as 2X10'2 photons/jsr and the Ti L~K hnes as bright
as 5X10' photons/j sr.

I. INTRODUCTION

Experiments performed with the KMS Chroma laser at
0.53 pm have succeeded in producing bright 50-ps (or
shorter) x-ray flashes at 2.00—2.36 keV {yttrium M-+L
transitions), 2.95—3.46 keV (palladium M~L transi-
tions), and 4.75 keV (titanium 1s2p-Is transitions). Scal-
ing arguments based upon an exact two-parameter
transformation group of the hydrodynamic equations sug-
gest that, in light of these experimental results, it may be
possible to generate 10—20-ps x-ray flashes at energies as
high as 6 keV with intense 0.26-pm laser light. The hy-
drodynamic equations upon which the transformation
group is based assume flux-limited classical electron heat
transport and an ideal-gas equation of state. Radiation
transport and cooling are neglected. Experiments by
Ynnkobi et al. ' have shown that for a 0.35-)um irradiation

wavelength, some x-ray lines can be as much as an order
of magnitude brighter than for 1.06-p, m irradiation.
Matthews et al. z also noted substantially higher conver-
sion efficiency at shorter wavelengths for several lines.

The measurements on the conversion efficiency g'„and
the x-ray duration „traepresented first. We discuss the
physics in an effort to understand the trends that were ob-
served and then present the two-parameter transformation
group. The Appendix gives the experimental details, in-
cluding the film and crystal calibrations that were used.

II. EXPERIMENTAL RESULTS

Table I summarizes the experiments, which were at the
nominal laser pulse lengths of 60 and 120 ps and at the
laser wavelength of 0.53 )um. The targets were thick disks
irradiated by a converging beam focused by an f/1. 8 par-

TABLE I. Summary of the KMS x-ray flash backlighter characterization experiments.

Materials and x-ray lines

&x
[photonsi

(jou)e sphere)]

Laser
intensity
(W/cmz)

Laser X-ray
PAtHM BVHM

(ps) (ps)

For the experiment with maximum g„ Range of the
x-ray RVHM

for all experiments
(ps)

At 120-ps FMt'HM pulse length:

Q K (2.79 keV iP Hee)
Pd L (2.95-3.46 keV neon like)
Ti K (4.75 keV i P i Hee)
Cs L (4.43-5.15 keV neonlike)
Mn K (6.18 keV lP& Hee)
Ni K (7.80 keV iP i Hee)

At 60-ps PA)'HM pulse length:

Yt L (2.00-2.36 keV neonlike)
Pd L (2.95-3.46 keV neonlike)
Ti K(4.75 keV ~P& Hee)
Mn K(6.18keV ~P& Hee}

1O5 x 10»
380»0»

13 x 10»
16 x 10»

3.4 x 10»
0.85 x 10»

240 x 1O»
19O x 1O»
6.1 x 10»
1.6 x 1O»

8.O x 10~4
15

16 x 10»
2.3-4.6 x 1015

60 x 10l4
1.3-2.5 x 10~6

1.6 x 10~5
0.9-1.6 x lois

1.1 x 10~6
0.9-1.8 x 10~6

124
108
102
115

104

126
157
115
110
121
103

82-139
64-157
80-117
83-110
98-127
87-100

57-67
51-66
48-50
56-57
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TABLE II. Summary of the M~I. emission-band experiments at 0.53 pm.

Element

Yttrium

Palladium

Cesium

BVHM laser
pulse width

(ps)

80
79
64
S3
70

~70
63
65
68
65

104
115
118
117
120
108
114
116
116

120
120
115
91

17.9
12.2

14.4
13.0
3.6

16.2
1.6

11.9
21.1
19.0
7.6

17.4
42.8
37.5
33.1
45.7
36.2
39.6
34.6
3.0
8.5

26.1

24.1

37.9
32.9

RIIlHM spot diam
from the x-ray

pinhole camera
(pm)

133 (sat.)
126

84 (sat.}
64 (sat.)
40

130 (sat.)
35

165
284
281
173
32S
118 (sat.)
105 (sat.)
140 (sat.)
200 (sat.)
166 (sat.)
247 (sat.)
287
99

266

97 (sat.)
124 (sat.)
190 (sat.)
269 (sat.)

Focal
offset
(pm)

0
0
0

-200
0

-360
—580
—580
-360
-?70

0
0

-200
—360
—360
—580
—920
—360
-810

l.user
intensity
(W/cm 2)

0.5-i.l x 10~6
1.6 x 10»

0.9-1.6 x 10l6
0.8-1.5 x 10~6

45 x 10»
2.7-9.2 x 10»

2.4 x 10»
80 x 10~4

53 x iol4
4.7 x 10~4

4.8 x 10~4

32 x 10~4

2.0-3.8 x 10~6

16 3.0 x 1016
4.2-9,9 x 10»
1.8-5.4 x 10»
i.4-4.2 x 10»
0.6-i.6 x 10»

4.7 x 1014
3.4 x 10i4
1.3 x 10i4

1.1-2.0 x 10~6

3.0-?,i x 10»
2.3-4.6 x 10»
0.6-i.6 x io»

Conversion efficiency, g
„

[photons/(joule sphere)]

1.9 x 10I3
2.4 x 10l3

191 x 10»
169 x 10»
142 x 10»
143 x io»
70 x 10»
93 x 10»

135 x l0»
230 x lolia
134 x 10»
68x io»

i56 x 10»
204 x 10»
204 x 10»
265 x 10»
232 x 10»
378 x 10»
204 x 10»
110 x 10»
40 x 10»

11 x 10»

i6x io»
12 x 10»

X-ray
PAt'HM

(ps)

57
67

66
65

67

59

59
51
55

118
131
118
151
140
157
131
68
64

90
110
83

'Obtained fmm1 ratio of time-resolved data. Time-integrated data were not acquired.

1 l l l l l t l 1 1 1 l l 1 lit

12 l l lit I 1 1 l l $ I l Filled boxes:
104-0'$S ps PNMNI
33-46 J

CL
Cs9
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X
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gi 1 111I
~o~

Chlorine K liras

1 1 1 i I tttl
CJ
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Vi//ARYJJr'fed

Cross hatched boxes.
63-83 ps FNHM
12-21 J

Palladium L lines

L—- inensity (N/cm~) Q
&0"

»»I
~0'

Laser intensity (N/cln2)

FIG. 1. Conversion cfflclency vs laser 1ntcns1ty for Hc-11kc
and Li-bke chlorine 2p ~1s transitions. Neither the Ka nor the
Ho, lines were summed over. The energy limits on the integra-
tion were typically 2.725—2.805 keV.

FIG. 2. Conversion efficiency vs laser intensity for the palla-
dium M~I. lines. The energy limits on the integration were
typically 2.87—3.48 keV.
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TABLE III. Summary of the L~E emission-band experiments at 0.53 pm.

Element

Chlorine

F%HM laser
pulse vridth

{ps)

127
109
125
124
113
115
134
125

Laser
energy

(&)

31.3
33.1

25.9
4.6

24.3
25.2
24.9

F%HM spot diam
from the x-ray

pinhole camera
(pm)

56
99

130
182
102
287
500
500

Focal
oNset

(pm)

0
—200
—360
—580
—360
-920

—1450
—1450

1.0
3.9

2
8.0

5
3.3
1.0
1.0

x 10~6
x 1015

10I5

x 10~4
1014

x 1014
x 10~4

x 10&4

Laser
intensity
(%/cm2)

Conversion efficiency, g „

[photons/(joule sphere))

19 x 10»
34 x 10»
55 x 10»

105 x 10»
50 x 10»
77 x 10»

27 x 10»

X-ray
FTHM
(ps)

111
139
122
126
77
98

110
82

Titanium 62
60
57
59
54

117
120
120
144
113
112
118
102
117

70
74
70
70

122
110
127
130
119

19.0
9.9

19.1
19.0
17.4
34.8
34.2
12.1
29.3
24.1

38.2
3?.3
32.9
24.2

12.3
13.9
10.3
11.8
34.5
37.1

31.2
38.6
31.2

58 (sai.)
39
61
76

139
64 (sai.)
86 (sat.)

48
89 (sai.)
80

162
159
162
267

37
55 (sat.)
37
96
63 (sat.)
64 (sat.)

156 (sat.)
252
281

0
0

—360
—200
-612
—200
—200

0
-200
—200
—580
—360
—360
—810

0
0
0

—200
0

—200
-360
—580
-810

1.5-2.9
1.4
1.1
7.3
2.1

w9.3
0.4-1.0

5.6
3.1-7.2

4.2
1.7
1.6
1.6
3.7

1.6
0.9-1.8

1.4
2.3

1.4-2.6)1.1
1.1-3.4

6,0
4.2

x 1016

x 10~6

x 10~6

x 10»
x 10»
x 10»
x 10~6

15

x 1015
»pcs
x 1015
x 10»
x 10»
x 10~4

x 10~6

1P 16

x 10~6
x 10»
x 10~6
x lpl6
x 1015
x 10~4

x 1014

10»
3.5 x 10
6.1 x 10
4.1 x 10»

small
42 x 10»

85 x 10»

3.5 x 10»
122 x 10»
11.8 x 10»
13.0 x 10»
5.7 x 10»

1.0 x 10»
1.6 x 10»
1.2 x 10»
08 x 10»
1.5 x 10»
14 x 10»
31 x 10»
3.4 x 10»
1.2 x 10»

49
50

105
107

117
106
112
120
115
80

57
56

125
116
127
121
98

Nickel 550
102
127
107
104
103

35.9
24.7
40.8
28.9
28.2
40.6

123 (sat.)
60 (sai.)

115(sat.)
80 (sat.)
82 (sai.)
95 (sat.)

0.6-6.0 x 10»
1.2-2.3 x 10'6
0.5-1.1 x 10~6

1.3-2.5 x 10~6

1.3-2.5 x 10
0.6-1.4 x 10

2.5 x lofti

062 x 10»
0.84 x 10»
0.85 x 10»
0.80 x 10»

350
97

100
87

103
97

er energy was not measured because of computer failure; the value of 35 J is assumed because amplifiers were set to this value.
~ Data omitted because of conAicting records.

aboloidaj mirror. The target normal was at /=0', 8=10'
and the time-integrated spectrograph was at
/=28. 8',8=62.0', where 8 is the polar angle from the
paraboloidal mirror and 4 is an azimuthal angle. The
time-resolved spectrograph hne of sight was between 62'
and 72' to the target normal.

The conversion efficiencies g„and x-ray pulse widths r„
are given in Tables II and III. g„is given in units of
photons/(J sphere). We multiphed the measured dg„/d0
in photons/(J sr) by 4rr sr to get g„.The data are hated in
order of decreasing intensity for each material with the
60-ps experiments hated first. The focal offset is the dis-
tance the target was moved away from the best focus posi-
tion of the befun. The negative sign for the offsets means
that the targets were always in the converging part of the
f/1. 8 laser beam. None of the x-ray pulse widths have

been corrected for the 45-ps x-ray streak camera resolu-
tion, which was determined by the sweep rate and slit
width. The laser pulse widths are accurate to about +10
ps for the pulse widths under 100 ps and to about +10%
for those over 100 ps. An uncertainty range of lo for the
intensity is given whenever all the x-ray pinhole images
for an experiment were exposed to a density exceeding the
maximum density of S.115 which could be measured by a
microdensitometer. For each focal offset, the average full
width at half maximum (FWHM) spot size and standard
deviation were computed for the set of measurements for
which good x-ray pinhole images were obtained. These
were 44+7, 75+16, 130+34, 223+51, and 292+26 pm
for offsets of 0, —200, —360, —560 to —612, and
—770 to —810 pm, respectively. It is these values that
were used to generate the intensity ranges in the tables.
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(Er, 7.1—8.25 keV). The total integrated brightnesses of
the low-energy L lines are considerably brighter than K
lines at near the same energies. At higher x-ray energies,
only the E lines can be generated. The highest energy
M~L lines which we observed were from cesium (Table
II). The Ne-like M-+L lines, which were strong for Y
and Pd, were absent for cesium even at high intensity. We
looked for the erbium M~L lines, which we expected to
be in the energy range 7.1—8.25 keV, but saw only the
continuum emission.

At high x-ray energies, the lines from an L +E e—mitter
are brighter than those from an M~L emitter. To see
why this is so, neglect screening and use the simple nonre-
lativistic hydrogenic energy levels. It then takes —', of the
M~L transition energy to remove the last M-shell elec-
tron while it takes only —,

' of the L ~E transition energy
to remove the last I.-shell electron.

FIG. 3. Conversion efficiency vs laser intensity for the titani-
um 2p~ ls lines for heliumlike and hthiumlike ions. The ener-

gy limits on the integration were typically 4.66—4.78 eV.

f f i f i i I i I C i i I

~Fuilci boxll:
110~ $30 ps FINHIN
3l ~39J

Ih

2

0
CL

Nanyanese
K lines

Cross-hate:bed boxes:

i iiil
q0'l6

Laser intensi~ (I/cm2 }

FIG. 4. Conversion efficiency vs laser intensity for the man-
ganese 2p~1s lines for heliumlike and lithiumlike ions. The
energy limits on the integral ion were typically 6.02—6.25 keV.

The chlorine, palladium, titanium, and manganese con-
version efficiencies are plotted versus intensity in Figs.
1—4, respectively. All four curves at 120 ps show the
conversion efficiency peaking at an intermediate intensity.
The absorption fractions, which were not measured, inay
have been higher at lower intensities. The longer scale
lengths over which the heat has to be transported at the
higher intensities may also partly explain this peak.

We studied the M~L emission bands for several ele-
ments, ranging in Z from 39 (Y, 2.00—2.36 keV) to 68

III. DISCUSSION

The 2p-+1s lines we observed were primarily from
heliumlike and lithiumlike ions. The Ea line was always
comparatively weak. Representative L~K spectra from
Cl, Ti, and Mn experiments and M~L spectra from Y,
Pd, and Cs experiments are shown in Figs. 5 and 6,
respectively. Neonlike M~L line energies were calculat-
ed using Mosely fits to the experimental results of Burk-
halter et al. ~ and then identified in our spectra to get the
energy scale in Fig. 6. Similarly, 2p~ls transition ener-
gies were obtained from Scofleld's calculations" and then
used to identify lines to flx the energy scale for Fig. 5.
We selected the shots with the highest conversion efficien-
cy at 120 ps for the chlorine and nickel spectra and at 60
ps for the palladium, titanium, and manganese spectra.
The chlorine P& and 'P, is2p~ls 'So lines are flat
topped since their film density exceeded the maximum
density of 5.115 which could be microdensitometered.

Table IV gives the ratios of the area under several lines
involving a 2p~ls transition to the area under the
1s 2p 'I'~ ~1s 'So line. The Ea line is more intense at 60
ps than at 120 ps for both titanium and manganese. This
is expected since the superthermal electrons will not have
so far to diffuse to reach cold material for the shorter
laser pulse length. The letter designations for the satellite
L~K lines are taken from Gabriel. The e, j, k, and 1

lines are in the 1 s2p —+ ls 2p array of lines, and the q and
r lines are in the 1s 2s 2p —+1s 2s array.

X-ray flashes that are both short and bright can only be
achieved over a finite wavelength or energy range. At low
x-ray photon energy, the problem in producing a short x-
ray flash is that recombination may take too long, result-
ing in a tail that persists long after the laser pulse. At
high energy, the problem is that there must be sufficient
time for the atoms to strip down to the required electron
configuration. We will now estimate the rates for col-
lisional ionization and three-body recombination in order
to show that our experimental results are reasonable.

First we find a lower limit for the collisional ionization
time v;-z. Assume that the maximum electron density at
which the x-ray line generation can occur is at most a few
times the critical density for the laser frequency. Having



D. Vf. PHILI ION AND C. J. HAILEY 34

I I l t
3~

Chlorine l ~ K
124 ps, 3{}J
1.5-2.3 X 10~5 N/em2

Ko

4L
0.8 2.7 2.8 2.8
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4A
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!
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0

I I
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FIG. 5. Spectrum and time history of the 2@~ls line emission for several elements. (a) Chlorine: 8)& 10'~ %/cm, 124 ps, 25.9 J,
$„=105X10"photons/(Jsphere), and r„=126ps. (b) Titanium: 1.1X10' W/cm', 57 ps, 19.1 J, $„=6.1X10" photons/(Jsphere),
and r„=49ps. (c) Manganese: (1.1—3.4) X 10'~ W/cm~, 127 ps, 31.2 J, $„=31X 10"ph. otons/(J sphere), and r„=127 ps.

fixed n„there is a T, which minimizes r;x Using.
Seaton's result for the near-threshold collisional ioniza-
tion cross section, the collisional ionization time ~k can
be calculated to be

3/2
256~~

gP OACll~
9n

h' 1/2 I
2 kT

—xt
E2(x)= f, dt . (2)

(3a)

~ ~ 0

kr p&1 kT

The factor in square brackets in Eq. (1) has the limits
' 1/2

kT —I
t.
'''3 ~ I exp kTkT «~I

T

The exponential integral Ez(x) is given by The factor in square brackets in Eq. (1) carries all the
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Yg~iumM ~ L

80 ps, 12.2 J
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10'6 W/cm~

Time (ps)

200

I I
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Q ', M[ pL. .
X-rIy energy (keV}

~~ 2C

X
0

0
I

100
Time (ps)

300

N
E
U

C
O

1
CL

I l

Csium Nl ~ L
115ps, 37.9 J
2.3-4.8 x 10~5 Nt/cm~

~~C

X

I

x 10'"
(J sphere)

4.5 5.0
X-ray energy (keV)

200
Time (ps)

300

FIG. 6. Spectrum and time history of the M~L line emission for several elements. (a) Yttrium: 1.6X 10' %'/cm, -60 ps, 12.2
J, $„=2.4X10'3 photons/(Jsphere), and r„=67ps. {b) Palladium: {0.6—1.6)X10"W/cmi, 108 ps, 39.6 J, $„=378X10"
photons/(Jsphere), snd r„=157ps. (c) Cesium: {2.3—4.6}X10'~W/cm~, 115 ps, 37.9 J, $„=16X10"photons/(Jsphere), and
~„=110ps.

temperature dependence of r~ It has a maxi. mum value
of 0.2541 at kT=3.75I. Here ao is the Bohr radius of
0.529 A, EH is the hydrogen ionization energy of 13.61
cV, c is llgh't spccd, A is tllc dinlciisioillcss clcctromagnctlc
fine-structure constant of 1/137.036, n, is the density of
free electrons, and n is the Rydberg shell number. The g
is the Gaunt factor for photoionization, which we take to
be about OA2.

I.et us look at the 7.804-keV nickel 1s2@ 'I'~ 1s 'So
line, for example. The energy required to strip nickel
from 2s ls to ls is 2398 CV. Thus,

10 ' cm(r;~);„=(141ps)

The critical density for 1.064-pm light is 0.985X10 '

electrons/cm . To completely strip the L shell requires a
time on the order of In(8/0. 5} times r;x, since the popula-
tion of eight electrons in the 1. shell decreases exponen-
tially with the time constant ~;x. At least 400 ps is actu-
ally required to strip the nickel for a free-electron density
of n, =10 ' cm . Flash radiography at &100 ps and
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TABLE IV. Chlorine, titanium, and manganese line ratios,

Element
intensity
(%/cm2)

Laser BVHM
pl)se width

(i 8)

Ke
1P1 Hee

Li-Like

jkl, qr, e
1P1 Hee

~P1 Hee

P1 Hee

H e doublet

1P1 Hee

Chlorine

Titanium

1.0
3.9
1.7
8.0

5
3.3
1.0

5.6
4.2
3.7

(1.5-2.9)
1.4
1.1
7.3

x )Q16
x )0»
x 1015
x 1014

14

x )Q14

x )014

)016
x )0»
x )0»
x )014
x )016
x 1016

)016
x )0»

127
109
125
124
113
115
125

117
120
113
117
62
60
57
59

0.005
0.008

0.014

0.02
0.02
0,05
0,04
0.23
0.13
0.21
0.17

0.34
0.29
0.34
0.39
0.34
0.57
0.58

0.61
0.60
0.82
1.37
0.73
0.72
0.78
0.65

0.30
0.20
0.19
0.42
0.30
0.42

0.55
0.54
0.66
0.69
0.52
0.60
0.55
0.59

0.46
0.20
0.10
0.07
0.00
0.00
0.00

O.Q)5
0.00
0.00
0.00
0.027
0.025
0.025

(0.02

Manganese ~).4-2.6) x )016
~).) x )016

(&.&-s.4) x io»
60 x 1014
42 x )014
1.6 x 1016

(0 9 1 8) x 1016

1.4 x 1016
2.3 x 1015

122
110
127
130
119
70

-74
70
70

0.056
0.00
0.00
0.00
0.00
0.41
0.41
0.68
1.03

0.78
0.80
1,42
2.01
3.40
0.88
0.83
1.10
1.27

w0.63
w0.6)

w0.70
w0.55
w0.63
a0.65

' Notation from A. 8, Gabriel, Mon. Not. R. Astron. Sot:. 360, 99 (1972), Tab&e ~

1.064 )Mm using the nickel Hea lines is thus not expected
to be possible, and is expected to be but barely possible for
0.53 p,m.

The three-body recombination rate into a Rydberg shell
can be derived either indirectly from detailed balance with
coihsional ionization or directly by considering classical
electron-electron collisions in the Coulomb field of an ion
and using the Bohr modeL~ In particular, detailed balance
with collisional ionization using the Thomson formula
for the collisional ionization cross section gives

=192m afn, uoc
+3R kT

oo 1 —(E~ /kT) t
X f28 dt

(&+1)

Here f= —, if Thomson's classical cross section is used for
the collisional ionization. The result of evaluating
192/a/3 is 4.61. If n is not too high, then radiative de-
cay down to the ground state is rapid. For high n, the
problem is much more complex. Low-momentum-
transfer collisions will transfer electrons in high-n states
preferentially to near-neighbor- n states. Mathematically,
it looks like diffusion, «s discussed by Zel'dovich and
Raizer. '

For simphcity„we will consider only those n states for
which radiative decay is rapid. This will give us a lower

limit to the three-body recombination rate.
2

2 3 2
10 cm

n,
T

r3a ——(83 ps)
1 keV

We have

NlRX

g n . (6)
n=1

We need to know what to use as n Bethe an.d
Heitler" give the summed oscillator strengths F„„
=—Xi I f„"i' for the spontaneous transition rate for
hydrogen from the Rydberg shell n to the lower n'. The
spontaneous Einstein AE coefficient is then
Az (F„„/n)k~roc——, or

1 26 1 I 11 2(Az)n~n' — i .~,i —
2 ) i k roc .

n 3~ 3m' n n n n

This rate is averaged over all possible l, m values for shell
n and summed over all possible 1',rn' values for shell n'.
It is an approximate result for nonrelativistic, hydrogenic
ions. Here k is the wave number of the emitted photon,
ro =2.818 &(10 ' cm is the classical electron radius, and
c is the speed of light. We have divided the F„„byn to
get an averaged rather than a summed oscillator strength
for the upper shell n The wave nu. mber k equals
( ZzEH/Ac)[(1 /n') 2—(1/n)~), where EH is the hydrogen-
ic ionization energy of 13.6 eV and Z is the effective
charge of ion, taking into account screening by the other
electrons.
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A measure of the rate of the radiative cascade to lower
levels is given by

tion of the laser energy that is deposited in the density in-
terval p ——,'dp to p+ —,'dp. The heat flux Jhas one of the
forms

(53 ps)n /Z

kT,+f kT,n, flux limited,
PFl~

T, classical .
(14)

Let nm~ be that value of n for which the right-hand side
of Eq. (8) equals rgg'. Substituting that value for n

into Eq. (6), we obtain the three-body recombination rate
as limited by spontaneous radiative decay:

1 keV

T
nq

Z ps

IV. TWO-PARAMET I.R TRANSFORMATION GROUP
FOR THE HYDRODYNAMIC EQUATIONS

Line emission can persist after the laser pulse only if
either the electron temperature stays high for a time or if
highly stripped iona are created which t~&e a long time to
tvcombine. The hydrodynamic cooling time should be
comparable to the laMr pulse width for one-dimensional
expansion or possibly even much shorter for three-
dimensional expansion. A significant tail to an x-ray
flash waa ohLwed only for the chlorine 1s2p~ls lines.
Chlorine also had strong H a emission. Hydrogenic iona
were probably recombining slowly in the low-density plas-
ma. If no hydrogenic iona are created and if the temptna-
ture drops rapidly, then there can be no ls2p~ lsz emis-
sion after the laser pulse.

Here, f is the flux limiter, a dimensionless number usually
taken to be between 0.03 and 0.1, and A.,' is a constant
which is independent of both the density and temperature.

The internal energy per gratn e is assumed to be propor-
tional to temperature. The pressure is assumed propor-
tional to the product of the density and the temperature.
The effects of radiation cooling and radiative heat trans-
port are neglected.

We find three-parameter scaling groups both for the
case of purely classical heat conduction and for the case
of purely flux-limited heat conduction. This latter case is,
however, highly unphysical. The heat fiow cannot be
everywhere flux limited. The case of purely classical heat
conduction is of interest only for short laser wavelength
and low intensity. Usually, the heat flow is flux hmited,
but only in certain regions and at certain times. For-
tunately, there is a two-parameter scaling group which ap-
plies regardless of whether the heat flow is classical, flux
limited, or partially both. We now give these transforma-
tion groups.

For fiux-limited heat conduction, if p(x, t), u(x, t),
T(x, t), I(t), and f(p) comprise a solution set, then so do

(pu) =0,p e)

t x (10)

—(pu)+
e)t

(p+pu )=0,

We can show, from very general arguments, just how
shorter-wavelength irradiance is better for flash radio-
graphy. We will derive scaling relations from the hydro-
dynamic equations which include either flux-limited or
classical heat conduction and which include the deposi-
tion of the laser beam energy into the plasma The con-
servation equations for mass, momentum, and energy in
one dimension al e

pz(x, t)=Ap(x, t), uq(x, t)=u(x, t),
T„(x,t)=T(x,t),
4(t)=AI(t» f~(p~)=A 'f(A 'p~)

pa(x, t)=p(x, v Bt), ua(x, t)=v Bu(x, v Bt),
Ta(x, t) =BT(x,v Bt),
Is(t) =B' 'I(V Bt), fa(pa) =f(ptt )

(16)

8 u+ pu e+ +pu+Ix
L

=P(x, t) . (12)

Here t and x are time and distance, p is density, u is the
matter velocity, p is pressure, c is the internal energy per
gram, J is the heat flux in ergs/(cm sec), and P(x, t) is
the laser beam energy deposited per unit volume and per
unit time. We assume P(x, t) has the form

P(x, t) =I(t)f(p(x, t)) Bp(x, t)
(13)

The function f is normalized so that Jf(p)dp=l. Thus
I(t) is the incident laser intensity, and f(p)dp is the frac-

and

pc(x, t)=p(cx, ct), uc(x, t)=u(Cx, ct),
Tc(x,t) =T(Cx, Ct),

Ic(t)=I(Ct) fc(pc)=f(pc) .

For classical heat conduction, the alternate solutions are

pz(x, t)=Ap(Ax, At), uz(x, t)=u(Ax, At),

T„(x,t)= T(Ax, At),

I„(t)=AI (At), f„(p„)=A 'f (A 'pq )



D. %. PHILLION AND C. J. HAILEY

ptt(x, t)=Bp(x,B t), us(x, t)=B' u(x, B'i t),

T (x, t)=VBT(x,B' t), (19)

Ig(t) =B i"I(B'i t), ftt(ptt )=B 'f(B 'ptt )

pc(x, t)=Cp(x/C, t/~C ), uc(x, t)=~Cu(x/C, t/VC ),
Tc(x,t) =CT(x/C, t/v C ), (20)

Ic(t)=Ci~zI(t/~C ) fc(pc)=C if(C ipc) .

For flux-limited heat transport, solution A tells us what
happens if the laser wavelength is changed so that the ab-
sorption takes place at A times the original density. The
laser intensity must be increased by the same factor A to
maintain the same electron temperature profile, only now
the density for each temperature is A times as great. We
are heating up A times as much matter at A times the
density. Solution C tells us that if we shorten the pulse,
the length and time scales for the hydrodynamic variables
shorten correspondingly. Except for this change of scale,
the hydrodynamic variables have the same shapes and the
same peak values.

For classical heat conduction, it is again solution A

which tells what happens if the laser wavelength is
changed so that the absorption is at A time the original
density. Both the length and time scales are shrunk.
With a laser pulse at 1/~A times the original wave-

length, A times the original intensity, and 1/A times the
original pulse width, we heat up the same amount af
matter as before, but at A times the density.

The two-parameter scaling group is given by
r

x
AB' ~~B'"(x t)=A

x
u(g )(zttx)=v ABu

ABz A Bz/z

X
T(g tt&(x, t) =ABT as' ca'~'

f(x,zi&(p~a, ai) =A 'f(A 'p~q, a~),

(t) A 5jzB3/2I
AB'"

We do not have the freedom we had previously to in-
dependently change the density where the absorption
occurs, the laser intensity, and the laser pulse width. Qnly
two of these three quantities may now be specified. We
then obtain a new solution for the hydradynamic vari-
ables.

This scaling predicts that if we observe a hne conver-
sion efficiency g„atintensity Ii, laser pulse length r&, and
laser wavelength A, i, then at wavelength A,z ~ A,

„

intensity
Iz ——Iik, i/Az, and pulselength ~z ——rik, z/A, » the x-ray line
conversion efficiency g'„should be unchanged. There are

a number of important invariants in this scaling. The
scaling is obtained by letting A =A, i/A, z and letting
8=A '. The distance and time scales are shortened by
the factor A,z/A, i, while the density scale is increased by
the factor A, i/Az. The Lagrangian mass coordinate
m = p x is unc anged. uid ements at the same La-
grangian mass coordinate are unchanged in temperature
and velocity. Since IA, has not changed, resonance ab-
sorption produces the same distribution of superthermal
electrons which deposit their energy in the same way since
the Lagrangian mass coordinates are unchanged. The
amount and details of the inverse bremsstrahlung are
preserved since, although the inverse bremsstrahlung ab-
sorption coefficient is a factor of A, , /A, z greater due to the
higher density, the distance scale has been corresponding-
ly shortened. Even though less time is available for strip-
ping the ions, the increased density exactly compensates,
assuming that electron collisions and not photoionizatians
are predominant. Both pr and pL /u are invariants. L /u
is a measure of the time the ion spends in the hot, dense
region where the line generations occurs before it is con-
vected into the corona.

There are physical processes which have not been con-
sidered whose qualitative effects are known. First, L/A, is
not invariant, but rather is proportional to A, . At the
shorter wavelength, fewer wavelengths of plasma are
present for Brillouin scattering. Alsa, three-body recom-
bination occurs more efficiently at the shorter wavelength,
since p r is proportional to A, . If, at the longer wave-

length, the x-ray line emission persists due to incomplete
recombination before the ions are convected into the coro-
na, the level of this tail will be less at the sharter wave-

length and it will go away relatively faster. If the heat
flow is Hmited by ion turbulence, it will likely be less so at
the shorter wavelength and higher density since v,tt is pro-
portional to the electron plasma frequency co~ or to v p,
whereas v„is proportional to the ion density or to p.
Thus, at the shorter wavelength, densities further above
the critical electron density may be heated, thus increasing
the x-ray line emission.

Thus, for those conditions for which we observed bright
50-ps x-ray flashes for 2e irradiation, we would expect to
be able to achieve, using 40 irradiation, x-ray flashes four
times shorter and four times more intense but with the
same time-integrated I-ray emission per unit area on the
source. Of course, the irradiance at 4t0 would have to be
four times as intense and last but one-fourth as long.

V. CONCLUSION

Bright x-ray flashes of duration 50 ps or less have been
demonstrated for the Y M~L lines (2.00—2.35 keg), pd
M~L lines (2.95—3.46 keV), and Ti L~K lines (4.75
ke~ »2p '&i ~Is '$0). Based upon the two-parameter
transformation group, there is reason to believe that
bright 10—20 ps flashes at these same energies should be
possible with 4' irradiation.
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TABLE V. Crystal and fhn calibrations for the time-integrated spectrograph.

S~wtrograph
center energy

(keV)
R~

(radians)
Assumed Kodak Direct Exposure film calibration

(photons /em 2)

2.1

3.2

4.75

(002}PET

(111}Si

(111)Si

(200) LiF

(200) LiF

(200) LiF

1.12 x 10

5.4 x 10

4.65 x 10

1.5 x 10

2.1 x 10

2.34 x 10 4

4.9 x 10 DO, ».A. x

4,4 x 10 Do. & N.A.

4.6T x 10 Do. & N.A.

337 x 10 @diffuse x

x 10 Ddiffuae x

(1 + 0.0131DO i g A)

(1 + 0.0169D30) NA)

(1 —0.106Dp i N A + 0.031Do i ~ A)

('+ 01'Ddf ~)
(1 + 0 ~Ddfffuse)

(1 + o07DdfmN )
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APPENDIX: DIAGNOSTICS

D(diffuse} =[0.478+0.0236D (0.1 N.A. }]

XD(0.1 N. A. },
D(0.08 N. A. )= t1.28 —0.077D(0.2S N. A. )l

XD(0.25 N. A. ) .

(22)

The x-ray diffraction crystals used in the time-
integrated spectrograph were calibrated at KMS Fusion,
Inc. Table V gives the angle-integrated reflectivities R,
and the Kodak Direct Exposure film (DEF) calibrations
for the various x-ray lines which were observed. The film
was measured by a microdensitometer with a 10X objec-
tive lens which had matching input and output numerical
aperatures (N.A.) of 0.25. The calibrations for the Ti,
Mn, and Ni Hen lines are obtained directly from the mea-
surements of Rockett et al. , ' and are in terms of the dif-
fuse density. The diffuse density is first converted to
specular density for 0.1 N.A. optics and then to specular
density for 0.25 N.A. optics. Conversion from D(diffuse)
to D (0.1 N. A. ) was made using a fit to Fig. 6 in their pa-
per. The conversion from D(0. 1 N.A. ) to D(0.25 N. A. )

was done on the basis of measurements made by G. Stone
at Lawrence Livermore National Laboratory. The film
calibrations at 2.1, 2.8, and 3.2 keV were provided by P.
Burkhalter at the Naval Research Laboratory and assume
a 0.1 N.A. Again, we had to convert to 0.25 N.A. specu-
lar density values.

The conversions used are

Assuming D(0.08 N. A. ) =D(0. 1 N. A. ) gives

D(diffuse)=0. 61D(0.25 N. A. ) . (23)

All densities have had the density of the unexposed film
subtracted.

The (200) LiF and (111)Si crystals were calibrated at
the Ti Ka,Xp, and Cl Ka lines, respectively. The results
were scaled to the appropriate energies using the R,(8)
curves of Gilfrich, Brown, and Burkhalter' for (200) LiF,
and using the R, (e) curve of Burek' for (1 1 1) Si.
Burek's double-crystal data was converted to single-
crystal reflectivity after scaling by assuming a perfect
crystal with zero absorption. The (002) pentaerythritol
(PET) crystal was not calibrated. The R, value of
1.12X10 " rad is simply a value taken from Gilfrich
er al 13

A Ken Tech streak camera, with a cesium-iodide pho-
tocathode and a 0.75-mm-wide slit was used. The streak
speed was measured to be 27 ps/mm by irradiating a brass
wire with a train of five 110-ps FWHM laser pulses
separated by 218+4 ps. The timing was also checked by
simply changing the cable delay 420 ps, giving 28 ps/mm.
The cainera was operated at the no. 4 sweep setting for all
these experiments. The magnification was measured to be
2.27 by taping a washer over the slit. Within several per-
cent, this is what magnificatio is needed to match the
calculated spectral line positions at the photocathode.
The slit width of 0.75 mm represents a time resolution of
45 ps. None of the FWHM x-ray pulsewidths in the
tables have been corrected for this time resolution. Many
of the x-ray pulsewidths for the 60-ps experiments are
near the 45-ps time resolution and must actually be con-
siderably shorter. The Ken Tech streak camera for the
time-resolved spectrograph was located at P =—4S',
8=90'.

An x-ray pinhole camera at P =0', 8=S2' took four im-
ages with magnification 7.1. All four pinholes were 17
}M,m in diameter and were filtered with 2.5 inils of berylli-
um. The target-to-pinhole distances was 5.5 cm.
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