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I. INTRODUCTION

The first report of maser acti on was made in 1953(1) and laser action

at visi ble wavelengths was fi ’st reported in 1959)2) Since that time prog-

ress towards observing laser action at shorter wavelengths has been slow

and at this wri ting there is still no evidence for direct laser action be-

low 1OOO~. Only recently have conventional laser sources been upconverted

to wavelen gths below ~~~~~~~ The difficulties in producing laser action

below 1000g have been sufficient for many workers to consider this the
wavelength boundary of the x-ray region and for the phrase “1OOO~ barr i er ”

to be coined in thi s connection .~
4
~

Few naturally occur ing or man-made materials exhibit chemical binding

energies in excess of 10ev or ionization potentials in excess of 20ev. Thus

we face a form id ab le materials p roblem in seekin g to pump a transition to

inversion whose energy exceeds 12ev (1000g) since it is reasonable to ex-

pect a significant fraction of the total pump energy to be deposited in the

env ironment of the laser medium . Changes induced in the characteristics of

the pumped medi um coul d p reclude main tenance of spec ies having the desire d

laser trans i tions . Thus , to achieve useful amp l ification i t may be impor-

tant to ins ist on a medium which is physically stable during the pumping

cycle.

Assum ing that we can find a stable amplifying medium we then ask what

the pumping requirements are for useful gain. If we require oscillation

in an optical cavity then we must supply sufficient gain to overcome cavity

losses . Neglectin g diffraction we require

Re~~ > 1 (1)

where R is the mirror reflectance in the cavity , L is the length of the

amplif ying medium and g is the gain coefficient,



AN (2)
4ir v

In this expression AN is the density of inverted species , A is the Einstein

coefficient for spontaneous emission and Av is the (broadened) linewidth of

the laser transition of frequency v, and c is the velocity of li ght.

For energetic photons , particularly with energy of the order of 100ev

or more, it is not possible to produce mi rrors of high reflectance at nor-

mal inci dence at the current state—of-the-art. If we resort to grazing

incidence reflections the loss per surface is lowered but a re-enterant

cavity then requires a large number of surfaces . The total round trip loss

may not be greatly improved. Therefore, i t is helpful to consider the orop-

erties of a laser which has no feedback .

If we consider a filament-sha ped amplifying medium , then the radia tion

along the filament axis will become predominantly stimulated when the in-

version dens ity exceeds the vaiue~~

AN 8~~xb 
(3)

where A is the transition wavelength and b is the ratio for total rate of

decay of the up per laser l evel to spontaneous radiative decay on the laser

transi tion . The tota l upper leve l life time , t , is

(4)

This generally im plies that hi gh inversion densities will be required at

soft x—ray wavelengths because x-ray excited states tend to be short

lived , i.e., exci ting a forbidden transition is not beneficial if the

branchin g ratio to other decay paths is unfavorable.

To avoid the energy investment required to pump a ground state

transit ion and to minimize the effects of alternate decay channels , most
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proposals for direct generation of soft x-ray laser action rely on the use

of dipole-allowed excited state transitions. The approximate value of the

threshold inversion density vs. transition wavelength for di pole-allowed

laser trans itions is given in Fig. 1 assumi ng a branching ratio of unity

(the i deal case). If we consider very short wavelengths (say lg) the

density or inverted species required becomes an appreciable fraction of

solid density and since one is supplying several Key of energy per excited

atom or ion , one is i nevitably dealing with a very high energy density en-

vi ronment .

It shoul d be noted that supplying an optical cavity which has signifi-

cant round tri p loss will not alter this conclusion. Equations (1) and (2)

can be solved to give the inversion density required to achieve oscillation

as a function of the effective reflectivity of the cavity . If this result

is compared with the threshold requirement for amplified spontaneous emi s-

sion (ASE) in equation (3) we may compute the factor by which the inversion

density in equation (3) will be reduced by the presence of an optical cavity .

In Fig. 2 we plot the factor by which the threshold changes as a function of

effective cavity reflectance. It does not appear that proposed optical

cavi ty designs will significantly alter our conclusions as to the require-

ments for a h igh energy density environment in producing soft x-ray laser

action .

These consi derations have led us to suppose that direct generation

of laser action below 1OOO~ will involve some kind of plasma medium . An

important goal in the ARPA program was to achieve laser action at short

wavelen gths , say 50~ or less. Only a few plasma devices would appear

suitable for producing required environmental temperatures in the 0.1 to

1.0 Key range at densities approac ling solid. During the course of the

ARPA program we concentrated our study on the suitability of a laser pro-
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duced plasma to demonstrate useful amplification at wavelengths down to

50~ or below.

Our program was divided into roughly four phases of activity:

1) A detailed experimental study of laser plasma

characteris tics with emphasis on the active ,

soft x-ray emittin g region of the plasma .

2) A survey of the published proposals for pro-

3 ducing a soft x-ray laser to select the one(s)

with assumed environmental conditions most

closely matched to the measured plasma con-

ditions .

3) Detailed numerical modelling of the most

promising scheme(s) to confirm an experimen-

tal desi gn.

4) Design and execution of an experiment to

direc tly test for soft x-ray amplification.

Wh i le these four phases form a natural progression , activity in the

first two phases was continuous throughout the program. Phase three was

carried out durin g the most recent support period and work was begun on

phase four. The ARPA program was terminated before phase four could be

completed. In this final report we will summarize the progress made in

each of these areas up unti l the program termination date and list the

remain ing steps required for completion of the study . Reprints of papers

published during the most recent support period are attached in the Appendix.

-4-
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II . EXPERIMENTAL PROGRAM

The most important parameters to be measured in a laser plasma for

the purpose of understanding x-ray excited state production are the electron

temperature and electron density . The electron temperature determines the

approxima te degree of ioniza ti on of the plasma as well as the energetic

l imits of accessible excited states. The electron density determines , in

part , the dens ity of exc ited states to be expected ; in the case of a plasma

with an inverted population it will determine the gain directly. Of equal

importance for desig n i ng an d interpre ti ng a def i ni ti ve laser experimen t are

a knowledge of the time history and the spatial distribution of the above

parameters.

During the initial support perio ds we concen tra ted pr im arily on the

deve lopment of instrumentation and analytical tools for the diagnosis of

the physical conditions present in a plasma produced by a high peak power ,

focussed , subna nosecond pul se of radiation from a Nd+3 : glass laser. (6 )

Results of the act iv i ty  were g iven in the two previous technical reports.

These results were necessarily fragmentary and thus insufficient upon which

to base a-realistic experimental design of an x-ray amplifier.

Dur ing the last support period a continuation of the laser diagno~tics

prog ram has ena bled us to ob tai n a more comp lete unders tand ing of th e pl as ma

environment. In this period measurements of the electron temperature and

el ectron dens ity in the plasma were combi ned wit h measuremen ts of th e pl asma

density scale length and of the dynamic properties of the active emittin q

region of the plasma . These measurements , and results of other work pub-

lished during the support period , form a basis for a geometrical design of

a soft x-ray amplifier. The measured plasma conditions also form the basis

for the selection of a promising plasma system for the amplifier experiment.

(A summary of the numerical modelling of this system is given in the next

section).

— 5—
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The measurements summar i zed here were made with the aid of two experi-

mental facil ities which are part of the University of Rochester ’s Laboratory

for Laser Energetics. In one facility a single beam Nd+3: glass laser pro-

duces single pulses approximately 200 psec FWHM with up to 20 joules at a

wavelen gth of 1.O6pm . The laser consists of a mode-locked oscillator , pulse

switching network and a five staq e amplifier system and includes isolation

from reflected pulses fro n the target chamber. This laser system was

dedicated exclusively to x-ray laser development and the concurrent develop-

ment of laser plasma x-ray diagnostic instrumentation . Experiments were

performed with the single beam laser in a 24-inch diameter vacuum chamber

using a 3.5-inch diameter f/3.5 aspheric lens (designed and fabricated at

U of R) to focus the laser pulse Onto slab targets. Lenses having both

circula r and cylindrical focal spots are available. Circular focal geome-

try was employed in diagnostic experiments.

In the second faci l ity a Nd+3: glass laser produces four separate

beams for simultaneous irra di ation of spheri cal targets. Each beam is 
—

derived from a common oscilla tor/amp l i fier chain and del i vered up to 50

joules (per beam) at pulsewidths of 250 psec during the experiments de-

scri bed below . (Pulse energ~es are approximately proportional to pulse -

widths over a considerable range , (30-800 psec), and may be varied to

sui t the experiment.) This system is used primarily for experiments in

laser in duced fusion. The sophisticated diagnostics available in many of

these experiments have yielded important additional information bearing on

the design of an x-ray laser experiment. This is direct evidence of the

beneficial effect of the strong technology overlap between laser-induced

fus ion research and the laser plasma approach to x-ray laser development.

A summary of relevant results obtained from the combined facilities

will now be given. Time integrated measurments of the plasma electron

-6— 
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temperature and density were made usin g the sin gle beam faci li ty wh i le the

temporal history and spatial distribut ion measurements were made using the

four beam faci l ity. The techn iques used to in fer the plasma electron tem-

perature and elec tron density all rely on makin g a set of assumpti ons about

the rela tive importance of various physical processes . To improve our con-

fidence in these techniques we have measured both temperature and density

by several methods which emphasize the various assumptions differently. In

addit i on , the measuremen ts have been compared to the results of a detai led

numerical simula ti on of the laser p lasma .

The plasma electron temperature may be measured by recording the

distribution of the x-ray continuum~~ (bremsstrah lung) or by the dis-

tri but i on of i ntens iti es i n the d i screte line emiss ion .(8) Comparison of

these measuremen ts wi th anal yti c models is facili tated when the plasma is

i n a hi gh degree of ion i za tion , i.e., when the ions are primarily hydrogen-

l ike and helium —like species . Under our experimental conditions this is

true for low to moderate weig ht elements , i.e., Z~20. Accordingly, we —

concen tra ted our s tudy in th i s range and , i n part i cular , to t he spec trum

of alum inum and silicon plasmas. This choice was made to enable data ac-

qui red in connec ti on w ith laser-indu~ed fusion experiments bein g conduc ted

at Rochester~~ to be compared to ours directly. (Laser fusion targets

often consist of thin wall glass microballoons with a high pressure gas

fill.~
10
~ Silicon ions make a strong contribution to the x-ray line

radiation from such targets.)

Bo th the line and continuum measurements yield a plasma electron

temperature between 0.5 and 1.0 Key depending , of course , on the detailed

charac teristics of the laser pulse and the target geometry . Over the

range of experimental conditions investigated (single beam focused pulse

energies between 3 and 15 joules delivered to aluminum slab targets in

-7-
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approximately 200 psec) the electron temperature is not found to be extremely

sensitive to experimental conditions. This has an important bearing on soft

x-ray amplifier design -- we will return to this point later .

The plasma electron dens i ty has been derive d from var ious features of

the distribution of line radiation. The ratios of certain line intensities

are dens ity sensi ti ve and provi de one k i nd of measure .~
1
~~ The observa ti on

of Stark broadening from resonance lines from high lying principal quantum

levels of the plasma ions yields a second estimate )12) These metho ds in-

dicate that the electron density in the emitting region lies between 1020cm 3

and 5 x 1021cm 3.

More recently we have taken spatially resolved x-ray spectra from four

beam irradiation of spherical glass shell targets . In this experiment four

laser pulses are focused simultaneously onto the target along axes which

lie symmetrically in a plane. A flat crystal spectrometer with an entrance

sl it oriented i n the pl ane of i nci dence is used to produce one d imens i onal ,

dis persed ima ges of the p lasma , viewed at 9Q0 to the plane of irrad iation. —

The plasma critical surface is located by a charact~ris ti c emi ss i on of

the second harmonic of the incident laser light . (13) A photograph of the

plasma at this wavelength is made , again at 900 to the plane of i~~adiation.

A comparison of the two images is shown in Fig. 3, in which the x-ray image

was obtai ned from reson ance l i ne radiat i on from Na+9.(14) (The sod ium is

present as a constituent of the glass in the target walls.) Since the

plasma dens i ty i s decreasin g radi all y ou tward , it appears that the x-ray

line emi ssion here i s actuall y produced from a region sli ghtly above criti-

cal densi ty. Such an estima te i s in good agreement wi th detaile d numer i ca l

simulations of the plasma conditions .(15~
16)

As we wi ll show , the above plasma conditions may be favorable to two-

ducing inverted populations on transitions in a certain class of plasma ions.

-8-



~
-

~
--

~
--

‘1
In order for such a popula ti on i nversion to be readi ly di agnosed and to enable

a practical am pli f i er geome try to be eng ineered , i t i s of great i nterest to

kno~i the geometry and dynamic behavior of the active plasma region. Recent

experimen ts performed i n conjunc tion with research on laser induced fusion

at Rochester have provided direct answers to these questions.

It wa s observed above that the plasma crit ical surface can be loca ted

by photographing the plasma at the second harmonic of the incident laser

frequency . A strong scattered field is also emitted by the plasma at 3/2

the i ncident laser frequency . This radiation arises through a non—linear

i nte rac ti on between the i nc id ent laser field and p lasma osci l lat i ons occur-

i ng at an elec tron dens i ty which is one quarter of the criti cal vaiue .(17)

Thus a pho tograph of the plasma at 3/2 the laser frequency serves to locate

the region of quarter critical density . A comparison of the two photographs

enables a scale length of the density profile to be established .

In our experiments a glass inicroballoon target approximately 1O0~im

in diameter was irradiated by four simul taneous focused laser pulses —

arranged symmetrically in a plane. The radiation at the two characteristic

frequencies was viewed along an axis through the target at g~ 0 to the

plane of illumination. Separate images at the two harmonic frequencies

were formed on the entrance slit of a high speed electro-optic streak

camera .(18) Thus the measurement of the time history of plasma evolution

could be studied.

The result of one such experiment is shown in Fig. 4. In this experi-

ment a spherical shell of glass 8Opm in diameter and having a wall thickness

of 1l.lm was irradiated by four beams each having an energy of approximately

40 joules and a pulsewidth of 360 psec FWHM . Micro-densitometer scans of

the recor ded in ages were use d to de term i ne the pos iti ons of the cr it ical

and quarter critical points with respect to the target surface. (The

-9-
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points shown in Fig. 4 are obtained from various scans across a single

pair of images. )

Two im portant conclusions can be drawn from Fig.4 wi th respect to the

dens i ty prof i le . First , the characteristic scale length grows slowly dur-

in g the major ity of the laser pulse  durat ion and has a va l ue below 25~
j

during the time in which most of the laser energy is deposited in the plasma .

Secondly, dur ing the period of maximum laser intensity there is neg ligible

motion of the crit ical surface.

It appears that the geometry of the active , x-ray emitting regi on of

the p lasma forme d i n a one beam ex perimen t w i l l  closel y fo l low the trans-

verse dimensions of the laser beam focal spot and have a longitudinal

extent of perha ps 2O~im. The region will be approximately stationary fcr

inciden t laser pulsewidths of the order of 200-300 psec or so.

It has been shown by several workers that for foca l p lane intens i t ies

up to a few times 1013W/cm2 or so the plasma electron temperature , Te~
in the vicinity of the critical surfdce exhibits a sublinear dependence on 

—

intens ity .(19) In a plasma heated by classical (inverse bremsstrah lung)

absorption , the temperature dependence may vary from Te~
Z
~

4/ 9 to Te~
X
~~

13
~

where ~ is the intensity of the plasma heating pulse , depending on the

geometry of the expansion and the time scale for plasma heating. Recent

ex perimen ts i n v o l v i n g planar  tar get i rradia tion up to 1013W/cm2 su ggests

a form a pp rox ima tely Tet~
hI2J2°) At higher power densities the exponent

may have a somewhat smaller value than the values above .~
21)

I t would thus appea r that a modest ex pansion of the present focal

spot dimensions into a line focus with a width of 50-lOOum and a length

not exceed ing 1O00~im or so would still permit achievement of plasma elec-

tron temperatures near 0.5 Key with presently availa ble laser pulses. A

-10-
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p lasma vo lu me element based on such dimensions has been i ncor pora ted into

the analys i s presen ted i n the next section.
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III. MODELLING AND EXPERIMENTAL DESIGN

The above characterization of plasma cor:itions allows us to model

and design an experiment to verify the preser:~ of an amplifying condit ion

in the plasma . Numerous spectroscopic syste’~ have been su ggested for

producing inverted populations in a laser ex: ced plasma .(6~
22) These

proposals virtually all suggest the use of a :asma region of moderate

elec tron density (less than 1020cm 3, say) e-:.ier to favor recornbination

processes , or to avo id coll i s ional  m i x in g of ~-e exc i ted states with a

consequent destruction of the inverstion.

C a l c u l a ti ons based on pro posals for reccn~i nat i on  pum ped invers ions

generally indicate such inversions to be sho’-: lived compared to the

laser pu lsewidths we have at our disposa l. (2 It could prove difficult

to detect enhanced spontaneous emission agai-~: a large incoherent back-

ground. A published experimental study of a --ecombining plasma suggests

a very low density of inverted population ma~ :e present , too low to pro-

duce useful gain)24) Accord ingly, we have n—ex amined proposals for

d irec t coll i s i onal ex cit at ion under cond iti o~~ ~f hig h electron dens ity.

The extra polation of 3p83s transitions ~~
- carbon-like ions to the

extreme vacuum ultraviolet was analyzed by ET:.Dn.~
2
~~ An a ppe a l i n g

feature of th is scheme is that it has produc~: laser ac tion in Z-pinch

p lasma dev i ces (26) and is a CW laser scheme stea dy state p lasma con-

ditions can be maintained. In Elton ’s origir~~ discussion a rather low

electron dens ity was assumed because it was -~~ t that h i gh electron den-

si ti es woul d promo te coll i s ional mix i ng of t~~ laser transition and de-

stroy the inversion. However , when the trac: :ion energy is smaller

than the electron tempera ture , as in the pre~~~t case , the rate of elec-

tron collis ional transition between the leve ’~ is roughly the same in both

- 12—
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direct ions. Considerable time is required to redistribute the excited

state populations to steady state values. Plasmas which are produced and

heated on timescales of 10-10 sec may not exhibit steady state conditions

even for electron densities of 1021cm 3.

This in tuiti ve analysis was subjected to a detailed test using a

rate equat i on model of an ar gon p iasma .~
2
~~ Argon was chosen because

recent interest in using it as a diagnostic fill gas in laser fusion ex-

periments using glass microba lloons has produced improved cross section

data for many of the ionization stages and their excited states. Con-

clus ions drawn from this calculation should apply wi th little change to

corres pond i ng stages of el ements near by i n the perio d ic table .

The ioniza tion dynamics of a small volume of plasma were studied by

numerically solvin g a set of coupled equations for the electron and ion

thermal energy densities together with the population densities of the

ground state of the relevant ionization stages.(28) C o l l i s i o n a l  exci ta ti on

rates usin g state-of-the-art cross sections for the 3s, 3p, and 3d states

of carbon-like A rX III were calculated along with radiative decay and

coll isional mixing rates.~
2
~~ In addition , these excited states were

coll isionally and radiatively coupled to the ArXIV ground state . The

initial plasma in the volume element is taken to be cold and to have an

ion density of 5.5 x 109cm 3.

Inc ident laser flux rapidly heats the electrons and the subsequent

ionizat ion is computed. A plasma volume element of 68~ ra di us was chosen

wi th an in i ti al , un iform electron temperature of approximately 1.0ev. An

absorption of 0.55 joule of laser energy in this volume in 100 psec raises

the electron temperature to approximately 600ev and , though ionization,

produces an electron density of 1021cm 3. ( ,-\ plasma scale length of 2Oum

— 13— 
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in a line focus geometry 100pm x l000i.im has approximately the same volume

as the calculated case and is wel l matched to our experimental conditions.)

In Fi g. 5 the densities of the important stages of ionization are

shown as a function of time as computed with this model. Under the assumed

conditions the density of carbon-like ions reaches a maximum near the peak

of the incident laser heatin g pulse. This insures strong collisional ex-

citation of carbon-like excited states.

A partial energy level diagram of the carbon-like stage is given in

Fig . 6 showing the predicted laser transition and some of the coupling

processes assumed in the calculation . The 3p state is pumped directly

from the ground state and from collisional mixing with the 3d state. Col-

lis ional excitation of the 3s state from the ground state also occurs .

However , a transient inversion is created between the 3p and 3s states due

to the more rapid radiative decay of the 3s state , even when coll isional

mix ing on the transition is accounted for.

In Fi g. 7 the calculated gain coefficient is plotted as a function of

time alon g wit h the computed time his tory of the electron tempe r ature . A

gain coefficient in excess of 1OOcm~~ i s predicte d for a time of app rox i-

ma tely 100 psec . A useful active length of 3cm of plasma filament could

thus be excited without the need for a travelling wave pump. Of course ,

the calculat ion does not include any provision for gain saturation which

mi ght occur due to strong amplificati on of spontaneous emission along the

axis of such a plasma .

The condi tions modelled here translate into readily realizable con-

ditions in the laboratory . The plasma volume element studied closely

approximates reasonable line focus dimensions and measured plasma scale

leng ths . The absorbed energy is consistent wi ’h the delivery of approxi-

-14-



— - ---— - — -- -
_ --—

~~2O 
I~~~~~~~~~~~~~~~~~~~~~~ i

- Ar X I \J —

= —

0 
-

— Ar XBI -

F- - -

(
~I)z -

w
0

z - -

0
H Ar XIE

—

~I, fl~~x vIt

TIME nsec

rig. 5 Co~rpu ted ti.~e his tory of ion dcnsitie s of a plasma formed
by absorption of 0.55 joule of 1.O6pm laser energy in

sec by a solid argon target. A plasma volume element
6~~ri in radiu’~ is assumed .



F- 
~~~~~~~~~~

----

~~~~~~

-- -- -_-- -,. --- .-

~~~~~~~~~~~

-

~~~~~~

Ar XIV ground state
4

R EC0MB INATION~ l IONIZATION H
~1~ I

LASER 3d 1 D°
ACTION~~ 3p 3D

3s 3P 
I.6x10 13 sec 1

108 sec~
I .7x 1012 sec~

1

RADIAT I V E
DECAY

IC0LLIS10NALI
/ EXCITATION /

2p2 3 P 1 /
Ar XI1[ ground state

Fi g . 6 Pa r t i a l  en ergy level diagram of carbon—like argon .

~ 

-~- -~~~~~~~~~~~~~~~~~~~~ - _ _ - _ - . -~~~~~
_ _ _ _



IO~ I -

c~~ 106 _ GAIN
hi - -

cc - -

H — — E
0

hi I-
- - Z

hi
Ui - -

F- U-
z LL~

F-
0
hi —

j~~ I0~~ 
__ 102 

~

10~ 
I I I I

- 0.1 0.2 0.3 0.4 0.5 0.6
TIME , nsec .

Fig. 7 Time history of the electron temperature and the gain
coef f i c ien t  for carbon - l ike ions of argon produced
in the v ic in i ty of cr i t ical elec tron density of a
1.06p laser plasma .

-_ -- - -  --~~~~~- - - —~~~~~~~~~~~~~~~-- ~~~ -- 
—- __ 

~~~~ - — ~~~~~
_ ~~~~~~~~~



matel y 10 joules of laser energy in 10-10 sec , if a 5% absorption

is assumed. Present estimates of the absorption of laser heated targets re-

ported by several laboratories suggest such an estimate is an extreme l ower

bound and thus is quite conservative. This estimate is also consistent with

measurements given in our first technical report.

It i s clear tha t an ex perimen t to tes t the abov e modell i ng shoul d be

carrie d out s i nce i t requires only the develo pment of an app ropria te di ag-

nostic for gain. Such an experiment was being assembled when the ARPA prog-

gram was terminated. It is hoped that progress can be continued using other

resources . -

The lasing scheme discussed here for carbon -like ions of elements

having atomic number Z-.20 produces amp l i f icat ion in the wavelength range

between 500 and 1000R . It does not scale rapidly to shorter wavelengths

for heav ier element piasmas .(25) However , an experiment on this system

will answer the questions concerning the rate of collisional mixing at high

p lasma dens i ties .

If the above ex peri men t is success ful a natural ex tens i on woul d be to

consider extrapolation of 4s-÷3p transitions in neon -like ions as suggested

in our original proposal. These transitions scale readily to 50~ and below

for elements with Z<30 and the appropriate ionization stages are readily

accessible at electron temperatures of 0.5 Key.

— 15-
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