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I. INTRO DUCTION

The reader of volume 3 of this series will have a considerable

wealth of information immediately available on the very important subject

of the use of high peak power laser pulses to heat plasma media to

temperatures favoring thermonuclear fusion of hydrogen isotopes. In

plasmas where such temperatures exist the conditions may also exist for

the efficient production of soft x-ray radiation. Efforts to utilize

radiation so produced to optically pump a soft x-ray laser system are

described elsewhere in the present volume. It is the intent of this

article to discuss the prospects for observing soft x-ray amplification

directly in a laser-produced plasma medium.

We will begin with some general remarks on the suitability of a

laser heated plasma to produce an amplifying condition. The several

mechanisms which can produce x—ray excited states in a plasma will be

listed with particular emphasis given to collisional processes. Examples

of proposals for achieving inverted populations which rely primarily on

one of each of these mechanisms will then be presented.

Tne number of ideas for development of a soft x-ray laser in a

laser produced plasma seems endless; however , most ideas are based on

the assumption of a certain convenient , detailed set of plasma conditions .

The existence of these conditions has not been experimentally demonstrated

(or refuted) in most instances as of this writing . Accordingly, we will

discuss efforts to deduce the detailed i nformation on laser plasma

parameters required to choose the most promising of the proposed schemes

for experimental test. Finally, we will discuss some considerations in

the design of an experiment to observe gain in a laser produced plasma .
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There is no doubt that a plasma medium is suitable for producing

laser action: electric gas discharge lasers are almost as old as lasers

themselves)~~ However , there are some important differences between

the plasma conditions in , say, a helium-neon laser and laser-plasma

conditions. These differences have made it difficult to extend and

extrapolate known electric discharge laser schemes using laser plasmas.

Laser produced plasma s are typically of rather small dimensions, often

occupying a volume 1OO~m or less across. Gas discharge lasers may have

dimensions of meters or larger in some cases. Interestingly, the total

number of excited atoms or ions in the two cases is approximately the

same. Therefore, we must look further for the source of diffi culty .

Perhaps the single most important difference lies in the vast

difference in particle densities present in gas lasers versus the

active region of a laser produced plasma . Electric discharge lasers

typicall y operate with electron densities in the range of 1011 to

1013or’ while the active regions in laser plasmas may exhibit electron

densities of ~~17 to 1021cn13. It is clear that collision processes

will be emphasized differently in the two media. A part of the difference

in collision effects arises from the vast difference in particle temperature

in the two cases .

At short wavelengths hi gh particle densities are necessary for

achieving laser action on all but strictly forbidden transitions. There

are two important reasons for this. First , since the lifetimes of

excited states for allowed x- ray and extreme VUV transitions are shorter

than for transitions at optical waveleng ths (see Table 1), a higher rate

of production of excited states is required . Secondly, since efficient . 

-

optical cavities have not yet been designed for short wavelenqth lasers , 
-. 

.

.

1~~

I~~~A~~ 

-2- 

~~~~



—“~-.
--- -— - 

.- .—. — .- - .,- -
~~~

-.,--- .
~~~~

-
~

-.- .
~~

—-- 
~~~~~~~~~~~~~~~ -.-~-- -..-- .- --- . - — ~~~~~ .-.-.. --—— -—--.— — . .— ~~ —

rather high i nversion densities will be required just to produce evidence

of laser action.

It has been predicted for some time that laser plasma electron

densities were more than adequate for very rapid x-ray excited state

productIon .(2~
3) The difficulty is to find systems in which this

excitation does not result in a norma l (i.e., thermal) distribution of

excited state populations. This last point may be better appreciated

if we consider some of the characteristic time scal es for collisional

processes in a high density plasma . A time scale of interest here is

the time required for an ensemble of colliding particles to develop a

Maxwe llian velocity distribution.

The classical kinetic theory of a plasma allows us to consider a

situation in which the electrons and ions in the plasma have slightly

non-Maxwellfan velocity distributions and are characterized by slightly

different kineti c temperaturesJ~~ In such a case the electrons will

~-elax to a Maxwellian distributi on in a time

3.32x105(kT )3/2
T ee 

= 

~~~~~ 

e (1)

where kTe is the plasma electron temperature in eV ,

e is the electronic charge , ne is the electron density in particles per

cm3 and 
(kTe)

312
A = 1.87x10 — .

(
~~e

e )

A Maxwe llian distribut ion will be achieved only if inelastic collisions

can be neglected . Of course , the key to exciting a laser is to take

advantage of certain inelastic collisions wi th large cross sections. As
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a result the electron velocity distribution is never strictly Maxwe llian

in a collisionally excited laser system. In most such lasers the effect

of the i nelastic collisions is to quench the high energy spectrum of the

distribution while leaving the low energy spectrum intact. In this case

the electron velocity distribution will still relax to its approximately

Maxwellian form on the time scale indicated in equation 1. We will take

this estimate as a guide in analyzing a laser plasma , recognizing that

inelastic collisions may play a more important role here than in a gas

discharge .

An important consideration arises for laser development when we

consider the exchange of energy between the electrons and ions in the

plasma . The characteristic time for such exchange (i.e., the time

required for the electrons and ions to come to identical temperatures)

is
T . ~~ —~~~T (2)e-i m e-e

w here ~ i s the ion mass , m is the electron rest mass , and ze is the

ionic charge. In a low density plasma this time can be longer than the

characteristic time for the ions to exchange energy with some heat sink

such as the walls of a discharge tube. Thus the ion and electron

temperatures may be maintained at substantially different values at low

densities. This results in high gain on inverted transitions because of

relatively low Doppler widths. On the other hand , at high particle

densities the principal coupling of the ions is to the plasma electron

cloud. At high densities we must be concerned about the time scale for

significant ion heating and the potential degradation of gain.
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In Table 2 we list some plasma conditions in a few common gas

lasers along with typical laser plasma conditions. The time scales

given by equations (1) and (2) in these plasmas are listed for com-

parison. It is clear that we can expect to avoid significant ion heating

in laser plasmas only on a subnanosecond time scale. Moreover , if we

have produced hot ions we must expect to wait for at least a nanosecond

to obtain significant cooling . Further significance to these numbers

will develop as we consider specific proposals for producthg laser

action in a laser produced plasma .

In Tabl e 3 we compare the linewidths of the laser systems listed in

Table 2 with calculated Doppler widths on representative soft x-ray

transitions which could be excited in a laser plasma . We have chosen an

ion temperature of 200eV for the laser plasma ions; Such a temperature

may characterize the higher density regions of such a plasma . It is

worth noting that the relative Doppler widths in a laser plasma may be

no worse than the relative width of the collision -broadened transition

in a hgih pressure CO2 laser.

In addition to Doppler broadening a contribution to the broadening

of spectral lines in a high density plasma arises due to collision

processes .~
5
~ Since charged particles are involved , each ion is subjected

to the electric field produced by neighbor ing particles (electrons or ions),

l eading to a Stark broadening of the spectral line . The broadening

contribution from ions is usually treated by the so-called quasi-stati c

approximation in which the ratio of average particle speed to average

interparticle distance is small compared to the line profi le width of

interest. Broadening from electrons is usually trea ted by the impact



approximation in which the above ratio exceeds the profile width. In

either case the Stark width may be equal to or greater than the Doppl 2r

widths referred to above. Since particle proximities increase ~.iith

density , Stark broadening is important at high densities.

Perhaps a more important process in degrading inverted populations

are non—radiative transitions induced by inelastic electron-ion collisions.

If this collision time is short compared to radiative decay times (or

other level pumping times), then level populations will be sustain€J~ at

thermal equilibrium values . An estimate of the inelasti c collision time

is given for allowed transitions

63
T i l t i = 

11e

where the plasma temperature is assumed to be appropriate for exciting

the lines of interest. For the gas lasers listed in Table 1, these

ti~r.es ~~ longer than the relevant radiative life times . For the laser

plasmas liste d these times are approximately equal to resonance level

lifetimes. The choice of plasma density and ion charge state is clearly

crucial to the success of any laser plasma inversion scheme.

Having emphasized the important differences between laser plasmas

and conventional electric discharge lasers it is worth remembering that

none of these differences precludes the achievement of a population

inversion in a laser plasma. It does point up the fact that if we are

to realize a practical level of gain that we need to be very successful

in taking advantage of a selective mechanism for excitation because of

large transition linewidths and the short time required to estab lish

therma l equil ib ri um in high density me di a . In the next sec ti on we w i ll
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review the process of production of a hi gh density plasma by a hig h

power pulse of focussed laser energy and discuss the mechanisms for x—

ray excited state production. Proposed schemes for producing inverted

popu lations which rely on each of these mechanisms wi l l  be given .

II. X— RAY EXCITED STATE PRODUCTION

It would be desirable to discuss the production of x-ray excited

states in a laser plasma from the standpoint of detailed knowledge of

the plasma parameters. Unfortunately, at this writing we do not have

such know l edge and it appears that years of intensive research are still

needed in this area. Much of our present understanding of the subject

has been supp lied by research efforts in laser induced fusion , extensive

summaries of which are included in volume 3. For our present discussion

it wi l l  suf f ice to re ly on a simple model of laser plasma conditions in

order to introduce many of the proposed inversion schemes . It is probably

fair to say that a major goal in the ultimate development of an x—ray

laser ~s to learn how real plasma conditions will affect the viability

of the various proposed schemes and to use this information to design a

successful x—ray laser experiment.

When infrared or optical energy is incident on a solid surface wi th

intensit ies of 1011-1012W/cm2 or more, a plasma is formed near the

surface . At these field intensities free or weakly bound electrons will

be accelerated si gnificantly by the intense optical electric field. For

our purposes it does not matter whether these free electrons are present

die to inpurit ies or due to variou s ionization processes (including
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multiphoton ionization ) excited by the incident laser beam . Under the

influence of such intense optical fields the free electrons can acquire

sufficien t energy to ionize neutra l atoms or mo lecules at or near the

soli d surfaces over a time span of a few optical cycles. The resulting

casca de ion i za tion rap idly increases the free elec tron dens ity near the

surface which , in turn , increases the rate of absorption of laser

energy.

The details of the development of the p lasma dur i ng the very early

phases have not been extracted from experiments at this writing . However ,

it is sufficient for our present discussion to visualize the plasma

development along the lines shown in Fig. 1. In Fig. la we show a

particle density distribution , N(x), representing a solid , plane surface

at the point x~0. In Fig. lb some ioniza t ion near the surface has

occurred , probably on a subp icosecond time scale . In Fi g. ic a p lasma

dens it , distribution has developed which may become approximately stable

in shape (though not fixed in space) depending on the time scale of

laser irrad i ation . The electrons in this plasma can ex ecute osci l la tions

under the influence of p lasma elec trostatic forces . The fre quency of

oscilla tion is proportional to the square root of the particle density .

Where the electron density reaches a level (called the critical” density )

such that the electron s osc i llate at the same frequency as the app li ed

op t i cal fiel d , inc ident laser energy is stored in the mediun .

The damp ing of these oscil l ati ons exci tes many p roc esses i nc lud ing

particle heati ng , fast par ticle accel era ti on , back scattered radiation

at th e laser fre quency and various ha rmon i cs , and radiation of x-rays .

As absorption of laser energy continues the part icle te:~perutures are

determined by a balance between the rate of delivery of luser enerqy ,
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heat conduction by the p lasma into the target and the relative importance

of the other processes above.

The ba lance of energy among the various plasma processes depends on

many factors such as laser intensity and target composition. The time

scale for laser i rradia tion is also important. Although short time

scale i rradiation may not optimize total x-ray production by the plasma ,

it is most likely to avoi d significant ion heating (eq.2) and achieve

non-thermal level populations (eq .3). Ignoring some details we may

pic ture the plasma electron temperature and density profiles at some

Instant during short pulse laser i rradiation as shown in Fig. 2.

t~e have divided Fig. 2 into four regions along the abscissa corresponding

to various positions with respect to the laser target surface. It may

be convenient to visualize a plane target surface wi th incident laser

energy approaching from the right of Fig. 2. Region I represents the

solid target mate rial which is not heated significantly during the laser

pulse . The electrons i n thi s reg ion may be fr ee or bound depending on

the target material.

In region II we show a steeply decreasing electron density profile

and a rap idly increasing electron tempera ture profile. In this region

the el ectrons and ions form a plasma . Heat conductivity keeps the

temperature high through the Outer zone of region II. With a neodymium

lase r (~=l.06~) the critical density is approximately n
~
=1O 21cm 3 while

w ith a CO2 laser (X~10.6ii) the critical density is at ne 10’9cm 3. Thus

the profiles indicated in figure 1 will look quantitatively different in

the tw o cases .

Reg ion III is a low density , high temperature region which can be

called the coronal region. The absorption of laser energy is not hi gh

-9-
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here but the primary loss mechan ism is due to expansion which is not

effective on very short time scales. Thus the temperature tends to be

rather hig h i n this reg ion .

Reg ion IV is an area of essential ly free expansion if the target is

located in vacuum . There is a negligib le absor pt i on of laser energy and

the dens i ty is becomin g so low tha t coll is i ons become infre quent between

the particles. Thus the thermal velocities possessed by particles near

the outer edge of the corona become directed vel ocit ies of expansion in

region IV. Consequently, the kinet i c tempera ture is reduce d i n this

region.

Whi le  it is d iff i cul t to ascri be sharp ly defined boundarie s to

these regi ons , we can give approximate dimensions to the important

central reg ions. Typically under high power focussed laser irradiation

reg ion II wi l l  be from a few microns to a few tens of microns in extent

whi le region III may be up to a mill imeter or more in ex tent . In fact ,

precise :~easurements of the actual profiles suggested by Fig. 2 is a

challen gi ng area of laser p lasma d iagnos tics research .

Having es tabli shed an app roxima te environmental framework for our

dis cussion we can list five important mechanisms for producing x-ray

excited states in a laser p lasma ,

1) electron impact col l is ions

2 ) radiat ive and three-body recombination

3) die lectronic recomb ination

4 ) photoexci t at ion

5) ch~t r q a  exchange.



Proposals i~,vo lv in q each of these mechanisms have been given to produce

popu lation inversions in a laser plasma. Before considering the specif ics

of such proposals it may be worth connecting these processes wi th the

various regions given in Fig. 2.

Ele ctron i mpact processes are ii~por tant throughout most of regi ons

II and III. Because of the wide variation of temperature and dens ity

over the region , such processes may offer the widest range of opportunities

for exci ted state production. However , if laser p lasma cond itions are

fairly represen ted in Fig . 2, then the most energetic x-ray states will

be excited in the high temperature area , region II.

Recombination processes also occur thro ’gnout regions II and III.

However , hi gh-ly ing bound levels produced in recom bi nation may be

co l i is ionai ly destroyed before si gnificant radiation can occur. Col-

l isional destruc tion i s supp resse d at lower densiti es so that the

formation of radiat ing , energeti c states by recombination tends to be

fav ore ’~ ‘ the outer edge of reg ion Ill. Not al l recombination processes

are fav orable to inverti ng level populations , however. Radiative

recombination , in particular , is favored to energy levels of low principal

quantum number thus p reclu d ing inverted popula tions . Three body

recombination , on the other hand , is favored to levels of higher prin-

ci pa l quantum number which shoul d favor the ach i evem ent of an inversion .

T he con dit ions under which three body recomb ina ti on may domi nate ra di at i ve

recombi nat ion have been discussed in several places .(6~
7) it appears

that the outer zones of region III may provide the desired conditions at

least OVe r a portion of the time history of the laser heating pulse.

In addit ion to the above processes , dielectronic reco~b inat ie n  is

also an important mechanism for cxc i ted state productio n in a laser 
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plasma . In this process the kinetic energy of an initially free electron

appears , in part , as orb ital energy on recombination and , in part, as

additional orbita l energy to an already bound electron in the plasma

ion. The resulting ion is said to be doubly excit~d. There are seve ra l

modes of decay for doubly exc ited levels , some of which may be strong ly

radiative. Use of these levels has been proposed in possible population

inversion schemes. In a laser plasma , dielectronic capture should be

most favored in high density , moderate temperature regions such as the

inner zone of region II.

Since laser plasmas are strong x-ray emitters , one woul d ex pec t

photoexcitation to make a significant contribut ion to excited state

production. In particular , radiation trapping is thought to be impor tan t

i n accounting for details in the observed line spectrum from laser

p iasma s .(8) Because trapping effects increase with ion density they

shoul d be most important in region II. However , ra di at i on p roduced in,

say , region II may penetrate to the solid substrate , region I. In such

a case direct photoioniza tion of inner shell elec trons is poss i ble w i th

the resultant emission of characteristic (e.g., K )  x-rays . Such

photoexci tation is di scusse d as a mechan i sm for population inversion in

a comp anion article. However , pho toexcita tion in tha r l s ~ a med i um has

also been proposed to produce inverted populations.

As the hot plasma expands the particle density beuo :ies lo,i and the

initial therma l energy is converted into energy of expansion. Neglecting

fast particles produced by strong , local electric fields near  the target

surf a~.e , the expanding plasm a is electrically neutra l. Thas , even

t h i~ h the hul of the therma l energy imy h~ve bcen po:~~’~s~~d by the

—1 2-
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electrons , v irtually the entire expansion energy is possessed by the

massive ions . For a 1 keV ( typ ical ) electron temperature in region III ,

ion ex pansion ener gie s of 10 keV or more are found i n reg ion IV .

Ord inarily region IV represents a transition to hard vacuum in

laser plasma experiments . However , it has been proposed that by supplying

a weak back ground gas around the tar get that the ex pand ing i ons in

region IV may have sufficient energy to participate in charge exchange

collisions with the background gas. The use of charge exchange to

selectively populate excited states and obtain population inversion is

discussed in a companion article. The use of a laser plasma as the ion

source may be a practical alternative to the use of particle beams ,

especially since large currents of highly stripped ions can be produced

from a laser plasma .

We ~:ill now review some of the proposals for produc ir,g inverted

populations on soft x-ray transitions in the ions of a laser heated

plasna . W hi le some of these schemes have been subject to ex pe rimenta l

investigation , a systematic study of even a limited number of them has

not ye t been com p lete d . Because of this , even some preliminary results

of a negative nature cannot be taken as indicative of the ultimate worth

of a particular scheme ; nor can some positive results be taken for

gu id ance because of the lim ited value of the evi dence gathered so far .

Many of the proposed schemes i nvolve the use of a very hi gh peak power ,

shor t pulse laser to heat the plasma medium. Such lasers require expensive

an d so phis tica ted faci l ities found in only a few laboratories . Some of

the available facilities are dedicated , at leas t in part , to other

rese arch effor ts such as laser fusion , thus further limiting the possible

-1 3-



size of the experimenta l program. Clearly it w i l l  be sot ie time before

the schemes discussed here can be thoroughly explored.

Among the most fertile areas for suggested inversion schemes is the

use of direct electron collisional excitation. This is true in spite of

the fact that few existing lasers rely on this method alone for selective

excited state production. (Of these , moreover , some have no x-ray

analogue , such as the excitation of vi brational levels of molecules.)

Hawever , direct electron i mpact excitation is the dominant mechanism for

excited state production in a laser p lasma and will probably be the key

first step in any pumping scheme within the plasma . To illustra te the

variety of possible approaches wi th direc t excitat ion we wil l brief ly

review two contrastin g proposals.

One early proposal suggested that a self-terminating inversion

might be achieved in helium-like ions of elements of moderate atomic

weight such as oxygen.~~ A two step process was propo se d i n wh ich one

laser pulse would be use d to create a plasma with an adequate density of

o+6 i ons and a second pulse would produce rapid heati ng cf the plasma

electrons , preferably on a time scale of io_ 12 seconds (see eq. 3 ). For

Te~
ulkeJ preferential excitation of 3p levels shoul d occu r relat ive to

the 2s levels for a few picoseconds , inverting the 3p-~2s transition. A

diagram of this scheme is shown in Fig. 3. Ult inate ly, the 2s level

population wi ll normalize due to radiat ive re laxat ion fro m the 3p and

higher levels and due to coll is i onal relaxa ti on from the 2p level s. The

pea k gain which might be expected wi l l  depend on the extent to which

direct exc itation of the forbidden 1s~2s transit ion; “iy he neg lec ted .

Direct excitation of optically forbidden transitions by i!ectron

i lract is quite probable in some cases and has i tsel i be r pro~~ sed as

- 14-
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a path to an upper laser level in carbon -like ions . (10) A diagram of

the scheme is shown in Fig. 4. In this confi gura tion an invers ion i s

achieved due to a great difference in the decay ratio of the excited

states rather than in a si gnificant difference in excitation rates. In

particular , the rapid radiative decay rate of the 3s lower level compared

to the 3p upper level makes the scheme potentially cw if stable plasma

cond itions could be attained. This would be a great advantage for

experimental diagnosis as well as for many possible applications.

However , there are some drawbacks as well , due ch i efly to the fact that

the laser transition would occur between levels of the same princi pal

quantum number. This means that the system scales slowly to short wavelengths

as a function of atomic number and implies a low quantum efficiency . It

also means that one cannot take advantage of very high electron densities

because of collisional relaxation between the 3p and 3s levels . In the

pubi is~:ed proposal a maximum electron density of 10’7cm 3 is recommended

for the carbon-like o+2 ion.(10) If a Nd laser is used to heat the

plasma such an electron density may not be realized until region IV in

Fig. 2. This would be undesireable because th i s is a coll ision less

regime. However , with a CO2 laser this electron density mi ght appea r in

region III or even region II and the prospects for success might be

higher. Very li ttle attention has been g iven to matching the wavelen gth

of the laser hea ting pulse to the desired plasma conditions in published

proposals to date .

Proposals for using a recombining plasma to achieve inverted

populations have been given by several authors. The common feature of



these proposals is the concept of subjecting a hi gh density plasma to

rapid cooling . This permits three-body recombination to predomi nate

over radiative recombination thus favoring the population of higher

lying quantum levels. Details of such processes have been calculated

for hydrogen -like ~~~~~~~~~~ In some cases the initial p lasma

temperature and density are taken a priori without a detailed proposal

for achiev i ng the desire d initial conditions . For laser plasma experiments

this is still acceptable since we do not yet have detailed informati on

of the time histories of temperatures and densities represented schematically

in Fig. 2. At the very least the calculations yield certain minimum

conditions which must eventually be found in order to achieve an inversion

through recombination.

Inversions produced under the assumed conditions are inevitably

transient because of the eventual expansion of the plasma to low densities

(favoring radiative recombination) and because of radiative and collisional

relaxation to l ower levels. The time scales for the latter processes

are much faster than the plasma expansion time and represent the limi ting

duration time for a possible inversion. In low Z plasmas the relaxation

times are typically picoseconds; inversions have been calculated to the

ground sta te of hydrogenic ions which are even shorter than thi s. (1~~
Invers ions between excited level s appear to be somewhat longer lived ,

althou gh of l ower density than inversions on ground state transitions .(12)

Of course , ground state transitions are more ener get i c and y i eld a

substantially higher quantum efficiency than excited state transitions.

-16-
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Evidence of inverted populations in C+5 in a recom b ining, laser

produced plasma has been reported. (13) The estimated inversion density

was too low (10 11cm’3) to prov ide useful ga i n. If the general character

of the distributions shown in Fig. 2 is correct, then the required low

plasma temperatures to favor recombination will be found in the outer

corona where densities are low . If inversions can be achieved at all ,

they are likely to be of low density . All such schemes appear to be

limited to excited state transitions because thermal conduction times

are longer , as a rule , than the relaxation time of inversions on ground

state transitions discussed above.

While radiative and three body recombinations lead to the formation

of excited states accessible by means of direct collisions , dielectronic

recombina tion leads to the formation of a different class of excited

states , i.e. , doubly excited states. The use of dielectronic recombination

to ach ieve inverted popu lations on extreme VUV transitions is one of the

ea rl iest proposals for obtain i ng gain from a laser produced plasma .~~~
Doubly excited levels are states of very high energy for an atom or

ion; they usually lie above the ionization energy for one electron.

Thus one of the most important relaxation paths for doubly excited ions

is the ejection of one excited electron with the simultaneous reduction

of the second electron to the ground state. This process is called

autoionization , or the Auger effect, and is clearly the inverse process

to die lectronic recombination. In addition , one of the two excited

electrons may relax with the emission of a photon. The probabil i ty of

this type of relaxation is usually much l ower than the probability of

autoion i zat ion , but grows strongly with z. Line radiation from doubly

exc i ted sta tes i s sometimes qui te stron g from la ser p roduce d plas mas
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because a high density of doubly exci ted ions is often achieved.

The spectral lines produced by doubly excited level s in simple ions

tend to have energ ies which form groups slightly below the energies of

the characteristic resonance lines of the next higher stage of ionization.

• Thus lines within such a group are often referred to as “satellites ” to

the associated resonance lines. However , the simplicity of this satellite

structure is lost in complex ions (e.g., moderately stripped , heavy

ions).

The direct use of doubly excited levels for population inversion

was suggested by Malozzi , et al., on the basis of observations of

satellite emissions to the resonance lines in hydrogen-like aluminum

ions genera ted by a very hi gh power Nd~
3:glass iaser.(15) Experiments

of this type are presently being pursued . To obtain a useful inversion

one requires large electron densities in such a scheme. The reason i s

because most of the ions so excited decay by autoionization before a

radiative process can beg in, so a large formation rate of excited states

is required.

To pick candidate transitions , we would seek doubly excited levels

with large cross sections for dielectronic capture , i.e., large cross

sections for autoionization , as well as having large radiative cross

sections. Such levels can be found but a problem often arises. The

radiative processes are usually found on transitions either to the

lowes t lying shel l vacancy of the ion or to another excited state with

a lar ge cross section for dielectronic capture . The rapid filling of

the l ower lev el means in such cases the inversions , if they can be

attained , wi ll be very short lived . Further work on this scheme may be

— h •~— 
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fruitful , however , since we presently have reliable cross section data

for only a very limi ted number of doubly excited levels on a rather

limited list of ions.

t~Ihether or not dielectronic recombination leads directly to the

formation of an upper laser level , cascade decay from doubly exc i ted

states may be an effective laser pumping mechanism . For example , when

one of the two excited electrons decays to the lowest available shell

vacancy , a singly excited ion remains. The formation rate of this

singly excited level may be rather different than would be true for

direct collisional excitation. Thus the level population could be made

larger by this mechanism than on other levels accessible only by direct

excitation.

Jaeg ie and coworkers have interpreted certain line emissions from

a laser—produced , two plasma experiment as caused by inverted popuiations . (14)

The exc ited state formation is interpreted as occur ing by cascade from

autcio rizing leve ls. (16) Their gain observation has yet to be confirmed

in other laboratories , but this work shows that cascades from autoionizing

levels make important contributions to laser plasma emission spectra and

thus can be an important level pumping mechanism .

Whether employed directly or indirectly as a pumping mechanism

dielec tronic recombination is most important at hi gh elec tron densities

and modera te temperatures. These are presen t in region 11 of Fi g.2.

Depending on the atomic weight of the target atoms the highest stages of

ion i za ti on may not be presen t in thi s regi on due to the electron temperature

distribution. However, the hi ghest ion particle density is present in

this reç~ion and the total line radiation due to all exciting processes

- 19-
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may be highest from th is region. The comb ination of high radiation

density and high ion density means that in this region it is important

to consider optical pumping as a possible inversion m~ch an ism .

Absorption of line radiation modifies exc i ted state populations .

it is not easy to find discrete transitions in different ions to be in

close coincidence , and more difficult still to find a pair of such ions

which might be found to coexist under a given set of laser plasma

conditions . Therefore, in their proposal Peacock and ~Iorton point out

that in a high density plasma , radiation trapping may cause resonance

line profiles to exhibit a significantly larger half width due to

saturation effects near line centerJ~
1
~ This effect is sometimes

referred to as opacity broadening. These larger effective linewidths

can reduce the stringent requirements for energetic coincidence between

transitions. Radiation trapping effects requ ire careful analysis because

some of the trapped radiation may be lost at high electron densities due

to coll isional destruction of the excited state.

t~orton and Peacock propose using radiation from the 2p+l s transition I
in hydrogen-like carbon to pump the n=4 levels from the ground state of

the helium-like carbon ion. This may yield an inversion of population

on the 4d--2p transition at l86.7~ for a m inimum laser power density of

3xl 012w/crn2 on a specially constructe d target. The use of hydrogen-like

and helium-like ions is an advantage since these two ion stages may be

made to coexist in laser plasmas for a variety of target materials.

Such a scheme also has the advantage of permitting quasi-cw operation

since the lower laser level can be a short-lived resonance level of the

pumped ion , as in the above exanpie .

-20-



All of the possibilities mentioned up to now have drawn on the

laser p lasma environment because hig h particle tempera tures and dens ities

can be achieve d on short time scales using laser irradiation. However ,

the end p roduc t of a laser p lasma is a moderately ener get ic s tream of

ions which preliminary experimental tests indicate can be distributed

over a narrow range of angles relative to the target surface normal when

the plasma expands into hard vacuum .(32) By expanding this stream of

ions into a neutra l gas background instead , charge exchange reactions

may be favored which tend to selectively populate excited levels of ion

stages formed by the addition of one electron to the original p lasma

ions (obtained from the background gas).

In the preliminary calculations , Elton , et al., have found pro-

mis ing combinations using hydrogen or helium as the background gas and

us inQ nvcrogen — like and helium-like ions from li gh t element laser piasmas .(12)

Select ive pickup i nto the 3s shell of the ions seems possible for laser

plasma expansion energies with inversions produced on 3s÷2p trans i tions

in the ex treme vacuum ultraviolet.

—21-
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III. MEASUREMENT OF LASER PLASMA CONDITIONS

The preceeding discussion of excited state production and laser

pump ing schemes has been highly qua l i tat ive. It is hoped that the

reader w i l l  seek out the more quanti tat ive discussions in the indicated

references. However , no matter how reliably we may be able to calculate

the rates of excited state production , the usefulness of the calculat ion

ultima tely hinges on the accuracy with which we know the plasma conditions.

To make re liable gain estimates , we must specify the local particle

densities and tempera tures , the transit ion linewidths in the region of

interest and , possibly, the ion expansion velocities . It is the purpose
I

of this section to indicate how such information may be obtained in a

quantitative manner from a laser plasma experiment.

Two kinds of measurements are avai lable to an experimenter which

are non—perturb ing. First , there are measurements of the part icle

spectr uci  of the free ly expanding plasma , including the electron and ion

energy (18 ) distribut ion , total ion currents ,( 19) the ion charge state

distr ibution (18) and , possibly, a neutron current and spectrum. Second ,

there is the measurement of the electroma gnet i c ra d ia tion from the

pla~ ra , including optical ,(19) ul traviolet , and soft x-ray emiss i on.(20~21)

We w i l l  concentrate our discussion on the techniques using extreme

VUV m rd soft x-ray radiation to diagnose the laser plasma . (The other

techni~ ues are referred to and described iii ~‘olur e 3 .)

This Vu J and soft x—ray instrumen ta t ion i s a na tu ral ingredi en t i n a

soft x -ray laser experiment. We thus hope to emphasize the versat i l i ty

of measurements made in this part of the spectrum.
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The assignment of values to plasma parameters fru;ii spectral measurements

requires an appropriate model of the relevant physical processes in the

plasma . One may choose to use an analytic or a numerical approach to

this ass ignment. To make an ana lytic model tracta b le , a number of

simplifying assumptions must be made. In retu rn for this one can readily

predict the trends implied by a systematic variation of experimenta l

conditions. Ultimately, however , a numerical model is needed to build a

detailed knowled ge of laser plasma conditions. In what follows we will

review the use of some simple analytic models for deducing electron

temperature and density in a plasma and apply them to a sample experimental

spectrum obtained from a laser produced plasma . We will then discuss

some of the weaknesses in the analytic models and briefly describe the

use of numerical modeling techniques.

We w i l l  begin by discussing the spectral si gnatures of particle

te~r~er~ tures with primary emp hasis on electron temperature . We wil l

assum e for ’ the present that we are investigating a plasma of uniform

temperature and density and reserve the spatial resolution of the

information for later discussion. We wil l  also assume that the electron

velocity distribution is (locally) approximately Maxwe llian. We might

hope that this would be true for even moderately short laser heating

pulses , say , 5Opsec. FWHN1 and electron dens iti es of l020 cm 3 or so.

(From eq. 1 w ith kTe=lKev . ne=10
20cm 3 we have T 1 Q ”

~’sec.)

T he emission from a lase r hea te d plasma consis ts of both li ne and

continu’ m components in the soft x -ray reg ion. The deta i led distribution

of both components is sensi t ive to the electron temperature. We w ill

f i rs t  cons ider the d ist r ibut ion of the continuum.

• 
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Continuum radiation is produced by bremsstrah lung (free-free ) and

recombination (free—bound ) processes. The bremsstr ahlung emiss ion

coefficient is given ~~~~

= l .36xlo 4~
[
~~~j 2  

~ 
z n ~~n~gff exp (

~
hv/ kT e ) ergs/cm 3sr (4 )

whil e recombination emission coefficient is given (for hydrogenic ions) by~
5
~

~~
fb 

= l .36x lO 4l[~~~] 
ne ~ 2~-~ ~iz9fb exp —~~ 

~~e ]

ergs/cni3 sr (5)

where X h is the i onization potential of hydro gen

ze is the ionic charge

is the popula tion of ions of charge ze

is the electron density

n is the princi pal quantum level of a recombinatio n
transition.

gff , 9fh are Gaunt factors for free -free and free-bound
transitions , respectively.

These expressions are valid when hu>>kTe~ 
i .e., when look i ng at the hi gh

ener: ;y ta i l of the spectrum . While one process or the other may predominate

for vari ous p l asma temperatures and ionic compositi ons , if one exam i nes

the radiation at sufficiently hi gh frequency the sa~ e spectral dependence

will be observed. The observa ti on can be simply accomplished by fitting

a broadband detector wi th a high pass f i l ter , the latter wh ich is conveniently
• -k t

made usin g thin metallic foils. The transmission of a foil is simp ly e

- - - • - --
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where k is spectral mass absorpt ion coeff icient and t is the foil

thickness. If identical (or suitably normalized ) detectors are fitted

with fo i ls  of different thickness and if the low frequency cutoff of

the foil is high enough to make the transi;ìitted spectral distribution

proportion al to e V/kTe then the rela ti ve transm i ssi on throu gh each

foil is giv en by

°
~ -hv/kT -k te e ~ dv

= 
1o~ -hv/ kT e d

Elton has computed this ratio for various values of Te~ 
k~, and t and

this published data is commonly used , within its limi tations , to estimate

las er plasma electron temperatures . An example of a series of curves

for various temperatures with aluminum foils is shown in Fig. 5.

~-~ :h mc~dera te—t o-high 2 plasnias , line emission can easi ly fall

wi tn in t~e transmission w indow of conven ient foils and upset the validity

of the above measurement techniques. However , in these cases the line

emiss i on it sel f may be used to estima te the elec tron temperature if some

means for recording a dispersed spectrum is provided . The instrumentation

to accomplish this can often be extremely simple as we wi l l  see.

Sometimes the mere identification of a prominent series of lines

wi l l  establ ish very good l imits on the plasma electron temperature .

This is due to the fact that the ionization potential does not increase

rapidly as electrons are removed from a g iven shell but does increase

greatly as the first electron from a filled shell is removed. If one

can record the spectr a using a cal ibrated instrument , then a ~ore r~ iined



estimate of the electron temperature can be obta in~d. For laser plasm a

electron temperatures up to 1 Key and targets of no:~er ’ate atomic weight ,

the princip al lines from K—shell electrons are us~alij observed , i .e.,

the characterist ic resonance lines of the helium-ii~ e and hydrogen —l i ke

ions. If we assume that direct ce ll is ional exc i ta t ion is the chief

mechanism for producing this radiation , we could est i mate the temperature

from the relat ive intensities of resonance lines of ore of the ions.

However , we know that recombination processes may be important in exciting

hi gher lying levels of a particular ion , especial ly at hi gh particle

dens it i es. Therefore, when one— and two-electron spectra are present ,

it is convenient to measure the ratio of in tens iti es of the first resonan ce

line in each series .

The ratio of resonance line intensit ies from hydrogen-like and

helium-like a~uminum ions is shown in Fig. 6. Two different assumptions

about plasma conditions are accounted for here. In the so-called corona

model exci ted st ate li fetimes are assume d short comp a red to col l ision

times , an assumption which should apply at low densities. In the

co l i i s cna l - radiat ive (CR) model col l is ional  rates may exceed radiative

ra tes for levels w it h hi gh pr nci pal quan tum nu mb er , an assum pti on which

w i l l  a~ piy at high densi t ies.  (One consequence of the CR model is the

e f f e c t i v e  lowering of ionizat ion potent ials due to cont r ibut ions from

rru ltist ep collisional excitation.)

At very high particle densities radiation trapp in~ effects can give

misleading es t imates of the electron temperatu re if they are based on

l ine rat io measurements. (23 ) These ef fects can be acc ~ LJn t ed for in the

t~. : p~ ra t ire rne.jsurement but a knowled ge of the particle den~.i ties is

0 ’
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required. We wi l l  next give a bri ef review of tr.~chniciues useful in

measurin g p lasma part ic le dens i ties .

Several techniques are avai lable to measure plasma part icle densit ies.

If a detector is available whose absolute soft x—ray sensitivit y is

known , and if the electron tempera ture is known , then a knowle dg e of the

source dimensions allows the ion densities to be deduced from line

intensity measurements and the electron density to be deduced from the

continuum intensity . Unfortunately, while calibrated detectors are

available , an accurate knowled ge of the dimensions of the radiating

region of a laser plasma is seldom available. Thus , other less direct

methods are usual ly employed.

One possibility is to observe Stark broadening of spectral lines

and i c ’e r  the part ic le density from the average loca l electr ic f ield

producec by an appropriate distribution of particles. However , if ion

tenper~ tures are high , Doppler broadening may mask the Stark effect.

Inste~ . of ubservioj resonance (e.g., Lyman series) lines one can get

more pronounced Stark effects by observing excited state (e.g., Balmer

series ) t ransit ions at longer wavelengths . The emission in tens it ies on

these lines are substantially l ower than on resonance lines. Moreover ,

the theory of Stark broadening in plasmas of moderate-to-high Z ions is

still poorl y developed. (24) Thus only a few laser plasma dens i ty measurements

using Stark prof i les have been reported. (25)

A density estimate can be made from the Stark ef f ect in some cases

without a profi le analys is. Noting that the energy levels of high

principal quantum number are progressively closer together , then at a

given par ticle density there will be some level at which the Stark

— 2i~



broaden i ng equals the separation to the next higher lev el . This

level , from which discre te l ine em i ssion i s last observ able , is said to

lye at the Ing liss-Tel ler l i m i t  for the series . (26 ) The indent i f icat ion

of this level in hydrogen piasma s is one of the oldest methods for

measuring p lasma particle densit ies. ( 27)

To obtain a density estimate in either case , one must calculate the

electric microfield distribution seen by a typical ion in the plasma.

This calculat ion is facilitated by the assumption that the plasma particles

are essent iall y stationary during the radiative lil et ir l e of the excited

state of interest. However , ca lculat ions have been carr i ed out only for

the case of singly-charged pla sma ions . Ion correlat i on corrections

have only been computed for cases where the Debye l engt h i s larger than

the interpartic le distance . For high-Z ions a sat isfactory theory is

st i l l  under development so that observations of line broadening effects

in laser plasma em i ssion mus t be analyzed wi th caution.

Ano ther feature of the l i ne em i ssion which can yield density informdti on

is the i ntensi ty ratio of certa i n lines . In atoms where a forbi dden

trans ition is energetically close to an allowed transition , the intensity

of the former i s determine d by the impor tance of elec tron colli s i onal

quen ching of the level . The intensity ratio of these two lines will

depend on the elec tron dens ity ov er a cer tai n range.

We may identify the ranges of behavior bounded by ta and tf~ the

lifeti m es of the allowed and metastable levels respecti vely. ~f the

quenchi nj time is smaller than ta then the intens i t ies of the lines is

• im ideee r den t  of n
~
. If the quenching t i re  is greater than t~, the in tensi ty

o f oth l ines is proport iona l to 11e How ev e r ’, if th~ que nchi nq time is

t o  t .; .en t
~ 

and 
~ 
, ti ~n only the i ntemi c i mi of the all o n i  trans ti on

on n
~ 

ar id t hes th ’ rati o of Lu is i n .  ‘‘f . i en I I d ;m. ty



In laser plasma work a most useful p a ir of lines in this cotmu ec tion

is present in the spectra of helium -like ions. These trans i ti ons are

the resonance line (sometimes identified by the symbol w h ) ,

ls2p 1P1~ ls 2 ‘S0. and the inter combination lin e (identified as

ls2P ~p1 ’ls2 1S0. Radiative and coll i s io nal p rocesses for these

trans it ions have been carefully stu di ed and an expression for the ratio
(24)given as

R = R l + Pn

where R 1 
= 1.8 and P is a coefficient which depends on kTe and z. The

ratio is plotted in Fig. 7 as a function of electron density for two

temperatures .

It is clear that the use of the intensity ratios of spectral lines

to estimate electron tempera tures and densities is a somewhat interactive

process , i.e., a know ledge of the electron temperature is needed to

estim~ i~ densi ty and vi ce versa . Am bi guities in the analysis can be

reduced i f more than one pa ir of lines can be used in each case or i f

other diagnostics (such as observation of the Ingliss— Te l l er limit)

can be used to cross—check the results.

To illustrate the diagnosti cs problem we wi l l  describe and analyze

a l aser p l asma ex per imen t performed in the Labora tory for Laser Energetics

at the University of Rochester. The laser system used to heat the

plasma is a mul tista ge , Nd+3:glass laser. It consists of a

pass iv e ly  mod e—locked Q— sw i tched osc i l l a to r , an optical network

which selects and transmi ts a single pulse from the

train , an d an amplifier system whi ch is decou p le d from both internal
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feedback and external (e.g., target) reflections . A schematic of the

system is given in Fi g. 8. With this laser , s ingle pulses with energ ies

up to 20 joules at 100-200 psec. FWHM have been focussed onto solid

targets of modera te atomic weights with a 3” diameter f/4 aspheric lens

designed and fabricated at the University of Rochester.

Perhaps one of the most difficult parameters to measure in such

experiments from the standpoint of the laser system is the diameter of

the focal spot of the beam under full power conditions. Aberrations

accummula ted by the beam on passing through even a moderately large

amplifier system such as this one will seriously degrade the focussing

properties)2~~ By examinin g the angular w i d ths of the x-ray lines

emitted from the target we estimate that the heated region of the

plasma is approximately 100pm in diameter. This means that focussed

intensities of approx ima tely l015w/c m2 are produced by this laser system .

• Althoug h such a source of x- rays is hardly infinitesmal , it is

sufficiently small to permit the use of a slitless , flat crystal type

spectrometer to obtain an adequately dispersed soft x-ray spectrum. A

schema tic diagram of the geometry of such a spectrometer is shown in

Fig. 9. By choosing a suitabl y oriented crysta l from the acid pthalate

family (e .g. ,  TAP , RAP , etc. ) suff iciently hi gh x-ray reflectivity can

be obtained to get a goo d qual ity spectrum on a s i ng~e shot. (This is

part icularly desireable if the laser pulse energy is not highly reproduceable

from shot to shot. ) In our experi m ent the cry s ta l is located approxi :~ate l y

20cm. fro ii the source. At this distance the angular di.~~eter of the

source is larger than the angular width of the rocking cu rve of the

crystal and the spectral resolution is source—size  l imited.
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F iq ure 10 shows a m ic rodensitom eter trace of a port i on of a spectrum

recorded on Kodak no -screen x-ray f i lm when a 7.9 joule pulse wi th

lOO psec. FWHM was focussed onto a solid aluminum target. The pri ncipal

resonance lines from helium—like and hydrogen —like aluminum ions are

quite pronounced . Moreover , satelli te lines from dou b ly excite d levels

in li thium-like and helium —l ike ions are clearly present , though not

fully resolved . Using this spectrum , which is a time- and space—integrated

measurement , we will briefly discuss the problem of reducing this data

to obtain estima tes of plasma electron temperature and density .

Although the recorded spectrum is an integrated measuremen t, there

may be factors at work which tend to localiz e at least some of the

features. Assuming that the spatial distributions illustrated schematica ll y

in figure 1 are stationary , then the radiat ion of lines from a particular

ioniza tio n stage will be confined to the region characterized by a

tempera ture which just sustains that stage of ionization . The observed

l i ne s  cmJ!d thus be localized by a steep temperature gradient , such as

shown in region II , Fig. 2. If the temperature is slowly varying , such

as shown in region III , Fig. 2 , a steep density grad ient wi l l  tend to

weight the strength of the emitted lines toward the high density region ,

again localizing the emission .

As a f i rs t  step then it is only necessary to assume that the

distr ibut ions represented in f igure 1 are stationary over the major

portion of the laser heating pulse . This assumption must be tested over

a variety of condit ions , espec ia l l y includ ing the width of the heating

pulse. Such tests are being undertaken in several laboratories
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usin g high speed electroo ktic streak cameras to photojraph the plas ::a

mo tions. Elaborate numerical simulations of the ~las~a evol u tio n are

also being used to improve our understan di ng of these p rocesses. Our

own such simulations su ggest that un der the condi ti ons of the present

experiment that the plasm a motion i s sl i ght over the major por ti on of

radiat ive ac t iv it y. We wi l l  discuss the data in Fig. 10 from the

standpoint of a loca lized emission reg ion.

To convert the recorded optical density into irradiance , we performed

a calibra tion of the H vs. 0 curve for no-screen film over the range of

soft x-ray wavelengths in Fig. 10. We find that it is important to do

this under conditions representing actual usage rather than rely ing on

published data produced , in all likelihood , under different conditions .

Taking the intensity ratio of the helium—like resonance line (w) to

the hydrogen—like resonance line (L) gives an electron temperature of

530 eV using the CR model as shown in Fi g. 6. Recallin g tha t this

calculation assumes an optically thin med i um , we can check our resul t

usin g the intensities of the satelli te lines la bele d j, k in Fig. 10.

Ga bri el has g iven a formula for the expected ratio of intensities

between the sate l l i tes j, k and the resonance l i ne w as a function of

tem perature .~~°~ Usin g this we find that the observed intensity of ~, is

92~ of the value expected at a temperature of 530 eV . Since the plasma

should be optically thin to the satellite radiation (the lower level is

an excited sta te) and since the resonance line w shoul d be the most

seriously affected by opacity , we conclude that this electron temperature

cnarccterizes the radiating region in this experiment.
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It is i nteresti rig to note that if one attempts to esti~ atn the

temperature using the series of intensity ratios of the lines frau the

hel ium-like sequence only, progressively higher temperatures are predicted

by the corona model . This directly shows that neg lecting mim ult istep

excita tio n of h i gh ly i ng level s is not justifi ed .

To estimate the particle density we can compare the ratio of

in tensities of the helium—like intercombin ation line (y) to the re-

sonance line (w) in Fi g. 10. In this case the estimate will be subject

to uncertaint ies due to the fact that the in tercombina tion line is not

wel l resolved from the resonance line. Using an expanded scale plot of

the data in Fig. 10 we can estimate a contribution to the x ,y fea ture

from the wings of w assuming a symmetric line shape. The intensity

ratio is determined and compared to the plot in Fig . 7. We obtain an

electron density estimate of l .5x l0 20cm 3 .

It shou 1 i be pointed out that this estimate is a l ower bound since

there m~~y be other contributions to the spectral feature label x ,y.

Wh i le tne magnetic dip ole transit i on , ls2p 3P2-÷1s
2 1S0, (x) probably

makes a negli g i b le contri bution to thi s feature , there are two satellite

lines between x , y, and w. Any allowance made for their intensity will ,

of course , raise the estima ted electron density . Because of the various

uncer tain ties , it mould be desireable to have slight ly better spectral

resolut i on upon which to base this kin d of est imate .

From F i g. 10 it is clear that the pr i ncipal se ri es li nes do not

extend to arbitrarily h ig h quantum levels and thus the Inglis-Tel ler

relation



n = 
Z Z3”2n ~~ (6)e l2Oa m

0

may be applied ,where a0 is the Bohr radius and n1~ is the principal

quan tum num ber of the las t d iscerna ble line in the seri es . In both the
-‘-1 1 . . +12hel ium -like series (Al ) and hydrogen — like series (Al ) the last

di scern able line a ppears to be nm =6. This gives a density of M=4.8xl02’

from the hel i um—li ke series and N 6.6xl021 from the hydrogen -like series .

The density estimate computed here from observing the disappearance

of principal series lines is an upper limit since instrumental effects

could mask the presence of higher lying li nes . However , when combined

with the lower limit supplied by line ratio analysis , it appears that

the observed spectrum is radiated most strongly fro:n the region i n the

v ic in i ty  of cri t ical density , ne=1O
21cm

~~
. These results are in fairly

good agreemen t wi th the con d itions diag rammed in reg i on II , Fig. 2.

In the above analys i s we have chosen to use simp le anal ytic models

for the purpose of illustration . Ultim ately, it must be recognized that

such a nalys is  is incapable of deal ing w i th  several aspects of the emission

from laser  p las eis. For example , an important assu m pt ion in these

r~odels is the exist e nce of steady state conditions in the pl asma. In part—

icula r , the electron temperatur e is as cu ; : ed to va ry in time s low l y enouqh

so t h t  the degree and level of ionization of the pl~ sH h~s the steady

state ve lue . For the short laser pulses (<10 1C ccc ~ ,,:d) ~sed in

many pr~ cent experiments this assu mpti on is probably e’,re~l ist



To improve our knowled ge of the p las~u condi t ions,  we l ust combine

the use of elaborate numerical simulations of the pl asma conditions

wi th time —resolved studies of the soft x-ray emission. Presently

x—ray streak cameras are under development in several laborator ies and

such time resolved emission studies wi l l  constitute one of their

principal appl icat ions.

Althou gh simple spectrometers such as shown in Fig. 9 provide

useful information , the recorded spectrum is spatially integrated.

We thus cannot obtain a direct comparison with the profiles shown in

Fig. 2, for exam ple. We have indicated that the radiating region which

gives a spectrum such as shown in Fig. 10 may be local ized by various

w e i g ht i ’~j f actors . As a resul t x—ray pinhole cameras and spatially dis-

persirr ~-“ay spectrometers are being employed in current experiments

to imane the plasma . The use of such instruments , combined with one

~nr! t~•.e-~ s ’ens iona l numerical plasma simulations should provide the

deta i led understanding which will permi t the design or optimization of

cond it ijns for producing inverted populations on soft x—ray transitions.
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lv. [ESIG ~ OF X — RAY LASER EXPERIMENTS

~Je m ill now try to gi ve , in general terms , considerat ions to be

taken in designing an exper iment to demonstrate the presence of gain

in a laser plasma at sof t  x-ray and extreme VUV wavelengths. Historically

it see rs that lasers at optica l wavelengths were more often discovered

than deliberatel y invented ; this may also turn out to be true with

x —ray lasers. However , the worker at optica l wavelengths has several

advan tages to discovery not shared by workers at very short wavelengths.

Firs t, we canno t i gnore the very im portant advantage of be i ng able to

see the emitted radiation , which greatly fac i l i ta tes the decision making

process and al lows many possib i l i tes to be explored quickly. Secondly,

the ‘use of regenera ti ve feedback permi ts weakly am p li fyi ng systems

to osc i l l a te  strong ly. In this case successful operation can often be

demonstrate d wi tn a system which is far from optimized.

eec is to have a reasonable chance to ver i fy gain at very short

wa~e~~~~ths one had best not concede too many more points ! Therefore , one

should probably narrow the search of the promising proposals to either

quasi ca schemes or to schemes in which the gain is l ikely to survive

over ost or a ll of the duration of the incident laser heating pulse . This

w if l  enable the diagnost ic  si gnal , in whatever form , to be dominated by

ds~pl~ m v ln~J ef fec ts .  Since few high power lasers are presentl y in operation

wh i ch  prodo ce pu lses shorter than 2Opsec. , this requirement appears to rule ou t

easy detect ion of all se lf- te rminating x-ray laser schemes in the near

fu t ;e . Since c ’ or quasi cm operation requires rapid decay of the lower

lase r iev ~ l we arc c lear ly looking for inversions on excited state

t r ; i t uos . Th is de~er’ri~n~s some crude li m it on the expected laser

t ree i t v n  nue~ •~~~~, n iven the p~~~e r t ly  ach iL .a b le laser p l r m s i a e lectron

to; .: O ’ l t  nec .  The e ’ pe r i men t a l  ree lt: di:~cussed in th E pre.’ ious
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sec tion seem to be represen tati ve of ach ievab le  condi tions and imply

exc ited s ta te transit ion ener g i es of no more than a few hun dred ele ctron

vo l t s .  Thus extreme VUV instrumentation appears to he essential in

present short wavelength laser development efforts .

The lack of ava ilable regenerative feedback schemes at these

wavelen gths means that great care will be required to verify the existence

of amplification effects. Direct single pass measurements of gain might

be attempted using two laser produced plasmas , one servin g as a rad-

iat ion source for the other to amplify . Such experiments have been

cri ticized as lacking straightforward interpretations but in any event

are incapable of being as sensitive as a multipass , i.e., regenerative

experiment .

The difficulty is further compounded by the fact that overall laser

plasma dimensions are small. This means that a high gain coefficient

may translate into a small overall amplification factor. While it is

pract ical  to irradiate long , fi lamentary shaped pias mas using cylinder

le n ses , the transverse di mensi on of the focal lin e is sti ll l imi ted by

laser beam aberrations in most systems. Thus the focal area of such a

s~ s tem w i l l  be large. This reduces the specif ic focal plane intensity

which will l imit the plasma temperature and thus the ionization stages

acnieve d. It seems adviseable to recommend maximum plasma lengths

bet~ieen 0.1 and l .Ocmn. using present ly avai lable lasers.

Given such a length constraint we would fee l obliged to seek a

mn~mum gain coef f ic ient  between 1.0 and l0.Oc m~ to ach ieve a reudily

meesureable e f fec t .  This is very high by conventional laser standards

ann suggests tha t special  care should be taken to ~iiniini~ e ga in degradi ng

— d , ’ —
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e f f ec t s  such as Doppler broadeni nj of the pl asm a ions. It seems wise to

plan on two step exc i ta t ion in many e~perHents . The f i rst step wi l l

involve the creation of a milasma in the des ired stage of ionization.

This could be accomplished without the need for a very short pulse

las er . Af ter an i nterv a l suffic i ent to perm it the i on temperatures to

drop, a secon d , short pulse may be used to heat the plasma electrons.

If this pulse is short compared to the time scale gi ven in equa tion 2,

then the excitation may take p lace wh i le keepi ng the ion temperature and

thus the Doppler widths low .

If the proposed scheme to be tested appears to work best over a

l i c; i ted range of particle density, it shoul d be ke p t i n mind tha t the

ex pe r i menter c an control the deposit i on point of t he focusse d laser

pi se by appropriately choosing the laser wavelength . Since high power

lacer s are ava i lab le  at only a few wavelengths , ef f ic ient  frequency

conJers ion schemes nay have to be employed. In a two step excitation

sc~~~c , the tma lese r pulses lay be chosen at different wavelengths for

the best ef fect .

It nay be observed that among presently available discharge excited

lasers r:mn~ of the hi ghest gain systems are of the self—terminating

v a r i e t y .  Using a cleverl y de si gned two step e x c i t a t i o n  scheme , it may

be possib le to o c ;r cme our objectinn to self -te rm inat ing systems . In

O rm prep~ sai . for ex an iile , a line focus plasma is created by a tailored

Q-s w i t h~ laser I)ulSe. (31) Excitation is then accomplished by focussing

a secO ld , ul t ra sho r t  (~ o de— locked ) laser pulse a lo n;  the axis of the

p las ma . The durc itinn of the cxci tat ion pulse may be short compared to the

r~ n5i t t i me of the plas ma and thu s a travel l I n~j w ave pu ; pi ng scheme is

elf ecf ~ d.



Assuming that gain has been achieved in a laser plasma , we must ask

what const i tutes convincing evidence of the ach ievement? The lack of

regenerative feedback means that we are denied the observat ion of a

shar p ly defined threshold effect; this has proved to be a sticky point

for experimenters to da te. Short of a d i rect , si ng le pass gain meas ure-

men t in a plasma we may look for an excitat i on dep enden t di rectionalit y

of the radiation from the particular transition of interes t when excited

in a filamentary geometry . If the upper laser level were also the upper

level of a non- inverted transition (e.g., a resonance transition) then

a compa rison of the different directional properties of the two transitions

wou l d increase certainty . Evidence of line narrowing might be sought if

suf ficiently high spectra l resolution is available. However , all such

evidence is ideally acqu i red on a si ngle shot basis and thi s often poses

a problem in li ght gather i ng power .

Less direct but still acceptable evidence of gain might be developed

from measurements of level populations . These may be conveniently

reasured by the strengths of lines emi tted from the levels of interest.

r~c a e .’er , the osc illator strengths and/or transition probabilit ies must

be well known to do this and this is usually true only for resona nce

l ines  in the case of highly charged ions . Thus , the conditions on ma ny

potent ia l ly  amplify ing transit ions nay be inaccessible by this method.

In sp ite of the difficu lties associated with the method , we have a

pre ference for the o bservat ion of directional effects as an ultin:ite

di uqnost ic.  This 5 te rm f r~ the bel ief that app 1 icat ions for such a

l ight source w i 11 fl tii m t  fly develop I rem a f l  1 men tory geometry of the

me di c ’ . The ohser~ t H in  of a useful e f f e c t  in this geometry th :m, h st°n~

f P ~~l’ p~~e t  mi these appli c a E iO:ls .
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V. s~:kt~kY f : w  CO~CL Ld IO~

It w a s the purpose of this po pe ’  4_n examine the condit ions prese t

in a laser produced plas ma arid to d iscuss their suitab il ity for providing

soft x-ray amplification. A variety of repre sor;tative proposals were

outlin ed , each of which attempts to exploit different features and regions

of the plasma to obtain inverted populations. The problem of designing an

experiment to demonstrate gain is twofold. The first is to measure arid

ma tch the ac tual plasm a conditi ons to the cho i ce of l aser pulse ti me

h istory , target composition and geometry . The second is to produce

a conv i nc i ng di agnostic for enhanc ed s ti mula ted emission in the

abseti~e of regenerative feedback. In most current experiments the

measu rement of plasma conditions is emphasized . It appears that more

work can useful ly be applied to the problem of gain diagnosis.

The de”elopment of soft x-ray laser action cu ll undoubtedly stimulate

cc s i ~e ’rele Peve1o~c ant in x— ray materials and recording technology .

W e a t h e r  effec itve methods for regenerative feedback are developed from this

may not limit the applications ‘for lasers in this wavelength range , however .

In par t icul a r , the generation of coherent energy by nonlinear optical

techn~ques is presently being extended into the extreme vacuum ultr aviolet J33~

The ef such te hr ;iques with a soft x - ray amp l if ier (3 1) could hasten

n;:n~ cxc i  tin: appiic ati on s~~
’
~ for a source of h ieh po~ier , coherent

V ‘S
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FI GURE CAPTIONS

Fig. 1 The ea r ly evo lut ion of a plas ma produced b5’ i r radiat ion of a

sol id surface by a very hi g h po~ier laser pulse. In (a) the

solid surface is shown prior to i rradi ation. As the laser

pulse is incident a narrow reg ion of ionized par t ic les forms

near the surface as in (b). Absorption of energy continues

and a hot plasma is formed with appr oximatel y the density

profi le shown in (c) .

Fig. 2 Representative electron temperature and density profiles in a

neodym i um laser plasma . The abscissa measures the distance

from the solid surface in microns. The four reg i ons ind i ca ted

are discussed in the text.

Fig. 3 Energy level diagram for proposed po pulac ion inversion in

hel i um -li ke oxygen .

Fi’p . Energy le vel d ia g ram for proposed populat ion inversion in

carbon- l ike ions.

Fi g. ~ Rela tive transmiss ion coeffi c i en t of th i n alum i num foils for

bremsstr ahlung x -rays produced at var ious temperatures .

Fig. S Predicted l ine intensity ratio of the hydrogen-like resonance

ii no ( L ) to the hel iu m—l ike resonance u S  (w) in an al umi nun

plasma. The predictions of both the corana and collisiona l

rod i a Live (CR) models are show n.

F rj . I Predicted line intensity ratio of the he l iu m—l ike  resonance

l i on  (m) to interconibination l ine (y)  as a f unct ion of e ’ act ron

de n s I L , in an alu m inum plasma at too tc~’,:’er atures

_____



Fia. 8 Schematic diagram of a mult i -stage Nd~
3 :g lass  laser syst em

used in laser plasma x -ray experiments at the Universi ty of

Roches ter.

Fig. 9 Simple crystal spectrometer used in laser plasma experiments.

F i g . 10 M i crodensitometer trace of the spectrum of an al um i num p lasma

produced by a focussed , 7.9 joule , 10~~
0sec. pulse from the

laser shown i n Fi g. 7. The spectrum was recorded on the

instrument shown in Fig. 8. 
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TAOLE 1

SYSILN  ION Tft~d~SIT IO N WA~.iI1,[2G H LIFETI ME ,SEC

He-Ne Laser Ne 5s-~3p 632d~ iO U

Ar-Ion Laser Ar~ 4p-As 488O~ io 8

Laser Plasma ~~ ~~~~ 128~ 1O~u

Laser Plasma Al~
1
~ 2p-,~1s 7.17~ 1O~~

Approximate ex cite d state lifetimes for v i sib le lase r trans ition and
representative soft x-ray transitions in laser produced plasrnas.

TABLE 2

Pl asma T ,ev fle~
C i Tee~

5
~~

He-H e Laser He~ 0.5 3x10 ’1 io~~ io 2

CO 2 Laser (a t ia . )  He~ 4.0 io13 io 6

Ar - Iou Laser Ar~ 3.0 i0 14

CO 2 Laser Hassia A i~
13 10 19 

~~~ io~~
Nd Las e ’ ~: a io21 io~~

2 io~~

elec t ro n end e lec t ro n -ion t oe : :1 izat ion ti les predicted
Nv n” J t i : ’~s I 2 2 for ren resentnt is ’e elect ric d isciiar ~c lasers
ant 1 n ar— er ; a ed ~l a

_



TABLE 3

System Ion Tra ns i t ion  Wavelength /m ,Hz

He-Ne Laser Ne 5s~3p 6328~ 10~

Ar-Ion Laser Ar~ 4p->4s 488O~ 1010

CO2 Laser (atm) CO2 00°1-~10°0 1O.6j~ 10~ 3x10~~

Laser Plasm a o+6 3p-*2s 128~ io14 3x10 4

Laser Plasma Al~
’2 2p-4s 7.17k io15 2x 10 4

Approximate transition linewidths for representative electric discha rge
lasers and typ ical laser- p roduce d plasmas.

_ _ _ _ _ _ _ __ _ _  -4



N ( x )

///// (a)

SOLID /

N ( x )
_ _ _ _ _ _ _ _ _  

( b )

//
/ / 7
/ / / i LASE R PULSE

SOLID//

I
N (x)

( c )

SO
~~D/,i~



25 ______________________________________________________

10 I I I

23 _ ~~~~~~~~~~~~~~ —10

E \Ne 
_ _ _ _  

-

_ _ _

~~~~~- r ~~~~~ \ 
it ~ j4~ ]IE 

~
.— 1~ —we-.

Z 21 3
10 - ~~IO

— — 102
Te

‘7 I I I
tO 2 3I tO tO hO

DISPLACEMENT FROM ORIGIN A L
TARGET SURFACE , M ICRONS



70C

650 -

. 

3p 3P 0~~~~~~~~~ ::~~~~~~~~~ -

~6O0- -

2S ’SI2P 3PO~~2s 3S —
550 — -

5001- GROUND

OI_~ ts2 I S _ _ _ _ _ _ _ _ _ _  
/ 

_ _ _ _

:



LASER
ACTION

NIh ~~~~~~~~~~~~~~ 
3~

39 ..._ AC~
’

RADiATIVE COLLISIONAL
DECAY EXCITATION

2p2 3S — I ON GROUND STATE



I 
I I I I

4 KeV

2 KeV

~~iO~~~~ \\— KeV
LU
>

-J

600 eV

I I I I I
0 5 ID 15 20 25 30 35

ALUMINUM FOIL THICKNESS - mg / cm 2



_ - ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

10 —

10
0 -

CR~ //YA CORONA

H

~ 
to _ I —-J

H

10 2 
-

I I I I
100 300 500 700 900 1100 1300 1500

Te (e V)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

.~



—
cL
N
C/,

H

~ io~~ T~~I0OOV

~ 

Te I KOV

I I I I I I I
18 19 20 21 22 23 24 25

LOG 10 N8 (crn 3)



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

APOD IZ ING
SWITC HING APERTURE

OPTICS AMPlE \ AM P~~~
AMPI ‘ j

_

\~~

NEGATIVE / / flA~iP

90%R ~~~~~~~ 4 9 O % R  LENS A MPf l FARADAY II~
~~~~~~~-~~190%R 

~~~~~~ 
ROTATOR~~~~

Is I ~-2.5 mm APERTLfl~E~
/ I OSCILLA TOR \~ ,) /

DYE CELL ‘
~~ .— COLLI MAT ING

97 % REFLECTOR EXPERIMENTAL MIRRO R
CHAMBE R



X-RAY
TARGET STOP FOR FILM

DIRECT X-RAYS

LASER
PRODUCED
PLASMA DIFFACTING

CRYSTAL

(.ool ’
~)

BERYLIUM FOIL

~~~~IIIIII__ 
- - -~~~- - - —-—-~—--—— - ----..~-- - .- ----~ ---- - - - - - --=----~-~~~- —_-~~~~~~ -——-----——---



:: 
bkA

I .0- 

2 

ubL~Ukk~ L
WAVELENGTH , A


