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ABSTRACT 

This paper describes a new system for the development of an X-ray laser in the 

wavelength region from 5 nm to 1 nm utilizing a Powerful Sub-Picosecond Laser 

(PP-Laser) of expected peak power up to 0.5 TW in a 300 fs pulse. Soft X-ray spectra 

generated by the interaction of the PP-Laser beam with different targets are presented 

and comparsd to the spectra generated by a much less intense laser beam (20-

30 GW). A theoretical model for the interaction of atoms with iuch a strong laser EM 

field is also briefly discussed. The development of additional amplifiers for the 

recombining soft X-ray laser and the design of a cavity are presented from the point of 

view of applications for X-ray microscopy and microlithography. This overview 

concludes with the presentation of recent results on the quenching of spontaneous 

emission radiation and its possible effect on the absolute intensity calibration of soft 

X-ray spectrometers. 

Invited talk at the conference on Short Wavelength Coherent Raaia:.on. Cape 

Cod. Mass., Sept. 26-29. 1988. 

f Also Mechanical and Aerospace Engineering Dept. ty\ ,•' \ . •• ; } 

'DISTTHBUViOi1*' OF Tt- i c , " ... :i •'.:E."'T !S UNLIMITED 



2 

I. Introduction 

There has been rapid progress recently at a number of laboratories towards the 

development of X-ray lasers in wavelength regions shorter than 20 nm and of lasers in 

the VUV region near 100 nm and below. However, in this paper we do not discuss 

those works, some of which represent very important achievements -- such as 

reaching very high gain (much above saturation) in Cesium near 90 nm using 

relatively low pumping power as demonstrated by the Stanford Group [1], generating 

very high power density radiation (above 1 0 1 ^ w/cm 2 ) for application to X-ray lasers 

by the Chicago Group [2], and the proposal to construct a "tabletop" VUV laser at 30-

40 nm using Ni-like or Nd-like ions by the MIT Group [3]. 

The intention of this paper is to give a short overview and provide an 

introduction to the experimental and theoretical work at Princeton as presented in a 

series of five papers [4-8]. The topics of these papers include: (i) the development of a 

powerful sub-picosecond laser system that uses a new approach in X-ray laser 

development to generate soft X-ray spectra: (ii) a theoretical model for atoms in very 

strong EM fields; (iii and iv) improvement of the present 18.2 nm laser and its 

applications to X-ray microscopy; and (v) some difficulties with the calibration of the 

soft X-ray spectrometers due to the quenching of Einstein A-coefficients. 

II. Approach Toward a 1 nm X-rav Laser 

The main difficulty in approaching shorter and shorter wavelengths is the 

requirement for very large increases in pumping power. For example, for X-ray lasers 
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pumped primarily by recombination or electron-excitation processes, the pumping 

power P is proportional approximately to V 4 for constant gain g. This follows from a 

simple relation between gain, wavelength X, and population inversion ANj n v (see e.g. 

my 

9 inv 

while 

AN. - P 
inv 

Therefore, in order to decrease the lasing wavelength from 10 nm to 1 nm, the 

pumping power must be increased approximately by a factor of 10 4. 

The laser presently operating at 18.2 nm requires a laser pumping energy of 

~300 J. Without changing pulse length the energy for lasing at 1 nm would have to be 

on the order of tens of MJ. Because the size and cost of a laser increase dramatically 

with energy (but not with power), such a system would be very large and very 

expensive. Thus, a great deal of attention in X-ray faser development is devoted to 

schemes in which the metastable and autoionizing levels can be used for storing 

pumped energy, as proposed by S. Harris [10], or schemes based on very short 

{picosecond and sub-picosecond) pumping pulses [11]. This last approach is 
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particularly attractive because by decreasing the wavelength of the lasing transition, 

the lifetime of the ion in the upper state x= 1/A decreases as '/$• (A is the 

spontaneous transition probability), and is of the order of 1CT1 2 - 1CT 1 3 s for a 

transition wavelength of = 1 nm. Therefore, pumping is required only for a picosecond 

or sub-picosecond time duration. After this time energy would just be wasted in 

heating the target material. 

Lasers with beam energy of order of only 1 J and pulse duration of 1 ps can 

provide very high power, P - 10 1 2 w . Even more importantly, such a laser operating in 

the UV range (e.g., the KrF excimer laser with wavelength 0.25 u.) can be focussed to a 

2-3 u size, providing tremendous power density on the target. The power density can 

be in excess of 1D 1 8 W/cm 2 (with corresponding electric field - 10 1 1 V/cm = 1 kV/A). 

With this power density it is possible to provide multiphoton excitation and multiphoton 

ionization of highly ionized ions and use such processes for the creation of population 

inversion and gain at wavelengths down to 1 nm. 

It is very difficult, however, to both create highly ionized ions and provide 

selective multiphoton excitation of such icns with a single laser. Therefore, our 

approach uses two lasers [12J. The role of one laser with relatively low power and 

high energy (e.g., 0.5 kJ, 50 ns CO2 or 100 J, 3 ns Nd/YLF laser) is to create a plasma 

column of highly ionized ions which may be confined in a strong magnetic field. The 

role of the second; extremely high power laser (1 J. 1 ps KrF laser) is to generate gam 

by multiphoton ionization (MPI), very fast ionization (e.g., inner shell ionization), or 

selective multiphoton excitation. This approach is illustrated in Fig 1. More details 
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about the Powerful Picosecond (Sub-Picosecond) Laser (PP-Laser) system are 

presented by L. Meixler et al. [4]. 

In Fig. 2 is shown the experimental arrangement. The same 0.5 k j CO2 laser 

(or 100 J Nd/YLF laser), which is used for pumping the 18.2 nm laser [13], is redirected 

by a system of mirrors and focussed onto a thin foil or fiber target by cylindrical lenses, 

producing an up to ~ 1-1.5 cm long and 100-150 j i wide line focus. The target is 

placed in a vacuum chamber inside a 20 cm long solenoidal magnet, designed ior 

magnetic fields of up to 150 kG. Axial radiation from the plasma column in the range 

0.5 nm - 30 nm can be measured by the grazing incidence Schwob-Fraenkei 

spectrometer "SOXMOS" [14]. The core of the experiment is the PP-Laser which is 

focussed on the plasma column opposite from where the CO2 or Nd/YLF laser is 

focussed. The PP-Laser can be focussed on the plasma in such a way that travelling 

wave gain is provided. Synchronization of the lasers, which constitute the PP-Laser 

system (a simplified block diagram of the PP-Laser is shewn in Fig. 3), and time control 

of the PP-Laser system in relation to the triggering of the CO2 or Nd/YLF lasers, 

magnet, and diagnostics are provided by several "Fast" and "Master" (slow) electronic 

timers. (These timers were specially developed in our laboratory for the experiment.) 

The control system, timers, and data acquisition devices (computers) are located 

inside a double-shielded Faraday Cage in order to isolate them from strong EM noise 

coming mainlv frcrti the CO2 laser, the large aperture KrF amplifier, and magnet. Most 

of the signals to and from the Faraday Cage are transmitted by optical fibers. 
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In Fig. 4 is shown a picture of the PP-Laser system without the final KrF 

amplifier. Located on the right-hand side of the picture are the mode-locked YAG 

laser, dye laser, and three-stage dye amplifier pumped by a 3 J Quantel Nd/Glass 

laser. On the left-hand side are shown two Larnda-Physics KrF amplifiers. A large 

aperture (5 x 10 cm) KrF amplifier (3rd KrF amplifier) was added to the system and is 

shown in Fig. 5. This amplifier was developed at Princeton University in cooperation 

with J. Goldhar (Univ. of Maryland) during the last -2.5 years and is now operated 

routinely as part of the PP-Laser system. It is a 100 cm long, fast discharge amplifier, 

which is operated in a double pass mode. The energy of the seed pulse from the 

second KrF amplifier is 10-15 mj and the pulse duration (without compression) is -

1 ps. Using a fiber-gratings system for pulse compression (work done in cooperation 

with J. Fujimoto, MIT), we obtain a pulse duration of 250-300 fs and final amplifier 

output energy of - 150 mJ. In Fig. 6 is shown measurements of the pulse duration 

using a two-photon excitation technique in Xe [15], Reference 4 presents more details 

about the large aperture KrF amplifier as well as measurements of the pulse duration 

for noncompressed and compressed pulses. Measurements of the beam pulse 

duration after passing through the final amplifier are not yet available; "-iwever, 

indirect measurements indicate that the final amplifier does not increase the pulse 

duration, implying a PP-iaser beam power of P - 0.5 TW. The focal spot of such a 

beam using a less than optimal f/10 lens is expected to be ~ 7-8 p in diameter 

providing a power density close to 10 1 8 W/cm 2 (with a new f/2 or f/3 focussing system 

the power density should be several times higher). 
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One of the first experiments to use such a high power density laser beam 

measured soft X-ray spectra for carbon and fluorine. The laser beam was focussed on 

a rotating cylindrical teflon target while a soft X-ray grazing incidence Schwob-

Fraenkel spectrometer "SOXMOS" with multichannel detector monitored the plasma 

radiation from the target surface. In the lower part o1 Fig. 7 is shown the spectrum in 

the vicinity of the CVI 33.74 A and CV 40.27 A lines (both from 2 -> 1 transitions). 

Besides the enormous line broadening, one may see a strongly pronounced, unusual 

structure in the linos. Both broadening and structure are larger than in the spectra 

obtained with the 20-30 GW, 1 ps PP-Laser beam (without final KrF amplifier) shown in 

the upper part of Fig. 7. It should also be noticed that the number of shots needed for 

these short wavelength spectra is not proportional to the laser beam energy but rather 

to its power. (The energy of the laser beam increased by a factor of 5-7 while the 

number of shots decreased by a factor of 20.) In spectra obtained earlier with the 20-

30 GW PP-Laser {101<> W/cm2) r part of the large broadening and asymmetry of the 

FVII lines in the 120-140 A spectral region was attributed to the Stark effect and 

radiation from the forbidden components of the lines [16]. Very recently K. Koshelov 

[17] interpreted asymmetric broadening of the FVII lines to be a result of satellite line 

radiation. Spectral lines of CVI, CV, and FVII (Figs. 7,8) excited by the very high power 

beam seem to indicate a complicated satellite-type structure. Of course, the very 

strong electric field created by such a laser beam may be responsible for these effects. 

Spectroscopic data for different targets as well as experiments in which a highly 

ionized piasma is initially generated by CO2 or Nd/YLF lasers and then excited by the 
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PP-Laser should enable us to develop a clearer picture of the behavior of highly 

ionized ions in strong laser fields. 

In the meantime, iheoretical work continues on the basic questions related to 

the use of the PP-Laser for creating population inversions in the region 5-4 nm to 1 

nm. One such question is: how is the ratio between the rate of excitation of the 

chosen level n and the rate of ionization from this level dependent on the laser 

intensity (multiphoton processes) and Z of ions? Another question for consideration is: 

does the presence of other bound states influence the ionization from a given bound 

state? 

The theoretical model is based on a sequence of 8-function-confining potentials 

as an approximation to a continuous potential. Such a model allows for relatively 

simple analytical and numerical calculations of the multiphoton ionization rate under 

strong field conditions. Some of the results are presented by S. Susskind et al. [8]. 

III. Progress on the Recombining Soft X-Rav Laser 

(a) Development of,an .Additional Amplifier at 18.2 nm 

Presently, the highest beam energy of our X-ray laser [18] at 18.2 nm (CVI 3-2 

transition) pumped by a W|_ = 300 J CO2 laser in a 90 kG solenoidal magnetic field is 

W x = 3 mj with a 3 min repetition rate. A higher repetition rate is predicted for a 

recently designed commercial prototype soft X-ray laser (SXL) with a superconducting 

coil. This system would also be more compact than the SXL at PPPL. At present the 

beam energy Wx is one of the most important parameters for applications of the SXL. 
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In. order to increase W x v/e have developed an additional SXL amplifier (3 mm long) at 

18.2 nm that :s pumped by a (ine-focussed Kd/YLF laser beam onto a carbon target. In 

Fig. 9 the arrangement of the CQ2-iaser-pumped SXL with two additional SXL 

amplifiers inside the solenoidal magnet is shown schematically. {The magnetic field is 

crucial for the C02-laser-pumped SXL but it is much less important for SXL amplifiers 

pumped by the N'i/YLF laser.) Located on the left-hand side of the system is the CO2 

laser beam which is focussed on the center of a four-carbon-blade carbon disc target. 

Along the path of the soft X-ray laser beam are located two cylindrical carbon targets 

whose length can be changed from 1 mm to 3 mm by rotation. Thin iron blades in the 

front of the targets provide additional radiation cooling of the plasma column. We have 

demonstrated gain up to g = 8 cnr 1 in one SXL amplifier with 25 J of NdA'LF laser 

beam energy (see D. Kim et al. [6]). 

In Fig. 10 are shown axial spectra in the vicinity of the lasing line CVI 18.2 nm 

(3-2 transition) and in the vicinity of CV113.5 nm (4-2 transition) for 1,2, and 3 mm long 

targets. One may see a strong nonlinear increase in intensity of the 18.2 nm line 

{Fig. 11) in comparison to near-linear increase in intensity of the 13.5 nm line. (Note 

that this line should be optically thin due to the expected population inversion between 

levels 4 and 2. Also, in the axial spectrometer there is no contribution of the 4th order 

of the CVI 3.37 nm line to the intensity of the 13.5 nm line.) A significant problem here 

is to match the transverse size {"aperture") of the SXL amplifier to the original SXL. 

We were able to create significant gain with only 6 J of pumping energy from the 

NdA'LF laser; however, in this case the "aperture" of the SXL amplifier was too small. 
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We have not yet been able io match the SXL laser temporally or spatially with the SXL 

amplifier. This may be due to jittering of the CO2 laser and difficulty in the alignment of 

the SXL amplifier aiong the SXL beam path in vacuum. 

(b) Cavity 

A laser cavity can increase the brightness of the SXL beam by several orders of 

magnitude by decreasing the divergence to close to the diffraction limit. In order to 

establish the proper cavity modes, a number of passes through the gain medium are 

needed and a relatively long duration gain is necessary. The Princeton SXL at 18.2 

nm with a gain duration of 10-30 ns seems to be well suited to cavity development. 

In our early work, using a newly developed multilayer mirror [19], we 

demonstrated for the first time a 120% increase in 18.2 nm radiation due to 

amplification of stimulated emission by using a mirror with reflectivity of only 12% [14]. 

However, the mirror alignment posed tremendous difficulties and made it practically 

impossible to use a cavity in the original SXL setup. We, therefore, designed an 

unstable resonator-type cavity [20] with a transversely pumped carbon fiber as the 

lasing medium (Fig. 12). A specially designed fiber transport mechanism will enable 

the use of 15 fibers without opening the vacuum chamber. For the spherical multilayer 

cavity mirrors a small vacuum chamber was built in which the position of the mirror can 

be remotely adjusted with high precision. The same cavity will also be used for a 1 cm 

long SXL created by a line-focussed Nd/YLF laser beam incident on the cylindrical 

carbon target described in section (a). 
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In the cavity design, particularly in choosing distances between lasing medium 

and mirrors, we were concerned with the possibilities of damaging the multilayer 

mirrors by X-ray radiation. Recently, however, Ceglio et al. [21] demonstrated, in a 

very elegant cavity experiment, that such mirrors are quite stable against soft X-ray 

beam damage, even at a distance of a few centimeters from the lasing medium. 

(c) Gain in Li-Like Ions at 15.4 nm and 12.9 nm 

Pioneering work for Li-like AIXI ions, particularly for the 5f-3d transition at 10.5 

nm, was done by P. Jaegle and his group (see e.g. [22]) using a Nd/Glass laser (initial 

plasma electron density N e = 1 0 2 1 cm" 3 for the pumping lasing medium. In our 

system with a CO2 pump laser the critical electron density is N e = 1 0 1 9 cm- 3. For 

such an electron density, the largest gain in AIXI and SiXII is expected for the 4f-3d 

transition at 15.4 nm and 12.9 nm, respectively. 

The aluminum or silicon targets used in the experiment were very similar to the 

SXL carbon target with the exception that the blades were a combination of lasing 

element (Al or Si) and fast radiator (Fe). The measured one-pass gain was gl = 3-4 for 

15.4 nm and gl = 1-2 for 12.9 nm radiation. Details about the experiment and 

theoretical modeling are presented in [5]. 

It is worthwhile noticing here that Li-like ions provide a more efficient lasing 

medium than H-lifte ions. In Fig. 13 is shown the lasing wavelength of H-like (3-2 

transition) and Li-like (4f-3d transition) ions versus the ionization energy of these ions. 

Because the required pumping energy increases with ionization energy, lasing action 
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in Li-like ions can be generated at a shorter wavelength than m H-like ions with the 

same pumping energy, particularly if one considers 5f-3d transitions. 

IV. Applications of the Soft X-Rav Laser 

The 18.2 nm laser (SXL) has been used for X-ray contact microscopy of 

biological specimens. This work is also closely related to X-ray microlithography, 

about which we are very much interested. The ultimate goal of our X-ray laser 

microscopy program is to obtain images of living cells, preferably holographical 

images with three-dimensional reconstruction. As a first step in this direction, we have 

built a simple contact microscope with help from J. Kirz (Univ. of Stony Brook) and 

D. Sayre (IBM). The details of this work as well as our other X-ray laser r icroscopy 

works are described in the paper by D. DiCicco et al. [6]. 

In the X-ray laser microscope, a thin (-0.1 u) silicon nitride window 0.2 mm x 0.2 

mm square separates the vacuum tube, in which X-rays travel, from the biological cells 

located on photoresist at atmospheric pressure (see e.g. [6, 23]), An aluminum filter 

less than o.l p. thick, with the highest transmissivity near 18.2 nm, prevents visible and 

UV radiation from interacting with the photoresist. The X-ray laser beam was directed 

towards the microscope and focussed to a 1 mm x 0.8 mm spot by an ellipsoidal 

grazing incidence mirror. We demonstrated in this experiment that the SXL beam has 

sufficient energy lo expose photoresist in a single shot. After the initial experiments in 

which an image of 100 mesh was obtained on PMMA photoresist, images of diatom 

fragments (the silicified skeleton ol planktonic algae) were also recorded on 
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photoresists. In Fig. 1A is presented such an image on photoresist viewed with a 

scanning electron microscope (SEM). The picture indicates the resolution on the 

photoresist is better than 0.1 u.. One may also regard diatom fragments as a kind of 

fithographic mask and Fig. 14 as an illustration of the potential application of the SXL 

to microiithography. 

In the next step, we built a Composite Optical/X-Ray Laser Microscope 

(COXRALM) shown schematically in Fig. 15 and described in [6]. COXRALM allows a 

biologist to select and observe biological cells using an optical phase contrast 

microscope [24]. The cells are located directly on an optically transparent photoresist. 

After selection and initial observations, the images of the cell are created on 

photoresist with the SXL beam in order to obtain higher resolution than with an optical 

microscope. !n this procedure the X-ray laser tube with the 0.1 u. silicon nitride window 

on its tip is lowered until contact with the cell is made. The photoresist is exposed by 

triggering the SXL. In Fig. 16 is shown a photograph of COXRALM oriented 

horizontally (COXRALM can also be in the vertical position) on the SXL system (the 

lasing medium of SXL is -300 cm away, on the left). 

In Fig. 17, as an example, is shown an SEM image of the replica of dehydrated 

hela cells (Helen Lane cervical cancer cell) obtained from the Biology Dept. of 

Princeton University. 

Presently our work is concentrated on the preparation of experiments with live 

celts in a wet environment and on the design of an Imaging X-Ray Laser Microscope 

(IXRALM). 
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V. Effect of Quenching Spontaneous Emission Radiation on the XUV 

Spectrometer Calibration Using the Branching Ratio Technique 

The intensity ratio of two spectral lines from the same upper level in an optically 

thin plasma is equal to the ratio of the respective spontaneous emission, A. coefficients 

(Einstein coefficients). If the wavelength of one line is in the visible spectral region and 

the wavelength of the second line is in the VUV or XUV region, by measuring the ratio 

of the signals of these lines and knowing the absolute intensity of the first line, the 

absolute intensity of the XUV line can be obtained from the ratio of the A-coefficients. 

The technique is known as the branching ratio technique for the calibration of VUV 

and XUV spectrometers [25] and is based on the assumption that the A-coefficients are 

independent of plasma conditions. Using this technique for the calibration of XUV 

spectrometers for the X-ray laser experiment, we discovered that the ratio for some 

A-coefficients, in sufficiently dense plasmas, differed significantly from the ratio in 

lower density plasmas. Many series of very precise measurements of the ratio of 

A-coetficie.its for CIV 5801-12 A (3p-3s)/312 A (3p-2s) lines confirmed that first 

observation [26]. Recently, similar measurements of NV 4603-20 A (3p-3sV209 A (3p-

2s) and Clll 5696 A (3d-3p)/574 A (3d-2p) lines showed the same phenomena. In 

Fig. 18 are shown the intensities and intensity ratios for Clll. More extensive and 

detailed information about these measurements are presented by Y. Chung et al. [17]. 

In [17] there is also a discussion of theoretical approaches to the problem. However, 
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up to now we do not have a model which provides a convincing explanation far the 

experimentally observed quenching of spontaneous radiation. 
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Figure Captions 

Fig. 1: Basic idea of "Two-Laser Approach" to X-ray lasers: a relatively low power 

and high energy laser "is preparing" ions and an extremely high power sub-

picosecond laser creates a population inversion. 

Fig. 2: Scheme of the experimental arrangement for the "Two Laser Approach." 

Fig. 3: Simplified block diagram of the PP-Laser System. 

Fig. 4: Photo of the PP-Laser System without the final KrF amplifier. 

Fig. 5: Photo of the large aperture KrF amplifier (final amplifier KrF III, in center of 

laboratory), magnet (far left), and vacuum system. 

Fig. 6: Autocorrelation trace of a compressed pulse after the second KrF* amplifier. 

Fig. 7: Spectra obtained (a) without compression and (b) with compressed pulse 

and final KrF* amplifier. 

Fig. 8: Spectra of FV(I obtained with compressed pulse and with final KrF* amplifier. 

Fig. 9: Scheme of arrangement of C02-laser-pumped X-ray laser (SXL) with two 

additional SXL amplifiers. 

Fig. 10; Axial spectra in vicinity of CV118.2 nm lasing line and CVI 13.5 nm line tor i . 

2, and 3 mm long targets. 

Fig. 11: Gain measurement for CVI. 

Fig. 12: Unstable resonator-type cavity for the SXL 

Fig. 13: Lasing wavelengths of H-like and Li-like ions versus the ionization energy. 
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Fig. 14: Image of diatom fragments (siiicified sKeleton of planktonic algae on PMMA 

photoresist viewed with scanning electron microscope (SEM). 

Fig. 15: Scheme of Composite Optical X-Ray Laser Microscope (COXRALM). 

Fig. 16: Photo of honzontally oriented COXRALM attached to the SXL. 

Fig. 17: SEM image of a replica of hela cells (Helen Lane cervical cancer cells). 

Fig. 18: Relative intensities and branching ratio for two CHI lines. 



2C 

88X3271 

TWO LASER APPROACH TO LASINO IN 1 0 A REGION 

PP-LASER 
i l l 
l f l 1 8 T / C M 2 

248 NM 

1_£I£Q2 LASER 
OR 

ND:YLF LASKB 

1 0 0 l 2 - . ? N S 

_2 EICITED STATE 

N-UV PpOTONS 
<SE1.EmVE F.TClTATlOWl 

J GROUND STATE 

PARTIAL 

10NI2ATJON 

NEUTRAL STATE 

Fig- 1 



21 

scRrr%r.n 
unvrRQLKOQM 

LASI.H s \S I' v* 

Fig- 2 



22 

88X3275 

3.8 MH/ 10 
Timing 
System 

1063 nm 100 ps 

Mode-Locked Nd:YAG 
Laser 

532 ran 647 nm 

\ / \ / 
I Doubler I Dual Jet Dye 

(KTP) J F ~ Laser ["" 
Cavity 

Dumper 

38 MHz 
to Timing 

Svstem 

PICOSECOND 
LASER 

SYSTEM 

BLOCK 
DIAGRAM 

-130- 150 mJ 

Final 
KrF 

Amplifer 
ID(iuhlepass) 

KrF 
Amp 

II 

( Pulse ^ 
I Selector I 

\ Nd-Yag " \ 
[ A m p l i f i e r ! NG-2* 

1063nm 

( Ooubler \ 
^ <KD"P)J~ 532nm 

70ps 

c Optical 
Delay 

248 nm ' ' 

J 
1063nm 
lOOps 

AtnpL- 3 « " m 

1 J Il063nrn 

Fiber-
grating 
Pulse 

Compressor 
(optional I 

P-, 
Three Stage 

Dye 
Amplifier 

c 
647 nm 

Doubler 

Fig. 3 



- i*-- ~^k~£^ 

Fig. 4 



• **&• '*'. g » m w * * * ' 

Fig. 5 



25 

88X3273 

COMPRESSED PULSES 

Output from KrF Amp II of PP-laser 
(Two photon fluorescence technique in Xe) 

2'°~1 
1.8- 1 \ 

1 

1.6-
/ > 

1.4 -

1.2-

I \ 
1.0-

.8 _ I \ 
- 250 fsec 

.6 _ / * 
•4 _ 

.2 _ 

n 
• 

*1 1 1 1 1 i 1 J 1 1 
-400 -200 0 2C:-

TIME (fsec) 
* * _ • _ 

Fig . 6 



88X3278 

120 

'JO 

60 

30 

TARGET = TEFLON 

[a) E = 20 mj (200 shots) 

At " 1 psec 

' I • _L_i I • I • 
26 2» 30 32 34 36 38 40 4 2 ^ 

10 

30 

2U 

10 

(b) E - 100 ml ( 5 shots 
A t " 300 fsec 

I i I I . I . I 
26 20 30 32 34 36 3B 40 42 A 

Carbon spectrum obtained with the teflon target 
(a) E - 20 mj (b) E - 100 mj 

F I K . 7 



88X3296 

o*-— 90 95 100 105 110 115 120 125 130 
Wavelength (A) 

F i g . 8 



86X3272 

Two Amplifier Experiment 

Line-focused 
Nd/Glass Laser 

\ s 
Magnet i—i 

Gain \ ^ ^ ^ 
Medium i r—r 

o 
C 
La aser v 

DO f 

I 1,1 I I I M i l l N ] LI I I II 
1 I Mash i 

s v 
C 

1-1 1:1 hi isj IM t,y 

X-ray 

I I I I I 

4-Blade 
Target 

Cylindrical Target 
& Stainless steel blade 

Vi&. « 



01 " 3 1i 

S/* i—I—r 1 

UJLU £ I 

J I ' I J I L 

I 1 1 

*^ w \ yvA i

H 

| \ j^r' PV 

i 
(3) _ 

... 1 1 

J i C U B S * 

ez 



30 

#88X3216 

10000 _ • 

9000 

8000 

7000 

50 kG / 
25 J / 
S.S. Blade / 

# C VI 182 A r 
_ O C VI 135 A / 

/ 
/ 

/ • 
— t 

a = 8.1/cm ' 

6000 
/ 

— / 
/ 

5000 

4000 

• / 
/ 

3000 

/ / / / / 
/ / / 

2000 

1000 

n 

. / °-
y A- - b 

1 2 

PLASMA LENGTH (MM) 

Fig. 11 



31 

88X3274 

Ourput 
beam 

10mm dia. 
800mm f.l. 
mirror 

5mm dia. 
400mm f.l. 
mirror 

not co scale 

F i f 12 



3: 

1000 
# 8 8 X 0 6 13 

I 

<S> 

_ l 
UJ I 

1 0 0 -

10 

" N I 
] ! 1 1 

- 0 # _ 
. Li HI -

#BeE H -like Sequence: 3 - 2 transition 
-

Lj-like Sequence: 4 f - 3 d transition 
- oNeHU 

" MgXo # C 2 I 

A , 2 ° 0 mnm 
_ sixn • 02DI _ 

o 
- sxnr • F E _i O NeX 
- A ' ™ * .NaS 
_ 0 • MgZII ,__ 
_ 1 iy * ScXK 0 • AIXIH 
— 21 ^ 

/ iLlO 
- ( < 2 

VX2 ° o # S ™ ~ 
J*i CrXXH 0 

M n X X n j NiXSZI 

1 

FeXXK? 

- 1 ! 1 1 
500 1000 1500 2000 

IONIZATION ENERGY CeV) 
2500 

Fig. 13 



33 

Fig- 14 



34 

# 87X0676 
COMPOSITE X-RAY LASER MICROSCOPE (COXRALM) 

Ffexible Connection 
to X-Ray Laser 

_ Red Light 
Lamp House 

Window 

Beam 
Splitter 

To Spectrometer 
(Third Year) 

Fig. 15 



i a J 

K i B . 16 



36 

l& 

»;I , i g£-i'A & 

*A 

"**&£& 

5KU£f XI,2 14016 



37 

3.0 1Z.O 

7 2.5 
% 

10.0 
'•C \ X JV Intensity -r-
> 
- 2.0 
in 

\ X JV Intensity -r-

8.0 
]> Branching Ratio 

R = 1 (CllT569€iA)/l (Clll 574 A) 
§• 

ir 
Branching Ratio 
R = 1 (CllT569€iA)/l (Clll 574 A) 1 a 1 - 5 \ " ^ ^ ~~ 6.0 | 

a 
-C3 

\ / 1 (S 3 
DC % / S: f? 1.0 s^y - 4.0 * 
u 
c 

i^^w Nomalization 
(0 X ' ^\Point | 
« 0.5 Tx^- ^S*^i ~ 2.0 

00 i | Intensity " • ^ " | 
1.0 

00 C.3 0.6 1,3 0.0 
Highe N e Lower N B 

Distance Irom the target surface (mm) 



EXTERNAL DISTRIBUTION IN ADDITION TO UC-4gQ 

Dr. Frank J. Paoioni, Univ of Wollongong, AUSTRALIA 
Pro*. M.H. Brennan, Univ Sydney, AUSTRALIA 
Plasma Research Lab., Australian Nat, Univ., AUSTRALIA 
Prof, i-R. Jones. Flinders Univ., AUSTRALIA 
Prof. F. Cap, Inst Theo Phys, AUSTRIA 
Prof. M. Heindler.lnstut fur Theoretische Physik, AUSTRIA 
M. Goossans, Astronoaiseh Instituut, BELGIUM 
Ecole Royale Hilitalre, Lab de Pnys Piasaas, BELGIUM 
Cocaission-European, Dg-XII Fusion Prog, BELGIUM 
Pro*, ft. Boucique, Ri jksunivers iteit Gent, BELGIUM 
Dr. P.H. SekanaKa, Instituto Fijica, BRAZIL 
Institute De Pesquisas Espaciasi-INPE, BRAZIL 
Documents Office, Atonic Energy of Canada Limited, CANADA 
Dr. H.P. Baehynsk!, MPS Technologies, Inc., CANADA 
Dr. H.M. Skarsgard, University of Saskatchewan, CANADA 
Dr. H. Barnard, University ot British Columbia, CANADA 
Prof. J. Teichmenn, Univ. of Montreal, CANADA 
Prof. S.R. Sreenivasen, University of Calgary, CANADA 
Prot. Tudor w. Johistcr, INRS-Energle, CANADA 
Dr. Bolton, Centre Canadian de fusion magnetique, CANADA 
Dr. C.R. James, Univ. of Alberta, CANADA 
Dr. Peter Lukae, Kownskeho Univ, CZECHOSLOVAKIA 
The Librarian, Culham Laboratory, ENGLAND 
The Librarian, Rutherford Appieton Laboratory, ENGLAND 
Mrs. S.A. Hutchinson, JET Library, ENGLAND 
C. MouTtet, Lab. de Physique des Milieux Ionises, FRANCE 
J. Radet, CEN/CADARAQfE - Bat 50e, FRANCE 
Ms. C, Rinni, Librarian, Univ. of loannina, GREECE 
Dr. Ton Mual, Academy Sibiiogrsphie Ser., HONG KONG 
Preprint Library, Hungarian Academy of Sciences, HUNGARY 
Dr. B. Das Gupta, Sana Inst of Nuei. Phys., INDIA 
Dr. P. Kae, Institute for PIBSJBB Research, INDIA 
0~. Philip -wsenau, Israel Inst, of Teen, ISRAEL 
L Drgrian, tnt'l Ctr Theo Phys, ITALY 
=rof. G. Rostagni, istituto Gas roniiiat; Dei CNR, ITM.Y 
Miss Cieiia De Psio, Assoc EURATOM-ENEA, ITALY 
Dr. G. Grosso, istituto di Eisica del Plasma, ITALY 
Dr. M. raearc, Tosnibe Res i Dev, JAPAN 

Prof. i. Kawakami, Atonic Energy Res. institute, JAPAN 
Prof, Kyoji Nishika»a, Univ of Hiroshima, JAPAN 
Director, Dept. Large Tokamsk Res. JAERi, JAPAN 
Prof. Satoshi I ton, Kyushu University, JAPAN 
Research info Center, Nagoya university, JAPAN 
Prof. S. Tanaka, Kyoto University, JAPAN 
Library, Kyoto University, JAPAN 
Prof. Nobuyuki Inoue. University of Tokyo, JAPAN 
S. Mori, JAERI, JAPAN 
H. Jeong, Librarian, Korea Advanced Energy Res Inst, KOREA 
Prof. o.i. Choi, The Korea Adv, Inst of Sci 4 Teen, KOREA 
Prof. B.5. Li ley. University of Waikato, NEW ZEALAND 
Institute ot Plasma Physics, PEOPLE'S REPUBLIC OF CHINA 
Librarian, Institute of Phys., PEOPLE'S REPUBLIC OF CHINA 
Library, Tsing Hua University, PEOPLE'S REPUBLIC OF CHINA 
Z. Li, Southwest Inst. Physics, PEOPLE'S REPUBLIC OF CHINA 
Pr-jf. J.A.C, Csbrei, Inst Superior Tecnico, PORTUGAL 
Dr. Octavian Petrus, AL I CUZA University, ROMANIA 
Dr. jam de Vitilers. Fusion Studies, AEC, so AFRICA 
Prof, M.A. Hell Berg, University of Natal, SO AFRICA 
C.I.E.H.A.T., Fusion Oiv. Library, SPAIN 
Dr. Lennart Stenflo, University of UMEA. SWEDEN 
Library, Royal Institute ot Tech, SWEDEN 
Prof. Hans Wilhelmson, Cnalners Univ of Tech, SWEDEN 
Centre Phys des Plasmas, Ecole Poiytech Fed, SWITZERLAND 
Bibliotneek, Fom-lnst Voor Ptasiaa-Fysica, THE NETHERLANDS 
Metin Ourgut, Middle East Technical University, TURKEY 
Dr. D.D. Ryutov, Siberian Acad Sci, USSR 
Or. G.A. Eliseev, Kurchetov Institute, USSR 
Dr. V.A. Gluktiikh, Inst Electrophysical Apparatus. USSR 
Prof, O.S. Padichenna, Inst, of Pnys. 4 Tech, USSR 
Dr. v.M. Kovrizhnykh, InstiTute of Gen, Physics, USSR 
Nuclear Res. EstaBi isnment, Julich Ltd.. W. GERMAN' 
Bibliotnek, Inst. F u r Piasmaforschung, w. GERMANY 
Dr. K. Scnindfer. Runr-un«versitat 3ochum. w. GERMANY 
ASDEx Reading Rm, c/o Wagner, iPP/Hax-Piangk, w. GERMANY 
Librarian, Ma»-Pianc« mst *jf, W. GERMANY 
Prof. ft.K, Janev, nsr ot anYs , JUGOSLAVIA 


