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• Channeled Propagation 
→ Spatial Organization

X-Ray Amplification
Two Key Innovations

In their seminal paper “Infrared and Optical 
Masers” published in The Physical Review in 
1958, Arthur L. Schawlow and Charles H. 
Townes concluded with a section in which 
they discussed the high-frequency limits of 
amplification [1]. They wrote “unless some 
radically new approach is found,” the x-ray 
zone is out of reach. Furthermore, the last 
sentence of the same article stated 
“…continuous tuning over larger ranges of 
frequency will require materials with very 
special properties.” In relation to the work 
described below, the former requirement is 
satisfied by the development of a new concept 
that involves radiation dominated energy flow 
under conditions for which the phase space of 
the interaction is precisely controlled while the 
latter is met by the use of hollow atoms.

[1] Townes and Schawlow, Phys. Rev. 112, 1940 (1958)

Key Concept Controlled Power Compression
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1 eV (IR)             4.5 keV (X-Ray)λ−1

~ 4500

Power Density Scaling

NEW SITUATION WITH LOW-Z MATERIALS

TRANSITION TO X-RAY REGIME
• Basic Parameter (wavelength) Changed by > 103

• HUGE FAVORABLE POWER COMPRESSION
SCALING FACTOR (> 1021)

• Area Scales ~ λ−2

(Channeling)
(4500)2 ~ 2 × 107

• Combined Power Density Scaling

(4500)3 ~ 9 × 1010

• High Energy 4.5 keV > 300 Ry > αmec2

• High Speed τx ~ < 10−17 s <  ħ/α2mec2 ~ 24 as
• High Intensity Ix ~ 1026 W/cm2, Ex ~  105 e/ao

2

• rx ≤ λx ~ 5 ao (molecular scale)

Enables the creation of new compact ordered states of matter
Control e− Motions 

N2/O2 K-Shell      ~ 500 eV

ħωx ~ 4500 eV

λ−6 (4500)6 ~ 8 × 1021

Why X-Rays?

• Radiative Rates Scale Like ~ λ−3



EXPERIMENTAL CONFIGURATION

Fig. (2):  Experimental configuration used for the observation of amplification of Xe(L) radiation in self-trapped channels inside an evacuated chamber. The x-
ray pinhole camera was equipped with a ~ 10 μm thick Be foil enabling the morphology of the channel to be visualized by the Xe(M) emission (~ 1 keV). The 
observed channel length typically is ≅ 1.5−2.5 mm. The wall defining the entrance plane having the 200 μm aperture was fabricated from ~ 100 μm thick steel 
and the incident 248 nm pulse was focused with an f/3 off-axis parabolic optic to a spot size of ~ 3 μm. The entrance of the von Hámos spectrograph viewing the 
forward directed emission was protected with a Ti foil of 12.7 μm thickness whose transmission factor in the 2.7−3.0 Å region is ~ 0.5. The Bragg angle for the 
Xe34+ component at 2.88 Å is θB ≅ 26°. The film plane, which lies on the axis of the instrument, does not have a direct path to the x-ray source and, hence, only 
receives exposure by diffraction from the curved mica crystal. An identical von Hámos spectrograph, equipped with Muscovite mica from the same cut, was 
also used to record the spontaneous emission emitted transversely with respect to the channel axis. Not shown is the location of a film pack used for 
measurement of the amplified x-ray beam composed of a 2 cm square 12.7 μm thick Ti foil backed by a matching piece of x-ray film. With removal of the axial 
von Hámos spectrograph, this detector was placed on the channel axis in a perpendicular orientation at a distance of 12.5 cm from the cluster target.  
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Chamber Setup
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CHANNEL MORPHOLOGY
Xe(M) ~ 1 keV IMAGE
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Fig. (1). Unamplified spontaneous emission profile of the Xe(L) 3d−2p hollow atom [7] spectrum (film #3) produced from Xe clusters 
with femtosecond 248 nm excitation without plasma channel formation. The splitting between the major and minor lobes arises from 
the spin-orbit interaction of the 2p vacancy. The full width of the main feature is δσ ~ 200 eV. The positions of selected charge state 
transition arrays (Xe31+, Xe32+, Xe34+, Xe35+, and Xe36+) are indicated.

Xe(L) SPONTANEOUS EMISSION SPECTRUM
2p53dn → 2p63dn−1
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Amplified X-Ray Spectrum

Xe35+

g0ℓ ≈ 16
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Xe(L) AMPLIFICATION / Xe32+ ~ 2.71 Å









SINGLE-PULSE (CCD) CONFIRMATION
OF SPECTRAL HOLE-BURNING

Fig. (3): Comparison of the characteristic spontaneous Xe(L) 
hollow atom emission spectrum (film #3) shown in Fig. (1) with 
a corresponding single-pulse spectrum (#030226B) recorded in 
a direction transverse to the channel. The principal feature of 
this comparison is the presence of a deep and broad (Δħωx ~ 60 
eV) spectrally hole-burned gap that matches well the location 
of the Xe34+ and Xe35+ arrays and is centered at λm ≅ 2.86 Å, 
the wavelength at which complete suppression of the 
transversely radiated emission is observed. The width Δħωx
corresponds to a bandwidth sufficient for the amplification of 
multikilovolt x-ray pulses down to a limiting width τx ~ 30 as. 
An additional zone of spectral hole-burning is apparent near λ
≅ 2.7 Å. This region is associated with the Xe32+ array on the 
minor lobe that exhibited very strong amplification in the 
earlier study [8]. The spectral resolution of the CCD recorded 
data is estimated to be ~ 4 eV.

• Full Signal Extinction at λm ~ 2.86 Å (Xe35+)
• Spectral Width Δ ħωx ~ 60 eV ⇒ ~ 30 as

(Atomic Time ħ/mec2 ~ 24 as)











δθx ~ 200 μr

X-RAY BEAM DOUBLE VISION





COOLED CLUSTER FORMATION

Picture of cooled Xe nozzle showing the coolant coil and the Xe target gas input. 
The temperature is measured with a thermocouple located on the body of the 
nozzle. The nozzle emits the xenon gas plume upward in this bird’s-eye view. 



(a) (b)



Temperature Dependence of Xe(L) X-Ray Emission Intensity

Nozzle Temperature (K)



AMPLIFIER GAIN
Ax ≅ 4 × 10−6 cm2

Ex ≥ 10 μJ (Damage)

δθx ≅ 200 μrad

Ti

R

δθgeom ≅ 1500 μrad

3 μm

2 mm

Ech =            ρħω ≤ 1 mJ4
 2d lπ

δθgeom ≅ = 1.5 × 10−3 = 1500 μrad >> δθx = 200 μrad measured 1-
4-

10  2
 10  3

×
×

Gain = G ~ E/Ech ≅ ≅ 5 × 106  ~ 1−5 × 106
1mJ

kJ4.9

A = 4πR2 = 1962 cm2 (R=12.5 cm)

Uniform 4π radiator →
→ E ~ Ex (A/Ax) ≅ 4.9 kJ 

A/Ax ≅ 4.9 × 108
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G ~ 6 × 106

From Damage (Ti foil)
G ~ 1−5 × 106
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GAIN COMPARISONS

J. Phys. B 36, 3433 (2003)
G ~ 106



CHANNEL STABILITY, EIGENMODE, AND CRITICAL POWER
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FOUR CENTURIES OF SPATIAL RESOLUTION LIMITS

• X-RAY IMAGING EXTENDS SPATIAL RESOLUTION OF LIVING MATTER BY ~ 103-FOLD.

λ ~ 2.9 Å LIMIT
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Figure adapted from Molecular Biology of the Cell, fourth edition, edited by Bruce Alberts et al. (Garland Science: NY, 2002).

LIVING MATTER

LIGHT MICROSCOPE

17th Century *

EXTENDED ZONE WITH 
X-RAY MICROSCOPE

21st Century

plant cell

* Kepler, Hooke, Leeuwenhoek

+ Ruska

20th Century +

DEAD MATTER


