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研究成果の概要（和文）：我々は特異点放射光によるバースト強度の増大(BISER)でX線の発生量を１桁以上向上
させた。この光源は高出力のフェムト秒レーザーによって駆動され、m級の小型光源である。我々は10μJのエネ
ルギー、10^12個の光子を60-100eVのエネルギー領域で作りだし、その帯域幅は1keV以上で10アト秒に相当す
る。高分解能の分光器とXeガスにBISERを照射し発生するオージェ・光電子のスペクトルを用いてBISERのX線を
評価した。また、BISERによるX線による回折イメージング計測を行い、画像を取得できた。

研究成果の概要（英文）：We demonstrated orders-of-magnitude x-ray yield enhancement of a new 
ultrabright coherent x-ray source based on the new principle, Burst Intensification by Singularity 
Emitting Radiation (BISER). The source is driven by high-power femtosecond laser and, unlike km-size
 accelerator-driven sources, is compact, with under a meter-size activated area. We demonstrated 
pulses with 10 μJ energy and 10^12 photons in the 60-100 eV photon energy range, and total 
bandwidth exceeding 1 keV, which corresponds to <10 attosecond (10^-17 second) bandwidth limit. We 
characterized BISER x-rays with high-resolution spectrographs and demonstrated high signal-to-noise 
Auger- and photoelectron spectra from single-shot BISER irradiation of Xe gas. Operating the BISER 
source at 0.1 Hz and 1 Hz repetition rates, we performed an x-ray imaging demonstration experiment 
where diffraction patterns revealed three periods of the sample (200 nm, 4 μm, and 150 μm).

研究分野： Physics

キーワード： Coherent x-ray source　New imaging paradigm　BISER　Laser plasma　Relativistic plasma　Plasma
 singularities　Relativistic singularity

  １版

令和

研究成果の学術的意義や社会的意義
X-rays have revolutionized science and society, with the present state-of-the-art kilometer-size 
sources. Our results will lead to revolutionary next-generation compact in-lab and in-fab x-ray 
imaging facilities far exceeding present capabilities and opening quantum imaging perspectives.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 Background at the beginning of the study 
We were developing a bright coherent attosecond x-ray source based on the phenomenon of Burst 

Intensification by Singularity Emitting Radiation (BISER). {BISER is a bright, spatially and temporally 

coherent attosecond x-ray source, where the x-rays are emitted by relativistic multistream plasma flow 

singularities driven by multi-TW femtosecond laser propagating through underdense plasma. These bright 

x-rays were discovered [Pirozhkov et al., PRL 108, 135004 (2012)], Fig. 1, and the BISER mechanism was 

validated [Pirozhkov, Esirkepov, et al., Sci. Rep. 7, 17968 (2017)], Fig. 2, by us.} Unlike too-long-pulse X-

ray Free Electron Lasers (XFELs) and too-weak-at-keV atomic harmonics, our new source was bright and 

attosecond and therefore could be further developed for imaging of nanostructures and macromolecules 

before electrons escape from atoms. This would enable revolutionary Attosecond Lensless Quantum 

Imaging which might elucidate a debatable quantum nature of life [Al-Khalili, McFadden, "Life on the 

Edge" (2014)]. By the beginning of this Project, with ~100 TW driving laser we were generating BISER 

pulses with up to ~1 μJ energy, ~1011 photons, and estimated power of ~1 GW (60-100 eV photon energy 

range). This was insufficient for the lensless coherent x-ray diffractive imaging (CXDI), which typically 

requires >1012 photons. 

 

２．研究の目的 Purpose of the Study 
We proposed to develop a Bright Attosecond keV X-Ray Source, with the following Research Goals: 

Goal ○1 : New method to get higher photon energy and drastically increase x-ray yield 

Goal ○2 : BISER attosecond pulse characterization 

Goal ○3 : Imaging experiment demonstration 

 

３．研究の方法 Research Methods 
(1) Singularity control 

Our proposal was based on a new, advanced singularity control technique, where the singularity location 

was controlled such that the BISER emission was maximized and stabilized. This was achieved by fine-

tuning the plasma density profile using blade which launched a shock wave into the supersonic gas flow. 

Compared to our earlier experiments, we controlled the singularity location with ~several tens of μm (rather 

than sub-mm) precision allowed by new visualization and diagnostics techniques (see the next paragraph). 

Further, we improved the driving laser and matched the laser and gas target parameters. 

 

(2) Relativistic plasma diagnostics 

In our parallel Project, [国際共同研究加速基金(国際共同研究強化(A))] 19KK0355 "Time-resolved 

diagnostics of relativistic plasma singularities" (2020-2022), our international team developed advanced 

time-resolved diagnostics of relativistic singularities: Compressed optical probe with ~1-2 μm resolution 

and motion blur reduced down to ~5 μm [6,15,22] and Time-gated imaging [Symes et al., APL 96, 011109 

(2010)] with ~1 μm resolution. During FY2023, we further advanced these diagnostic methods and used 

them to control relativistic plasma in our experiments. 

 

(3) X-ray diagnostics 

We improved our existing and developed new x-ray diagnostics methods [9-11,17,19,20], including 

upgrade of our 3-angular-channel flat-field spectrograph (30 eV – 1.6 keV photon energy range) with new 

varied-line-space (VLS) diffraction grating optimized for keV spectral region and optimized XUV imaging 

spectrograph (60 – 100 eV) with the choice of x-ray CCD or super-resolution LiF crystal detector. 

 
Fig. 1. [background] Discovery of singularity-
based bright coherent x-ray source [Pirozhkov et 

al., Phys. Rev. Lett. 108, 135004 (2012)]. Top: 
experimental setup. (a,b) Representative 
experimental spectra. (c,d) 3D PIC simulation and 
catastrophe-theory-based model. 

 
Fig. 2. [background] BISER mechanism validation 
[Pirozhkov, Esirkepov, et al., Scientific Reports 7, 17968 

(2017)]. (a) PIC simulation predicting double point-like x-ray 
source driven by a linearly polarized laser pulse. (b) Single-
shot image of the BISER double point-like source in the 60-
100 eV spectral range (experiment). 
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(i)

(4) Time-Of-Flight Magnetic 

Bottle Electron Spectrometer 

We simultaneously proposed 

two Projects, 基盤研究(A) and 

基盤研究 (S), with the main 

difference that 基盤研究 (S) 

included attosecond pulse 

duration measurement. Only 基
盤研究 (A) was adopted, so 

measurement was not included, 

however, we implemented a new 

Time-Of-Flight Magnetic Bottle 

Electron Spectrometer (MBES), 

Fig. 3(a,b) [14], to characterize 

BISER pulses and check if they, 

focused to the second gas target, 

can produce sufficient number of 

Auger- and photoelectrons to 

perform attosecond pulse 

measurements in the future. 

 

(5) High-quality, high-power 

femtosecond driving lasers 

BISER is very sensitive to the 

driving laser parameters 

[Pirozhkov et al., Quantum 

Beam Sci. 2, 7 (2018)]. We 

therefore improved our J-

KAREN-P laser [2,5,7,12,18] 

and its diagnostics, including 

everyday before-shot and on-

shot measurements (spot, 

spectrum, near and far fields, 

wavefront, etc.). 

 

(6) Theory and simulations 

We deepened our understanding 

of BISER and related physics 

with Particle-In-Cell (PIC) 

simulations [1,3,6,8,15]. 

 

４．研究成果 Research Results 
BISER x-ray yield enhancement, Goal-○1  

Using the improved laser and advanced BISER control methods with new diagnostics, we dramatically 

enhanced the BISER x-ray yield: With the 7 TW Astra laser (CLF RAL, UK in 2021), by ~2 orders of 

magnitude compared to previous record with 10 TW class experiments [details presented at International 

Conferences OPIC-2022, OPIC-2023, SPIE OOE-2023 and Domestic Meetings of JSAP-2022(March), 

JSAP-2023(March), and JPS-2023(March)], and finally, in a 100 TW experiment with the J-KAREN-P 

laser in March-2024, we obtained one order of magnitude higher BISER x-ray yield compared to the 

previous 100 TW class experiments, which resulted in 10 μJ pulses with 1012 photons in the 60-100 eV 

spectral region [presented at JPS-2024(March) meeting]. The paper is now under preparation. 

 

BISER attosecond pulse characterization, Goal-○2  

Our simulations predict that the BISER pulses are attosecond, with the duration close to the bandwidth limit 

[Pirozhkov, Esirkepov, et al., Sci. Rep. 7, 17968 (2017)]. The Goal ○2  was characterization (although not 

yet measurement) of BISER pulses. We characterized the BISER pulses in the frequency domain using our 

high-resolution x-ray diagnostics, and found modulations corresponding to coherent pulses with separation 

in the femto- and attosecond range, Fig. 4 [4]. We performed proof-of-principle experiment with the MBES 

and recorded Auger- and photoelectron spectra, Fig. 3(d-1,2) [14]. Importantly, even single-shot spectra 

exhibited high signal-to-noise ratio, which promises possibility of single-shot BISER pulse measurement 

based on streaked photoelectrons, like the method used with XFELs [Duris et al., Nature Photonics 14, 30 

(2020); Zhao et al., Phys. Rev. A 105, 013111 (2022)]. Fine fringes of experimental BISER spectra also 

allowed us to derive nonperiodicity parameters of the driving process [23]. 

 
Fig. 3. [this Project] Magnetic Bottle Electron Spectrometer (MBES) [14]. (a) 
General view; the inset shows BISER-Xe gas interaction region. (b) Details of 
precise alignment using x-ray CCD on-shot detector. (c) Expected photoelectron 
spectra. (d) Expected and experimental spectra: single-shot (d‑1), average (d-2). 

 

 

 

 

 

Fig. 4. [this Project] Fast and 
slow modulations of BISER 
spectra, experiment [4]. (a)-
(d) Spectral domain; the slow 
modulation periods are 6.2, 16, 
26, and 41 eV. (e)-(h) Time 
domain (Fourier Transform of 
the Spectral domain): the peaks 
correspond to the spectral 
modulations; the horizontal 
axis is time/h, where h is the 
Planck's constant. (i) Line: 
calculated time difference 
between coherent pulses 
corresponding to modulation 
ΔE; points are ΔE from the 
experiment. 
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Imaging experiment 

demonstration, Goal-○3  

Using our enhanced BISER 

source, both in terms of photon 

number and stability, we 

performed the imaging 

experiment demonstration. We 

irradiated a three-period sample 

with 200 nm, 4 μm, and 150 μm 

periods, and recorded bright 

diffraction patterns on x-ray 

CCD and on super-resolution 

LiF detectors. In a 10 TW laser 

mode, operating at 1 Hz, we demonstrated it with μJ-class BISER pulses (~1010-1011 photons), Fig. 5. In 

the 100 TW laser mode and 0.1 Hz operation, we demonstrated it with up to 10 μJ, 1012 photon BISER 

pulses [presented at the JPS-2024(March) meeting and OPIC-2024 International Congress] (figure is not 

shown in this Report now as we are preparing submission to a high-impact Journal which prohibits earlier 

publication). 

 

Bright keV BISER 

Using the same BISER enhancement methods, we obtained bright single-shot BISER spectra with photon 

energies up to ~1.4 keV [presented at the JPS-2024(March) meeting and OPIC-2024 International 

Congress] (figure is not shown in this Report now as we are preparing submission to a high-impact Journal 

which prohibits earlier publication). 

 

Additional research results 

We obtained a lot of additional important results, which were not anticipated during the submission of the 

Application. With PIC simulations we found that BISER-related physics may happen in plasma with 

parameters (density, temperature) characteristic to magnetic confinement fusion [1]. In our high-density 

experiments we recorded bright hard x-ray generation, developed an efficient method of hard x-ray spectra 

reconstruction [13], and found a way to optimize this generation using precise positioning of the target into 

the laser focus [21]. 

 

Significance and outlook 

We achieved the challenging goals of the Project. We demonstrated 10 μJ, 1012 photon pulses in the 

60‑100 eV spectral region and >keV total bandwidth, corresponding to <10 attosecond bandwidth-limited 

duration. BISER source is compact and ultrabright, thus, our results open a way towards in-lab and in-fab 

x-ray imaging facilities with parameters exceeding all presently available x-ray sources, including 

capability of imaging at atomic time scale (24 attoseconds). This allows Image Before Destroy concept 

faster than the classical escape time of electrons from bio-macro-molecules and other quantum samples, 

and thus opening the Quantum Imaging capability not available with present x-ray sources. 
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