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はじめに 

本年報では、関西光科学研究所（以下、関西研）において 2022 年度に実施された研究開発の主だっ

た成果を紹介しています。関西研は国立研究開発法人量子科学技術研究開発機構（以下、量研）の研

究開発拠点であり、けいはんな学研都市にある京都府木津地区と兵庫県播磨地区の２か所に研究サイトを

持っています。木津地区では、世界トップレベルの高強度レーザー技術を基盤としたレーザー加速やレーザーの

短パルス性を活かした超高速計測技術開発、またそれらの産業・医療等への応用研究、さらに量子生命科学

の最先端の研究開発を実施しています。また、播磨地区では、大型放射光施設 SPring-8 の 2 本の専用ビ

ームラインと計算機シミュレーションを活用することで、新しい放射光Ｘ線利用技術開発と物質材料科学の最

先端研究を展開しています。 

量研関西研として７年が経ち、2022年度も優れた研究成果が得られて来ております。木津地区のレーザー

科学分野においては、高強度レーザーの相対論的透過現象によるレーザー駆動イオン加速の飛躍的な高効率

化や集光前のレーザー空間プロファイルの整形によるレーザー加速電子ビームの安定化・高品質化、また、二次

元電子分光装置の開発と生体分子における量子コヒーレンスの検出やレーザー照射された固体からの高調波

発生メカニズムの計算科学的解析、さらにはシミュレーションデータと実験データに基づく複雑なレーザープラズマ

EUV スペクトルのモデリングやダブルガスジェットによる高調波発生とそれを用いた EUV レジスト材料の評価など

について着実な成果を挙げました。量子生命科学分野においては、シミュレーションを用いた遺伝子制御に関わ

るヌクレオソーム構造動態の解明や原子間力顕微鏡を用いた DNA 損傷と修復における新知見などの成果が

得られました。また、播磨地区においても、高圧下での金属の水素吸蔵に関する放射光メスバウアー分光分析

や機能性結晶材料の局所構造解析、SPring-8 に隣接された X 線自由電子レーザー施設 SACLA を利用

した分子のクーロン爆発時のダイナミクス解析、また、量研で発見したＸ線の磁気光学効果であるX 線磁気円

偏光発光のスペクトルの理論計算などで優れた成果を挙げています。さらに、光技術の社会実装の観点からは、

病理診断への応用を目指した中赤外顕微鏡の開発やレーザー打音検査技術の道路橋への実用化に向けた

取り組みを引き続き行っています。 

関西研は、2023年４月１日より、関西光量子（こうりょうし）科学研究所となりました。関西光量子科学
研究所は、「光」をキーワードとして我が国の量子科学技術の発展とイノベーションの創出へ貢献する研究拠点
としての役割を果たすとともに地域にも世界にも開かれた研究所となれるよう、職員一同、より一層努力してまい
ります。皆様のご理解・ご協力を宜しくお願い申し上げます。 

2023年吉日 

関西光量子科学研究所 所長 

田中 淳 
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Preface 
This annual report from Kansai Photon Science Institute (KPSI) provides highlights of the 

scientific and technical research that was conducted over the 2022 fiscal year. KPSI is one of the 
research and development bases of the National Institutes for Quantum Science and Technology 
(QST) and has two sites, the Kizu site in Keihanna science city in Kyoto prefecture and the Harima 
site in Hyogo prefecture. At the Kizu site, we are conducting state-of-art research such as 
developing new-type laser-driven radiation sources such as laser accelerated particle beams and 
ultrashort X-rays based upon world-leading top-class high-intensity laser technology, ultrafast 
measurement methodology using ultrashort pulse technology, and quantum life science which 
helps us understand radiation effects and develop new medicines. At the Harima-site, using two 
contract beamlines of SPring-8 and computer simulation, we are developing new technology to 
utilize synchrotron radiation X-rays and carrying out state-of-art research in material science.  

    Seven years have passed since the restart of KPSI in QST, and several outstanding research 
results have been obtained this year as well. In the field of laser science at the Kizu site, dramatic 
improvement of the efficiency of laser-driven ion acceleration through relativistic transmission of 
the two ultraintense lasers, stabilization and enhancement of laser-accelerated electron beams by 
shaping the laser near field profile have been obtained. The development of two-dimensional 
electronic spectroscopy (2D-ES) and the detection of the existence of quantum coherence in 
biomolecules by the 2D-ES, computational analysis of high harmonic generation from laser-
irradiated solids, and modeling of complex EUV spectra from laser plasma by combining 
theoretical and experimental data for developing a laser plasma EUV source, enhancement of high-
order harmonic generation by double gas jets and evaluation of EUV resist materials using it, have 
been conducted. In the field of quantum life science, elucidation of the dynamics of nucleosome 
structure with relevance to gene regulation using simulation, and new findings on DNA damage 
and repair using atomic force microscopy have been obtained. Outstanding research was also 
conducted at the Harima site, including a synchrotron radiation-based Mössbauer spectroscopy 
observation of hydrogen absorption in metals under high pressure, a local structural analysis of 
functional crystalline materials, a study of molecular dynamics during Coulomb explosion induced 
by X-rays at SACLA (adjacent to SPring-8), and theoretical calculations of the spectra of X-ray 
magnetic circularly polarized emission - a magneto-optical X-ray effect which was first discovered 
at QST. Furthermore, from the perspective of social implementation of optical technology, we are 
continuing to work on the development of a mid-infrared microscopic imaging aimed at 
application to pathological diagnosis and the practical application of laser hammering inspection 
technology to road bridges. 

     The KPSI will play a role as a research base that contributes to the development of quantum 
science and technology in Japan and the creation of innovation with the keyword "light" and will 
be a research institute open to the community and society. We appreciate your understanding and 
cooperation. 

Sincerely, 2023 
TANAKA Atsushi 

Director General of KPSI 
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関西光科学研究所の主な動き 

 
シンポジウム・研究会の開催等 

 
2022 年 6 月 7 日 
【JST 未来社会創造事業シンポジウム“レーザー駆動イオン加速システムの開発”】 
量研が JST より受託している未来社会創造事業「レーザー駆動による量子ビーム加速器の開発と実証」

プロジェクトのシンポジウムを、量研と本プロジェクトでオンライン共催しました。 
 本シンポジウムは、レーザープラズマ加速技術の社会実装に向けて、プロジェクトの主要３テーマのう

ち量研が担当しているレーザー駆動イオン加速システム開発の内容や成果を一般および関連業界に周知

するために実施したものです。参画企業である住友重機械工業株式会社、日立造船株式会社をはじめとし

た民間企業 48 社 89 名を含む 188 名が参加し、活発な質疑が行われました。 

 
佐野プロジェクトマネージャーの講演の様子（右上：量研平野理事長、右下：大石 JST 運営統括） 

 
 
2022 年 6 月 28 日～29 日 
【光・量子ビーム科学合同シンポジウム 2022（OPTO 2022）】 

大阪大学と量研との間で締結された包括協定に基づき、合同

シンポジウム OPTO 2022 を開催いたしました。昨年に続き今

年も会場およびオンライン配信によるハイブリッド開催を行

いました。参加者は約 186 名で、招待講演を含む講演 8 件、パ

ワーレーザーコミュニティ会議、ポスター発表と若手ポスター

賞表彰、大阪大学近藤賞受賞講演、春に逝去されたレーザー科

学研究所教授河仲先生を偲ぶ追悼講演が行われました。 また、

併催として「パワーレーザーDX プラットフォーム」シンポジ

ウムが 28 日午前中に開催されました。  
 

 

パワーレーザーコミュニティ会議 
ハイブリッドディスカションの様子 
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2022 年 9 月 2 日 
【文部科学省マテリアル先端リサーチインフラ事業 JAEA & QST 合同放射光利用講習会】 

マテリアル先端リサーチインフラ事業の新規利用者を開拓するために実験装置とその利用方法を説明

する講習会をオンラインで日本原子力研究開発機構（JAEA）と共催しました。まず NIMS の松波副セン

ター長に「ARIM 事業における共用機器からのデータ収集の進め方」について解説していただき、量研

（QST）からは綿貫センター長が「マテリアル先端リサーチインフラ事業の概要」について、藤原研究員

が「放射光メスバウアー分光装置による鉄系材料の分析」について、齋藤グループリーダーが「放射光を

利用した新規水素化物の高温高圧合成」について説明しました。講師、スタッフも含めて合計 51 名もの

参加があり、盛況でした。 
 
2022 年 9 月 6 日、10 月 18 日 
【インフラメンテナンス最新技術の公開実証実験】 
関西研のレーザー打音検査装置を始めとする、戦略的イノベーション創造プログラム(SIP)で開発して

きた最新のインフラ点検技術の公開実証実験を、9 月に静岡県焼津市、10 月に山梨県山梨市で行いまし

た。静岡県交通基盤部と共催した 9 月の試験では、デジタル庁、国土交通省、自治体、大学、企業等、

120 名以上の参加者となる大きなイベントとなりました。 
山梨県での公開実験は、2012 年 12 月 2 日に山梨県笹子トンネルで起きた天井板落下事故が日本のイ

ンフラ点検のあり方を見つめ直す大きな契機となり、我々がこの研究を始めたきっかけでもあることか

ら、非常に大きな意味があったと考えております。地元からの注目度も非常に高く、土木業界、自治

体、大学などの関係者に加えて、山梨県県政記者クラブを通じて多数のメディアからも参加頂き、地元

の山梨放送、山梨日日新聞を始め、NHK、TBS、読売新聞など多数のメディアでも紹介されました。 
両公開実験を通じ、様々な立場のユーザーからの意見を頂くことができ、今後の開発方向を決める重

要なイベントとなりました。 

静岡県焼津市での公開実証実験の様子 

山梨県山梨市での公開実証実験の様子 
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2023 年 2 月 8 日～9 日 
【第６回 理研光量子工学研究センター・量研関西光科学研究所合同セミナー】 
 今回６年目を迎えた本合同セミナーは、3 年ぶりの対面とオンライン参加を含むハイブリッド形式での

開催となりました。理研からは緑川克美センター長を含む 8 名が関西研に来訪し、40 名程度（オンライ

ン参加含む）が参加しました。初日は、最先端レーザー開発からイオン加速や生命現象解明などのレーザ

ー応用研究、さらには精密加工や化学反応ダイナミクスの理論研究に至るまで、多岐にわたるテーマの講

演と意見交換が行われました。2 日目は関西研・実験棟内のレーザー設備などを理研からの参加者に見学

していただきました。 
 
  
 
 
 
 
 
 
 
 
 
 

 
2023 年 2 月 21 日 
【京大・JAEA・QST 微細構造解析プラットフォーム合同地域セミナー -最新の微細構造・状態解析-】 
 マテリアル先端リサーチインフラ事業の新規利用者を開拓するために支援成果を発表するセミナーを

オンラインで京大、JAEA と共催しました。量研からは大和田グループリーダーが「ナノ結晶の内部構造

を解明するコヒーレント X 線回折イメージング装置と研究事例の紹介」について、量研専用ビームライ

ンBL11XU に設置したコヒーレントX線回折イメージング装置を活用して得た研究成果について発表し

ました。講師、スタッフも含めて合計 44 名もの参加があり、前回以上に盛況でした。様々な業界の企業

から 17 名もの参加がありました。近年の講習会やセミナーでは企業参加者の多さ、その業種の多様さが

目立つ傾向が続いています。 
 
2023 年 3 月 13 日 
【兵庫県立大学高度産業科学技術研究所ニュースバルシンポジウム 2023】 
 マテリアル先端リサーチインフラ事業の新規利用者を開拓するため、イーグレひめじで開催された本

シンポジウムに協賛し、量研が実施している QST マテリアル先端リサーチインフラ事業についてポスタ

ー展示しました。ニュースバルの先生方、及び産学連携・研究推進機構のスタッフに本事業の理解を深め

合同セミナーのポスター            現地講演者・主催者集合写真 
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ていただきました。 
 
 
 
 
 
 
 
 
 
 
出展等イベント 

 
7 月 10 日～13 日「第 22 回 SPring-8 夏の学校」開催（大型放射光施設 SPring-8） 

 
9 月 4 日～7 日「第 6 回 SPring-8 秋の学校」に協力（大型放射光施設 SPring-8） 
9 月 6 日～7 日「第 14 回日本放射光学会 放射光基礎講習会 放射光の基礎と活用の可能性」を共催

（オンライン） 
9 月 7 日～9 日「JASIS2022」のマテリアル先端リサーチインフラ事業ブースにポスター展示（幕張メ

ッセ） 

 
 

ポスター発表会場の様子 QST マテリアル先端リサーチイン

フラのポスター展示 

 

 

 

 

第 22 回 SPring-8 夏の学校ポスター SPring-8 の量研ビームライン：BL11XU 放射

光メスバウアー分光装置での実習の様子 
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9 月 25 日～26 日「SPring-8 シンポジウム 2022 - SPring-8 がつむぐ学術と社会のリンケージ -」に協

賛（大型放射光施設 SPring-8） 
10 月 6 日～7 日「けいはんな R＆D フェア 2022」へ出展（Web 開催） 
10 月 6 日～7 日「けいはんなビジネスメッセ 2022」へ出展（けいはんなオープンイノベーションセンタ

ー） 
 
10 月 17 日 播磨高原東中学校出前授業 

播磨科学公園都市内にある播磨高原広域事務組合立播磨高原東中学校において、3 年生 16 名を対象に

出前授業を行いました。新型コロナウイルスの影響で 3 年ぶりの開催となりました。今年のテーマは「核

エネルギーと放射線」としました。実際に身の回りの核反応で発生している自然放射線を簡易な霧箱を使

って観察することに挑戦しました。霧箱は耐熱ガラス容器や液体窒素を使って、実際に生徒に組み上げて

もらいました。液体窒素をはじめて見た生徒も多かったようで、歓声が上がっていました。皆様最終的に

は自然放射線を観察することができました。 
 
 
 
 
 
 
 
 
 
10 月 22 日 関西光科学研究所（木津地区） 施設公開 
新型コロナウイルス感染予防対策のため、2022 年度も前年度に続いて事前予約制での開催とはなりま

したが、200 名を超える方々にお越しいただきました。 
光の実験ショー、光に関する工作教室や専門家によるサイエンスセミナー、世界トップクラスの高強度

レーザーの施設見学、レーザー打音トラック展示・模擬実験やプラネタリウム鑑賞など、ご来場いただい

た皆様には好評をいただきました。また、今年度は大阪科学技術センター様にもご協賛いただき、「オー

ロラエッグ工作」をご出展いただきました。 
 

 
 

 
 

  

播磨高原東中学校での出前授業の様子 

サイエンスセミナー 

ふぉとん君も大活躍 

工作教室 
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2 月 1 日～3 日「第 22 回国際ナノテクノロジー総合展・技術会議（nano tech 2023）」のマテリアル先端

リサーチインフラ事業ブースに説明員派遣（東京ビッグサイト） 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

プレスリリース（研究成果） 

 

1. 光と加熱で、金属と絶縁体を行ったり来たり 
―高性能な光応答イットリウム化合物薄膜を世界で初めて作製―（2022 年 4 月 7 日） 
https://www.qst.go.jp/site/press/20220407.html 
論文タイトル：Repeatable Photoinduced Insulator-to-Metal Transition in Yttrium Oxyhydride 
Epitaxial Thin Films 

 
2. 世界トップクラス超高強度レーザーの劇的な性能向上に成功！ 

―レーザーによる夢の超小型加速器実現へ前進―（2022 年 8 月 4 日） 
https://www.qst.go.jp/site/press/20220810-2.html 
論文タイトル：“Characterization of plasma mirror system at J-KAREN-P facility” 
 

3. ～人の手に頼らないロボット点検技術へのイノベーション～ 
『レーザー打音検査装置』の社会実装を鉄道トンネルへ拡大（2022 年 8 月 9 日） 
https://www.qst.go.jp/site/press/20220809.html 

 
4. 強力なレーザーを使ってエネルギーがそろった純度１００％の陽子ビーム発生に成功  

―レーザー駆動陽子ビーム加速器の実現へ向けて大きく前進―（2022 年 10 月 12 日） 
https://www.qst.go.jp/site/press/20221012.html 
論文タイトル：Laser-driven multi-MeV high-purity proton acceleration via anisotropic ambipolar 
expansion of micron-scale hydrogen clusters 

  

第 22 回国際ナノテクノロジー総合展・技術

会議（nano tech 2023）のマテリアル先端

リサーチインフラ事業ブース 

技術スタッフ表彰式、秀でた利用成果発

表会の様子 
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5. 最大性能の巨大負熱膨張物質  
―材料組織観察の結果を用いた物質設計―（2023 年 1 月 23 日） 
https://www.qst.go.jp/site/press/20230123-2.html 
論文タイトル：Polar-Nonpolar Transition Type Negative Thermal Expansion with 11.1% Volume 
Shrinkage by Design 
 

6. 光が金属の中を突き進む！ 
―相対論効果が拓くレーザーイオン加速の新世界―（2023 年 3 月 16 日） 
https://www.qst.go.jp/site/press/20230316.html 
論文タイトル：Enhanced ion acceleration from transparency-driven foils demonstrated at two 
ultraintense laser facilities 
 

7. ～人の手に頼らないロボット点検技術のイノベーション～ 
『レーザー打音検査装置 』のタイルパネル診断支援への拡大（2023 年 3 月 28 日） 
https://www.qst.go.jp/site/press/20230328.html 

 
 
 
その他のトピックス 

 
2023 年 3 月 13 日 
【平野理事長退任記念植樹式】 
 量研の初代理事長である平野俊夫理事長が今年度末で任期を迎えるにあたり、理事長ご参列の下、関西

研（木津地区）で植樹と銘板の除幕を行いました。当日は直前まであいにくの雨模様ではありましたが、

式直前には雨が止み、無事、式を実施することができました。平野前理事長、7 年間のご指導ありがとう

ございました。 
 

 
 
 

銘板の除幕  土やり 
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2023 年 3 月 31 日  
【関西研（木津地区）北側構内道路保全対策工事の完了】 
令和 3 年に構内道路の不陸改修のため、アスファルトを撤去したところ地割れが確認され、調査の結果、

地下水脈の存在と軟弱地盤層が確認されました。北側構内道路は木津川市道に面しており、大雨や地震に

よる市道への土砂流出が懸念されるため、軟弱地盤を補強するための地盤改良と地下水排水のための集

排水管を新たに設置する保全対策工事を実施しました。工事後は地下水が継続的に排水されており、構内

のハンドホール内においても水位の低下を確認しています。本工事の実施により、土砂流出を未然に防ぎ

関西研のみならず近隣住民の安全確保に繋がることを期待します。 
 

 
      法面              北側構内道路       地下水排水状況 
                            工事完了後写真（撮影日 2023.4.20） 
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主要な施設・装置 

木津地区 
 
〇J-KAREN-P レーザー装置 
【装置概要】 

世界トップクラスの極短パルス超高強度レーザー

です。最大 30 J のレーザーエネルギーを 30 フェムト

秒（1 フェムトは 1000 兆分の 1）の時間に閉じ込める

ことにより 1000 兆ワットの超高強度を実現します。

（右の写真は強力な励起レーザーの光で緑色に光っ

ています。） 
 

【供給装置性能】 
・中心波長：810 nm 
・繰り返し：シングルショット〜0.1 Hz 
・ターゲット照射エネルギー：〜10 J/pulse  

・パルス幅：30~50 フェムト秒 
・集光強度：1020~1022 W/cm2 
・時間コントラスト比：<10-11 （プラズマミラー不使用時） 
           <10-13 （シングルプラズマミラー使用時） 
           <10-15 （ダブルプラズマミラーへアップグレード予定） 

 上記以外のパラメータはお問い合わせ下さい。 
 
【主要な研究課題】 

超高強度レーザー高度化技術開発、イオンや電子の加速技術開発、高輝度 X 線等の量子ビーム源開

発 
 
〇QUADRA-T レーザーシステム 
【装置概要】 

1 秒間に 3000 発のレーザーパルスが繰り出せる高平均出力

ピコ秒パルスレーザーです。 
 

【装置性能】 
・照射エネルギー：10 mJ/pulse  
・波長：1030 nm 
・繰り返し：3 kHz 
・パルス幅：約 1 ピコ秒 
 

【主要な研究課題】 
高繰り返し高出力レーザー（パラメトリック増幅器等）の開発、高強度テラヘルツ光源の開発 
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播磨地区 
 
播磨地区では大型放射光施設 SPring-8 に 2 本の量研専用ビームラインを設置しているほか、日本原子

力研究開発機構（JAEA）の専用ビームラインにも複数の放射光専用実験装置を常設しています。一方で、

量研専用ビームラインにも、JAEA の専用実験装置が常設されています。 
 
〇BL11XU（QST 極限量子ダイナミクスⅠビームライン） 
【装置概要】 

SPring-8 標準の真空封止アンジュレータを光源とし、マルチ結晶交換システムを装備することで、

広範囲のエネルギー領域の高輝度放射光 X 線を高効率に利用できるビームラインです。 
 

【装置性能】 
・光源：真空封止アンジュレータ 
・エネルギー領域：6～70 keV 
・分光結晶：Si(111)、Si(311) 
・実験装置：放射光メスバウアー分光装置、共鳴非弾性 X 線散乱装置、及び表面 X 線回折計 
 

1. 放射光メスバウアー分光装置 
57Fe、61Ni 等のメスバウアー核種を対象とした放射光メスバウアー分光が

可能で、物質の電子、磁気状態から格子振動状態に関する情報などを得るこ

とができます。更に、斜入射法や同位体置換試料を利用する事で、金属薄膜

の表面部を原子層単位で測定する事も可能です。 
 

2. 共鳴非弾性 X 線散乱装置 
入射Ｘ線、散乱（発光）Ｘ線の双方のエネルギーを 0.1 eV 程度のエネル

ギーで分光実験が可能な装置です。４軸回折計配置で共鳴非弾性Ｘ線散乱に

より電子励起の運動量依存性が測定できるほか、高エネルギー分解能Ｘ線吸

収分光、Ｘ線発光分光の実験も可能です。試料温度は 10 K から 800 K まで

可変です。 
 

3. 表面 X 線回折計 
分子線エピタキシー（MBE）チェンバーを搭載した表面構造解析用 X 線

回折計です。半導体量子ドットや半導体多層膜などの成長過程を X 線回折

によりその場観察・リアルタイム観察が可能です。2台の MBE を交換し、

GaAs、InAs などのヒ素化合物成長と RF-MBE による GaN、InN などの窒

化物半導体成長を行うことができます。 
 

【主要な研究課題】 
金属薄膜の原子層単位での磁性探査、遷移金属化合物における電荷・スピン・軌道励起の観測、触

媒や電池電極材料のオペランド電子状態解析、半導体量子ドットや半導体多層膜の成長過程のリアル

タイム解析 
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〇BL14B1（QST 極限量子ダイナミクスⅡビームライン） 
【装置概要】 
偏向電磁石を光源とすることで、連続スペクトルを持つ白色 X 線や高エネルギーの単色 X 線が利用

可能なビームラインです。全反射ミラーや分光結晶の曲げ機構によって、試料位置への集光が可能とな

っています。 
 

【装置性能】 
・光源：偏向電磁石 
・エネルギー領域：白色 X 線（5～150 keV）、単色 X 線（5～90 keV） 
・実験装置：高温高圧プレス装置、汎用四軸 X 線回折計及び分散型 XAFS測定装置（JAEA） 
 

1. 高温高圧プレス装置 
10 GPa（13万気圧）、2300 K程度までの圧力・温度状態下の試料を、白色 X

線を用いたエネルギー分散型 X 線回折法やラジオグラフィー法、単色 X 線を用

いた XAFS（X 線吸収微細構造）法や角度分散型 X 線回折法等によって調べる

ことができます。 
【主要な研究課題】高圧下での金属水素化物形成過程のその場観察 

 
  2. 汎用四軸 X 線回折計 

令和 2年 3月に RI 実験棟から移設。X 線照射位置を可視化するためのレーザ

ーを整備しており、がん研究等のための単色 X 線を利用した照射実験に使用で

きます。高エネルギー単色 X 線を利用した回折法により、大型構造材料中の応

力・ひずみ、結晶方位分布計測の測定も可能です。 
【主要な研究課題】応力・ひずみ、結晶方位の三次元分布測定、及び照射実験等 

 
〇BL22XU（JAEA 専用ビームライン）における放射光専用実験装置 

1. 高速 2体分布関数計測装置（旧ダイヤモンドアンビルセル回折計） 
最高 70 keV の高エネルギーX 線と大型二次元 X 線検出器の利用により最

大 Q = 27Å-1までの X 線全散乱プロファイルが迅速に得られ、約 100 Å まで

の距離相関の原子二体分布関数が導出できます。専用アタッチメントによ

り、室温、1 MPa未満の水素と窒素ガス雰囲気でのその場観察ができます。 
試料-検出器間距離が可変のため高角データから高分解能データまで取得が可能であり、ダイヤモン

ドアンビルセルを用いた高圧力下 X 線回折測定にも適用可能です。 
 

2. コヒーレント X 線回折イメージング装置（旧大型 X 線回折計） 
X 線領域のブラッグ反射を利用したコヒーレント X 線回折イメージングが実

施できる水平振りの大型 X 線回折計です。粒径 100 nm 以下のナノ結晶ひと粒

のサイズや形状、内部構造（応力、ドメイン等）を含む３次元イメージングが可

能です。 
 

【主要な研究課題】 
水素貯蔵合金、負の熱膨張材料、100~500 nm 級チタン酸バリウムナノ結晶粒子一粒の３次元可視

化、40 nm級パラジウムナノ結晶粒子一粒の３次元可視化 
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施設の稼働実績と利用状況 

木津地区 
2022年度の運転時間は J-KAREN-P は 1771 時間、QUADRA-T は 1052 時間、その他装置は合計 1722

時間でした。J-KAREN-P はコントラスト比を上げるためのプラズマミラーの運用を開始しました。 
 
実施課題件数 

装置名称 独自研究 受託研究 共同研究 施設共用 
J-KAREN-P レーザー装置 6 0 0 6 
QUADRA-T レーザーシステム 1 1 0 1 
kHz チタンサファイアレーザー 5 1 1 1 
X 線回折装置 0 0 0 0 

 
稼働時間内訳 

 
 

 
 
 
 
 
 
 

 
 
 
  
 
 
 
 
 

内部利用

（共同研究を含む）

42%

施設共用

7%

メンテナンス

51%

J-KAREN-P

内部利用

（共同研究を含む）

82%

施設共用

1%

メンテナンス

17%

QUADRA-T

内部利用

（共同研究を含む）

95%

施設共用

1%

メンテナンス

4%

その他の装置
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播磨地区  
2022年度の SPring-8蓄積リングの運転時間は 5184 時間で、放射光利用時間はそのうちの 4440 時間

でした。量研、JAEA とも専用ビームラインでは 10%程度の調整時間を除き、放射光利用時間で独自研

究や受託研究、外部利用者への施設共用と研究支援を行っています。 
 
実施課題件数 

ビームライン 独自研究 受託研究 共同研究 施設共用 
BL11XU 9 0 4 16 
BL14B1 15 0 6 13 
BL22XU 7 0 7 11 

 
利用日数 

ビームライン 独自研究 受託研究 共同研究 施設共用 
BL11XU 91 0 25 57 
BL14B1 68 0 26 44 
BL22XU 30 0 24 23 

 
＊件数、日数ともに量研の利用課題のみ 
＊日数は 3 シフトを 1 日とした。 
 
稼働時間内訳 
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Advanced Photon Research Activities 
 

KONDO Kiminori  

Department of Advanced Photon Research 

 

 
 The science and technology related to advanced lasers is 

the foundation for the research conducted in the Department of 
Advanced Photon Research. Advanced laser development is the 
basic focus area of this department. Laser technologies producing 
high peak power, high repetition rate, and high stability, and 
ultrashort-pulse technologies are of particular importance. We 
develop these technologies in-house and apply them in various 
projects.  

 
The largest laser system in KPSI is the petawatt (PW)-class 

high-peak-power J-KAREN-P laser. This system was upgraded 
in FY2012 after obtaining supplementary budget. After a long 
commissioning operation term, internal users in KPSI and 
external users have been allowed to use this system in the PW-
class operation mode. Moreover, from FY2021, the large-
aperture plasma mirror system (PM) has also been opened to 
users, which helps avoid the unnecessary rising part of the 
femtosecond high-peak-power pulse, which is a serious problem 
associated with laser-driven ion acceleration with a nanometer-
thin foil target. However, the other upgrade, the so-called “digital 
transformation (DX)” has also been funded for the Advanced 
Photon Science Facility, which includes J-KAREN-P. Although 
the machine time with PM for the users started in September 2021, 
J-KAREN-P was not operational from April to July, owing to 
upgradation including DX, in FY2022. With DX, the 
improvement in the PM was successfully demonstrated. We 
expect good results in the J-KAREN-P experiments using the 
improved PM system. Dr. Nishiuchi, of the high-intensity laser 
science group, has reported the progress of laser-driven ion 
acceleration experimental studies at two ultra-intense laser 

facilities, KPSI and HZDR (Helmholtz-Zentrum Dresden-
Rossendorf), in Germany. Her report is related to the installation 
of a high-quality PM system in J-KAREN-P; however, the 
improved PM is not described in this report. Ion acceleration in 
relativistically transparent plasma with a nano-thickness foil 
target has been observed with high-quality intense laser pulses, 
even without PM. She explains the importance of suppressing the 
unnecessary rising part of the PW laser pulse. 

 
The exemplary status of our high-power laser infrastructure 

is maintained by the laser facility operation office, advanced laser 
group, and high-intensity laser science group. The advanced laser 
group not only maintains J-KAREN-P to deliver laser pulses with 
the best conditions but also develops and introduces new 
technologies to maintain the global first-class status of J-
KAREN-P.  

 
One of the most important applications is the development 

of laser-driven quantum beams. The applications of J-KAREN-P 
in KPSI include laser-driven ion acceleration, laser electron 
acceleration, and relativistic high-order harmonic generation. An 
extremely high optical field can be formed by focusing an 
extremely high peak power to an ultimately small spot size. While 
the corresponding optical intensity of the atomic unit is only 3 × 
1016 W/cm2, the extremely high field corresponds to up to 1022 
W/cm2 in intensity with J-KAREN-P. The irradiated atoms and 
molecules are then immediately ionized to generate free electrons, 
which move along this extremely high optical field, inducing the 
so-called ultrarelativistic quiver motion. These energetic 
electrons generate various secondary radiation sources, which 

 
Fig.1 Research and development activities of the Department of Advanced Photon Research. 
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indicates the possibility of a compact energetic quantum beam 
source without a conventional accelerator. If this technology is 
established and applied to various fields, a type of destructive 
innovation can occur. For this purpose, special technologies must 
be developed for stable quantum beam generation and precise 
observation of extreme plasma behavior. Dr. Nakanii, of the high-
intensity laser science group, reported precise pointing control of 
high-energy electron beams from laser wakefield plasmas. He 
simply placed and moved a serrated aperture before a large off-
axis parabolic mirror, which was used to focus the high-peak-
power laser pulse to the gaseous target. This simple technology 
has also been used in other facility for laser electron acceleration 
studies. At this facility, stable pointing for laser-accelerated 
electrons has successfully been demonstrated. Dr. Pirozhkov, of 
the advanced laser group, reported enhanced relativistic plasma 
diagnostics with ultrashort probe pulses. He has been developing 
an ultrashort probe pulse to freeze high-speed plasma fluids, 
which generate high-order harmonics. This high-harmonic 
generation (HHG) is unique. Although the usual HHG emitted 
from neutral atoms and molecules at the irradiation intensity is 
around the field ionization threshold, his HHG is far beyond this 
threshold in the relativistic field. This means that a much shorter 
wavelength HHG is possible, although the usual HHG has a 
limited ionization threshold. However, the high-speed plasma 
fluid-emitting HHG has almost never been observed. He is now 
developing a unique diagnostic tool for observing plasma using 
the Schlieren method. Related to the usual HHG, Prof. Nanba at 
Hiroshima University and Dr. Dinh in the X-ray laser group have 
reported the nonlinear propagation effect in X-ray parametric 
amplification during HHG. 

 
Although there are no precise reports in this annual report, 

one of the most important applications of laser-driven energetic 
particles is the application to the Quantum Scalpel, which is a 
new-generation heavy-ion cancer-therapy machine. Quantum 
Scalpel is one of the main projects of QST. The injector part of 
Quantum Scalpel is based on a laser-driven carbon accelerator. 
The large-scale JST-MIRAI R&D program (large-scale type) 
started in November 2017. The aim of this program is to 
demonstrate the proof of concept (POC) of a laser plasma 
accelerator. In addition to an ion accelerator, a laser plasma 
electron accelerator is also under development in KPSI, under the 
MIRAI program. The POC of the laser-driven heavy-ion injector 
will be demonstrated by the end of FY2026. In FY2020, the first-
stage gate was successfully passed. FY2022 witnessed the second 
stage of JST-MIRAI. In 2022, a high-repetition-rate tape target 
for pure carbon-ion generation was developed with a 
collaboration of Hitachi Zosen. The invented technology was 
submitted for a patent. The beam line for estimating the number 
of energetic carbon ions with a finite solid angle was estimated to 

be set in the ion acceleration platform with a collaboration of the 
Sumitomo Heavy Industry. In the next fiscal year, FY2023, the 
second-stage gate exam will be held for the JST-MIRAI. 
Currently, the development of related technologies is being 
vigorously pursued. 

 
Another important application of advanced laser science and 

technology is ultrafast probes for life and material sciences. The 
ultrafast dynamics group not only studies the basic science of 
ultrafast molecular behavior but has also developed a unique 
ultrafast high-power laser system. The ultrafast dynamics group 
is developing and improving the over-kHz-repetition-rate high-
average-power ultrashort laser system, QUADRA-T. Recently, 
this system has been improved using a high-quality thin-disk 
Yb:YAG amplifier. This system is used as the pumping source 
for a mid-infrared high-average-power laser, which will be used 
for shorter-wavelength HHG. In addition to HHG, a laser system 
has been used to study the ultrafast dynamics of energy states, 
including that of biomolecules. Dr. Tsubouchi reported beat-
frequency–resolved two-dimensional electron spectroscopy. 
With his high-level diagnostics, the ultrafast changes in the 
energy states of the biomolecules can be observed, which 
introduces new findings not only in the material science but also 
life science fields, which is a collaborative study with the Institute 
of Quantum Life Science in QST. The laser systems developed in 
the ultrafast dynamics group will be used for laser fabrication and 
ultrafast laser science, which are studied in the Q-LEAP program 
at JST. Dr. Yamada reported a theoretical approach for 
elucidating the propagation effects in HHG from solids, which is 
related to attosecond science in the Q-LEAP project. Moreover, 
Dr. Aoyama reports the application of mid-infrared microscopic 
imaging techniques to histopathological analysis, which is also a 
collaborative study with the Institute of Quantum Life Science in 
QST. 

 
The most important application of our advanced laser 

science and technology is industrialization. In the SIP program, a 
nondestructive tunnel-inspection technology is under 
development in the X-ray laser group. This technology is being 
tested for application in commercial technology at the venture 
company Photon-Labo. Nondestructive tunnel inspection is 
possible using laser-hammering technology. The laser-
hammering technology is expected to be useful for inspecting not 
only tunnels but also various concrete structures. Dr. Sasaki of 
the X-ray laser group has also reported the modeling of the 
wavelength of unresolved transition arrays in an EUV laser 
plasma light source, which is related to EUV lithography 
technology.  

 

22



Enhanced ion acceleration using transparency-driven foils 
demonstrated in two ultraintense laser systems 

 

NISHIUCHI Mamiko 

High-Intensity Laser Science Group, Department of Advanced Photon Research 
 

 
The advent of reliable, high-quality, and high-power lasers 

has facilitated rapid technological progress, with their application 
in particle acceleration [1]. The development of ultrashort high-
peak-current laser-driven ion sources has benefit in the delivery 
of ultraintense laser pulses combined with conceptual 
breakthroughs in controlling the interactions of extreme 
electromagnetic fields with matter [2]. The unique properties of 
laser-accelerated ion beams have motivated numerous 
applications, including radiography injectors for accelerators [3, 
4] and high-dose-rate radiobiology [5]. 

Target normal sheath acceleration (TNSA) is a robust 
technique for generating energetic ions through laser irradiation 
[6]. However, this mechanism’s modest intensity scaling [7] makes 
it challenging to further increase the beam energy. 

Advanced acceleration schemes promise higher ion energies 
when using ultraintense pulses, such as light-sail radiation 
pressure acceleration (LS-RPA) [8]. However, LS-RPA requires 
an opaque ultrathin target (thickness d ≪ 100 nm); thus, an 
ultrahigh laser temporal contrast, the ratio of intensities between the 
main pulse and preceding light. Even state-of-the-art lasers have a 
finite contrast laser pulse, which causes heating of the target 
electrons and rapid expansion of the target. The electron density 
ne drops below the relativistically corrected critical density ncr = 
γnc, where γ is the electron Lorentz factor and nc= 𝑚𝑚𝑒𝑒𝜔𝜔𝐿𝐿

2/4𝜋𝜋𝑒𝑒2 
is the classical critical density (𝑚𝑚𝑒𝑒 and 𝜔𝜔𝐿𝐿 are the electron mass 
and laser frequency, respectively), resulting in laser propagation 
through the target in the relativistically induced transparency 
(RIT) regime.  

However, it has been shown that for targets driven in the 
RIT regime can also generate high ion energies [9,10], but the 
way how to trigger the RIT for efficient ion acceleration is not 
obvious. 

The experiment was conducted using the J-KAREN-P laser 
at the Kansai Photon Science Institute [11] and Draco-PW laser 
system at the Helmholtz-Zentrum Dresden-Rossendorf [12]. The 
effect of changing the target thickness on ion acceleration was 
investigated after the laser temporal pulse contrast conditions of 
the two systems were adjusted to be identical. The experimental 
setup is shown in Fig. 1(a). Laser pulses with 10 (15) J on-target 
energy and 45 (30) fs full-width-at-half-maximum (FWHM) 
duration for J-KAREN-P (Draco-PW) were focused onto plastic 
targets placed at 45° to the incident laser [13]. The focal spot 
diameter was ≈ 1.5 µm (2.6 µm) FWHM, resulting in a peak 
intensity of 3.5 (5)× 1021W/cm2 for J-KAREN=P (Draco-PW). 

 The maximum detected energy of the proton and the 
energy of the 1ω transmitted laser light (εtrans) are plotted in 
Fig. 1(b), as functions of the initial target thickness d. Similar 
ion-acceleration performances were produced in both systems. 
There is an optimal thickness dopt ≈ 250 nm, where the energies 
of both species are maximized, reaching Em,p > 60 (80) MeV for 
protons in J-KAREN-P (Draco-PW). In the J-KAREN-P system, 
an Em,c > 30 MeV/u was obtained for carbon with the optimum 
target thickness. Thinner or thicker targets resulted in lower 

energies. 
The amount of transmitted light also indicated a clear 

thickness dependency. While targets with d > 300 nm exhibited 
a constant and nearly negligible amount of transmitted light 
(εtrans < 30 mJ ≃ 0.3% of input energy), the transmission 
increased exponentially for thinner targets and reached εtrans ≫ 
500 mJ (> 5% of input energy) for d < 200 nm. This sudden 
increase in the transmission for target thicknesses between 200 
and 300 nm indicated a pronounced decrease in the peak density 
of the targets at the time of the main pulse arrival. There was a 
clear correlation between the onset of transparency and the 
significant increase in the generated beam energies. However, for 
very thin targets with high transmission, the ion energy decreased. 
The measurable, but relatively low, transmission for optimum ion 
energies indicated the efficient conversion of laser energy in the 
transparent, but still dense, target. 

Understanding the pre-expansion of the target is essential for 
elucidating the high-intensity laser–plasma interactions at the 
peak of the pulse. We implemented a two-stage simulation 
method, performing hydrodynamic simulations of the low-
intensity rising edge after laser induced breakdown (LIB) 
followed by 3D particle-in-cell (PIC) simulations of the final 
high-intensity ramp and main pulse using the FLASH and 
EPOCH codes respectively. The timing of LIB is determined 
experimentally by Draco-PW laser system [14]. 

The variations in Em and εtrans with changing d, from the 
two-stage simulations are shown overlaid (circles) on the 
experimental data, in Fig. 1(b). There is good agreement with the 
experimental results over the entire thickness range. The 
simulations exactly reproduce the optimum target thickness and 
maximum ion energy. 

To identify the ion acceleration process for the optimum 
thickness, we describe the main pulse interaction with the pre-
expanded plasma for d = dopt = 250 nm. The laser was strongly 
absorbed by the opaque plasma during the femtosecond rising edge 
before the peak of the pulse. The ultrahigh intensities resulted 

Figure.1 (a) Experimental setup at both laser systems. (b) Accelerated proton 
energy at J-KAREN-P (green) and Draco-PW (blue) dependency on the target 
thickness. The dotted line shows the peak value, while the shaded regions show 
the 1-sigma region from the mean values. The red data points show the 
simulation results.  

(a) (b) 
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in strong v × B radiation pressure, bunching,  and acceleration 
of the electrons along the laser axis. A two-dimensional (2D) 
slice from the simulation, at the peak of the pulse, is shown in Fig. 
2(a). The electrons at the center of the target were heated and 
expanded such that nc < ne < ncr , and the laser began to 
penetrate the target. The laser interacted volumetrically with 
the target electrons, leading to strong absorption, resulting in v 
× B driven electrons being rapidly expelled from the focal region. 
Because the ions were not significantly accelerated by the 
laser fields, owing to their lower charge-to-mass ratios, a region 
of large space charge developed in the transparent region, 
highlighted by the green box. This space charge was maintained 
by the continuous expulsion of electrons owing to radiation 
pressure. Although the expulsion of electrons was not complete, 
the magnitude of the time-averaged space charge could reach ⟨ρ⟩ > 
10enc, which resulted in a region of large cycle-averaged quasi-
static electric field ⟨Ex⟩ ∼ 30 TV/m, with a spatial extent of ∼ 
500 × 500 × 500 nm3 (see inset in Fig. 2). 

Our results demonstrate that having relativistic transparency 
occur at the peak of the pulse is strikingly beneficial. Here, 
however, during the ultraintense femtosecond pulse interaction, the 
largest accelerating gradients and energy gain dominantly arises 
from significantly higher space charge fields resulting from 
electron expulsion from the relativistically transparent target core. 

The RIT-enhanced acceleration mechanism described 
herei n  is a promising regime for application-oriented high-
energy ion acceleration. In contrast to t h e  recent efforts to use 
plasma mirrors to minimize the prepulse of high-power 
femtosecond lasers to enable the irradiation of targets with a 

thickness of a few nanometers, we show that these lasers can be 
used in different acceleration regimes with relaxed contrast 
requirements. This not only significantly reduces the complexity, 
size,  and cost of the ion source but also removes the limitation 
of continuous high-repetition- rate operation. The required target 
thickness, of a few hundred nanometers, improves the robustness, 
compared to the d ∼ 10 nm targets required for LS-RPA in the 
same intensity range, which are easily damaged during handling, 
pump down, or by preceding shots on the target system. 

The similarity in the results from the J-KAREN-P and 
DRACO-PW systems, despite different laser front- end 
configurations and slightly different focal-spot parameters, 
reveals the robustness of the regime. Our investigation of the 
prepulse-induced density shaping and acceleration mechanism 
implies that the laser contrast and intensity are the most important 
factors that determine the optimal target thickness for this 
regime. The laser contrast determines the target density at the 
peak of the pulse for a given target thickness, whereas the laser 
intensity determines the density required for relativistic 
transparency. 

In summary, we investigated the ion acceleration due to the 
interaction of an ultraintense femtosecond laser pulse with thin 

CH foils and found an optimized target thickness for the 
acceleration of protons (carbon ions) > 60 MeV (> 30 MeV/u). 
We determined that the laser prepulse played an essential role in 
priming the plasma density for relativistic transparency. The 
acceleration of the highest- energy ions was due to a strong 
space-charge field generated by the expulsion of electrons during 
RIT, followed by further acceleration in an ambient sheath. 
Our reproduction of the acceleration regime, with two different 
lasers, underlines its robustness and demonstrates that plasma 
mirrors and ultrathin nanometer-scale targets are not necessarily 
required for high-energy ion acceleration using femtosecond-
class laser systems. This conceptual breakthrough establishes a 
path toward the development of ∼100 MeV class repetitive ion 
sources using the currently available laser technology. 
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Ever since laser wakefield acceleration (LWFA) concept was 

proposed by Tajima, the former Director General of KPSI, and 
Dawson in 1979 [1], a laser-plasma accelerator, which has an 
acceleration gradient that is thousand times higher than that of 
conventional accelerators, has been studied and developed as a 
next-generation compact accelerator [2-6]. The maximum energy 
of the LWFA electron beam have already achieved to be 8 GeV 
[7]. Recently, as one of the milestones in this research area, self-
amplified spontaneous emission (SASE) free-electron laser (FEL) 
has been demonstrated by Chinese group [8], and seeded FEL has 
been demonstrated by a group of French and German 
researchers[9]. In Japan, we have a similar project to demonstrate 
FEL with wavelengths around extreme ultraviolet (XUV) and 
vacuum ultraviolet (VUV) in the JST MIRAI program [10]. 

The stability of electron beams is crucial for the practical 
application of laser-plasma accelerators, such as FELs. Here, we 
focus on the pointing stability. If the pointing of the beams is 
unstable, the electron beam cannot be transported to the beamline 
and guided to the undulator. The stability of the LWFA beams, 
including the pointing stability, can be improved by stabilizing 
the laser system and choosing appropriate injection methods. 
However, the cause of the instability of the LWFA electron beams 
still needs to be clarified. The typical pointing fluctuations of the 
electron beams observed in the experiments are three times larger 
than those of the driving laser pulses. 

In our experiment, we succeeded in stabilizing the electron 
beams by simply placing an aperture in the laser transport line 
before the focusing element, that is, an off-axis parabolic mirror 
(OAP). Shaping the near-field profile (NFP) of the laser pulse 
with the aperture removes the outer part of the laser pulse with 
unstable wavefront and intensity. This improves the quality and 
stability of the focusing laser pulse, and thus, the electron beam 
generated by this laser pulse also becomes stable. This simple 
method is expected to be a key technique for realizing an 
ultracompact accelerator with LWFA, in the future[11]. 

The experiment was performed with J-KAREN-P at KPSI. 
J-KAREN-P is a high-contrast petawatt-class Ti:Sapphire laser 
system using optical parametric chirped-pulse amplification [12-
14]. The central wavelength was around 810 nm and the contrast 
ratio between the main pulse and nanosecond prepulse caused by 
amplified spontaneous emission (ASE) was better than 10-11. The 
experimental schematic is shown in Fig. 1(a). In this experiment, 
the laser system delivered ~8.5 J of pulse energy on the target 
with a pulse duration of 44 fs full-width-at-half-maximum 
(FWHM). The laser pulse was focused onto a supersonic gas jet 
by an OAP with a 2.6 m focal length, to excite a laser wakefield 
and produce high-energy electrons.  

A supersonic hydrogen-based gas mixture was expelled from 
a rectangular slit nozzle with a length of 1 cm and width of 1.2 
mm. A density ramp was created by inserting a razor blade into 
the gas flow at the nozzle exit to induce the injection of electrons 
into the laser wakefield due to the breaking of plasma wave at the 
density boundary [15]. Moreover, the gas included 0.5% nitrogen 
in hydrogen to inject electrons into the wakefield effectively via 

the ionization injection scheme [16]. The typical inlet pressure of 
the gas was around 0.6 MPa. 

  

 
Fig. 1 (a)Experimental setup for stabilization of the LWFA 
electron beams by laser profile shaping with an aperture. (b) 
Original NFP of J-KAREN-P before OAP. (c) NFP shaped with 
an aperture with the same scale as (b). 
 
 

The aperture used to shape the NFP of the laser pulse was a 
thin metal plate with an open diameter of ~13 cm, which was 
placed upstream of the OAP. By shaping the NFP with the 
aperture, the F-number of this focal system was increased to 
approximately 20 from the original F-number of 10. The NFPs of 
the laser pulse at the OAP without and with the aperture are 
shown in Fig. 1 (b) and (c), respectively. The energy of the laser 
pulse with the aperture was approximately 3 J at the target. The 
wavefront of the laser pulse was optimized to be flat by using a 
deformable mirror, with roughness of less than 80 nm (rms) for 
the full beam.  

The electron beam produced by the LWFA was irradiated 
onto a phosphor (Gd2O2S: Tb) screen located 1.9 m from the gas 
target, and the fluorescence from the screen was detected using a 
charged-coupled device (CCD) to evaluate the beam profile of 
the electron beam. After passing through the phosphor screen as 
the beam profiler, the electron beam was bent by a 0.75 T 
permanent dipole magnet with a 10 cm gap and detected by other 
phosphor screens with CCDs, to evaluate the electron energy 
spectrum. 

Figure 2 shows the profiles and pointing stabilities of the 
laser focus spots and electron beams measured the beam profiler 
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in the cases with and without shaping NFP with the aperture. 
From Fig. 2(a)-1 and (b)-1, the effective focal spot radius without 
and with the NPF shaping is ~9.4 µm and ~12.8 µm, respectively. 
The definition of the effective spot radius is shown in Ref. 14. 
The focal peak intensities with and without the NPF shaping were 
estimated to be ~7.0 ×  1019 and 1.4 ×  1019 W/cm2, which 
correspond to the normalized laser field of a0 ~5.7 and ~2.5, 
respectively. The Strehl ratio was improved from 0.29 to 0.56 by 
shaping the NFP with the aperture. The position and pointing 
stability of the focal spot did not change significantly when the 
aperture was inserted or moved. The pointing fluctuations of the 
laser pulse with/without the NPF shaping were approximately 
±1.5 µrad (rms). 
 

 
Fig. 2 Focus profiles of the laser pulses and beam profiles and 
pointing stabilities of the electron beam (a) with and (b) without 
laser-beam NFP shaping by the aperture. 1, 2, and 3 indicate the 
focus profiles of the laser pulses, beam profiles, and successive 
20-shot pointing of the electron beams, respectively.  
 
 

However, the electron-beam quality was drastically 
improved by shaping NFP with the aperture. One of the profiles 
of the electron beams is presented in Fig. 2(a)-2 and (b)-2. The 
intensity of the electron beam in the case with the NFP shaping 
was higher than that without the NFP shaping, even though the 
laser energy was less than half. Moreover, the generation 
probability and pointing stability of the electron beam were 
improved by shaping the NFP with the aperture. The probability 
of beam generation in 20 consecutive shots was 100% with the 
NFP shaping and 75% without the NFP shaping. The horizontal 
and vertical pointing fluctuations of the electron beam without 
the NFP shaping were ±1.6 and ±1.3 mrad (rms) and those with 
the NFP shaping were ±9.8 and ±8.8 mrad (rms), respectively, as 
shown in Fig. 2(a)-3 and (b)-3. The electron energy spectrum 
measured using a magnetic electron spectrometer was also 
stabilized using this method. 

The pointing fluctuation of the laser pulses in the high-
intensity laser systems is basically in the order of µrad, otherwise 
that of the electron beams from the LWFA is in the order of mrad. 
In this experiment, the pointing stability of the electron beams 
improved however the pointing stability of the laser pulse did not 
by shaping the NFP with the aperture,. These facts indicate that 
the fluctuation of the distribution of the NFP can affect the 
electron pointing stability. According to the Fresnel–Kirchhoff’s 
law, the distribution of the intensity and wavefront at the focal 
point are represented by the superposition of the waves emitted 
from each point in the NFP. If the intensity distribution of the NFP 
is not uniform and the centroid of the NFP is off the center of the 

NFP, the wavefront at the focal point will be tilted, with the tilt 
angle depending on the centroid of the NFP. Stabilizing and 
making the NFP of the laser pulse uniform is important for further 
improving the stability of LWFA electron beams. We attribute the 
pointing improvement to not only NFP improvement but also the 
increase in the F-number, and Strehl-ratio improvement. More 
detailed study of these improvements is left as a future task. 

In summary, the shaping of the NFP of the laser pulse by 
installing an aperture smaller than the laser diameter before the 
OAP enabled the beam stabilization of high-energy electron 
bunches of several hundred MeV. This beam stabilization method 
by the NFP shaping with the aperture was simple and effective 
because the high-energy electron beam could be stabilized 
without manipulating the optics in the laser system. For future 
practical applications of laser plasma accelerators, such as free-
electron lasers, this method could be necessary. In particular, in 
staging LWFA [17,18] for higher electron energy, µrad beam-
control accuracy is required to inject electrons into the next laser 
wakefield. Further stabilization of the NFP of the laser pulse are 
required to improve the pointing of the electron beams. 
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Quantum coherence in photosynthetic proteins in solutions 

has recently been reported and is actively discussed.1 A pair of 
photoexcited adjacent chromophores can form exciton states. 
When the chromophores are excited by an ultrashort laser pulse 
with a spectrum broad enough to cover the split energy levels of 
the exciton states, quantum coherence is expected to be generated 
in the pair of exciton states. The quantum coherence in 
photosynthetic proteins has been suggested to be related to the 
unidirectional energy flow with extremely high efficiency, which 
occurs during photosynthesis.2 However, quantum coherence 
during photosynthesis has not yet been confirmed. 

Two-dimensional electronic spectroscopy (2D-ES) has been 
used to analyze this problem. 2D-ES can spectrally resolve 
quantum states that cannot be resolved using conventional 
spectroscopic techniques, owing to the inhomogeneous 
broadening that occurs in solution; it can also map the correlation 
between states.1,3 Measurement of the correlation map, as a 
function of the pump-probe delay, reveals a reaction pathway 
from a specific state excited by an initial pump pulse. However, 
in the time-dependent 2D electronic spectra, the quantum beat 
signal between the superposition states can hardly be seen 
because it is usually hidden by the strong stationary signal, which 
is not related to the temporal evolution of the coherently excited 
superposition states, but rather to that of the single quantum state. 
To overcome this difficulty in 2D-ES, beat-frequency–resolved 
analysis of 2D electronic spectra has been proposed to illustrate 
the vibronic and exciton states and the coherences between them 
as coherence amplitude maps.4,5 In this study, we demonstrate the 
visualization of the vibrational coherences in an artificial protein, 
through beat-frequency–resolved 2D-ES.6 We successfully 
extract the vibrational coherences behind the strong stationary 
signal that dominates the typical 2D spectra and the 
inhomogeneous broadening in the absorption spectra. 

We generate sub-10 fs visible pulses using a Yb:KGW laser 
(1030 nm, 1.0 mJ, 10 kHz, 190 fs), followed by two pulse-
compression stages. The first pulse-compression stage employs a 
multiplate pulse compression (MPC) technique.7 The output from 
the Yb:KGW laser is loosely focused into a gas cell filled with 
1.0 bar of He, to avoid nonlinear effects around the focus. The 
fused-silica exit window of the gas cell and the subsequent 
second and third fused-silica plates act as thin plates to achieve 
spectral broadening in our MPC setup. The output pulses are 
temporally compressed by two Gires–Tournois interferometer 
mirrors, down to 40–50 fs. The second pulse-compression stage 
employs spectral broadening based on laser filamentation.8 The 
output pulses from the first MPC stage are focused by a concave 
mirror into a mixed gas cell (0.5 bar of Xe and 0.5 bar of He), 
generating white light via laser-based filamentation. The visible 
spectral part of the white light is selected using a short-pass filter. 
The transmitted visible pulses are recollimated and compressed 
using two chirp-mirror pairs. The white-light spectrum and 
temporal profile after pulse compression are depicted in Fig. 1(a) 
and (b), respectively. The pulse energy after pulse compression is 

approximately 4.7 µJ. The long-term power fluctuation is 
measured to be 0.26% (standard deviation) for 25 h. 

 

Fig. 1. (a) Spectrum and (b) temporal profile of the sub-10 fs 
visible pulse output after chirp-mirror-pair–based pulse 
compression. (c) BOXCARS geometry of four-wave mixing. 
(d) Time ordering of the four input pulses and signal light. E1 
and E2 are the pump double pulses with a time interval of τ. E3 
is the probe pulse delayed from E2 by time T. The local 
oscillator pulse ELO is prior to the pump and probe pulses with 
a fixed time interval of tLO between ELO and E3. 
 

The 2D-ES measurement system is an extension of the 
application of 2D infrared spectroscopy9 to the visible spectral 
region, to investigate the electronic states of the molecules. In 
2D-ES measurement, three identical pulses (1, 2, and 3) and one 
weak local oscillator (LO) are focused on a sample in the 
BOXCARS geometry, as shown in Fig. 1(c). The signal light 
from the four-wave-mixing (FWM) process is spatially separated 
from pulses 1, 2, and 3, and interferes with the LO pulse to 
achieve heterodyne detection. The time ordering of the pulses and 
time interval between them are presented in Fig. 1(d). One of the 
pulses passes through the computer-controlled translational stage 
to scan the temporal delay, T, between pulses 2 and 3. The 
temporal delay, τ, between pulses 1 and 2 is scanned (or varied) 
by a pair of dispersion wedge plates in the optical path of pulse 1 
to achieve sub-fs temporal resolution. The signal and LO pulses 
are spatially dispersed via holographic grating and focused on 
a line-scan CMOS camera. 

The molecules are excited by double pulses 1 and 2 with the 
time interval τ, and probed by pulse 3 delayed by time T after 
pulse 2. The beating signal produced by the coherent excitation 
of a pair of vibronic states is measured by scanning the waiting 
time, T. Double pump pulses are used to obtain the excitation 
spectra. We measure the time-domain interferogram by scanning 
the time interval, τ, and obtain the spectrum from the Fourier 
transformation of the interferogram. 
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We apply our 2D-ES apparatus to the measurement of the 
vibrational coherence in a RasM monomer artificially 
synthesized by the Adachi Group at iQLS. The absorption 
spectrum of this molecule is shown in Fig. 2(a). Figure 2(b) 
shows the 2D power spectrum of the rephasing signal measured 
at a waiting time T of 40 fs. The FWM signal mainly appears in 
the upper-left region above the diagonal line, which means that 
the detection energy Edet is higher than the excitation energy Eexc. 
The dashed lines indicate the frequencies of the peak (Eexc = 512 
THz) and shoulder (Eexc = 550 THz) in the RasM absorption 
spectrum. 

Figure 2(c) shows the time profiles of the signal intensities 
at the diagonal points of (Eexc, Edet) = (512 THz, 512 THz) and 
(550 THz, 550 THz) and at the off-diagonal point of (Eexc, Edet) = 
(510 THz, 580 THz) in the 2D electronic spectra, as functions of 
the waiting time, T. At the diagonal points, fast oscillations that 
survive until T = 600 fs are clearly observed. On the other hand, 
at the off-diagonal point, no significant fast oscillation is 
observed. Figure 2(d) shows the Fourier-transformed spectra of 
the time profiles. The beat frequencies can be identified as Ebeat = 
35.2 THz for the time profile measured at (Eexc, Edet) = (512 THz, 
512 THz), Ebeat = 46.0 THz at (550 THz, 550 THz), and Ebeat = 
16.5 THz at (510 THz, 580 THz). These beat signals provide clear 
evidence of the vibrational coherence. 

 
Fig. 2. (a) Absorption spectrum of the RasM monomer. (b) 2D 
power spectrum of the rephasing signal measured at the waiting 
time T of 40 fs. The white dashed lines indicate the frequencies 
of the peak (512 THz) and shoulder (550 THz) in the absorption 
spectrum of RasM. (c) Pump-probe time profiles observed at the 
three points of the 2D spectra shown in (a). (d) Beat-frequency 
spectra calculated by the Fourier transformation of the time 
profile shown in (c). 

To further investigate the vibrational coherence, the FFT 
spectra of the pump-probe profiles are calculated at all excitation 
and detection frequencies on the 2D spectra at intervals of 4 THz. 
The intensity at a specific beat frequency is mapped as a function 
of the excitation and detection frequencies. Figure 3 shows the 
2D intensity maps at Ebeat = 16.5 and 35.2 THz, found in Fig. 2(d). 
In the beat-frequency–resolved 2D spectra, we find many peaks 
hidden by a strong stationary signal (Ebeat ≈ 0 THz).  

The progression of the peaks along the excitation frequency 
axis can be observed clearly in the 2D map at Ebeat = 16.5 THz. 
All peaks belonging to the progression are broad along the 
detection frequency axis. The progression of the peaks along the 

excitation frequency axis, observed in the beat-frequency–
resolved 2D-ES is not visible in the absorption spectrum, owing 
to the occurrence of inhomogeneous broadening. Progression A 
starts at Eexc = 510 THz with an interval of 35 THz on the 
excitation frequency axis. The frequency of 510 THz is close to 
the peak frequency in the absorption spectrum, indicating that the 
pump pulse excites the molecules to the bottom of the first 
electronically excited state.  

At Ebeat = 35.2 THz, peak B1 is found at the diagonal position 
of the 2D map. Both the excitation and detection frequencies at 
this diagonal position are approximately 512 THz, which is the 
peak frequency of the absorption spectrum shown in Fig. 2(a). 
The other diagonal peak, B2, is also found at approximately Eexc 
= Edet ≈ 550 THz, which is close to the shoulder in the absorption 
spectrum. Weak cross-peaks B3 and B4 are observed at off-
diagonal positions (Eexc, Edet) = (512 THz, 550 THz) and (550 
THz, 512 THz), respectively. 

 
Fig. 3. Beat-frequency–resolved 2D spectra of RasM. The 2D 
spectra (a) and (b) are extracted from the total 2D spectra at the 
beat frequencies of Ebeat = 16.5 and 35.2 ± 1 THz, respectively. 

We will extend this method to observe the quantum 
coherence between the exciton states in a RasM dimer or 
heterodimer of RasM and its derivative. Because we have already 
assigned vibrational coherence to the RasM monomer, we can 
easily distinguish it from the coherence between the exciton states. 
This method can be applied to natural and artificial 
photosynthesis proteins to investigate the relationship between 
the coherence phenomena and high-efficiency unidirectional 
energy transfer during photosynthesis. 
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Recently, high-order harmonic generation (HHG) in solids 

has been the subject of extensive experimental and theoretical 
research. HHG in waves reflected or transmitted from a solid thin 
film is thought to be significantly modulated by the nonlinear 
light-propagation effect within the thin film [1]. However, it is 
impossible to experimentally observe this modulation inside thin 
films. First-principles calculations using the time-dependent 
density functional theory (TDDFT) can provide realistic and 
reliable descriptions for the microscopic mechanisms underlying 
HHG in solids [2]. In this study [3], numerical experiments were 
conducted to investigate the nonlinear light-propagation effect in 
HHG from laser-irradiated silicon (Si) thin films by employing a 
computational method that combines Maxwell’s equations for 
light propagation and TDDFT for electron dynamics. 

We consider the irradiation of a free-standing Si thin film of 
thickness d in vacuum by an ultrashort light pulse of a linearly 
polarized plane wave with normal incidence [Fig. 1(a)]. The light 
propagation is described in the macroscopic scale by solving the 
following one-dimensional wave equation: 

 � 1
𝑐𝑐2

𝜕𝜕2

𝜕𝜕𝑡𝑡2
− 𝜕𝜕2

𝜕𝜕𝑍𝑍2
�𝑨𝑨𝑍𝑍(𝑡𝑡) = 4𝜋𝜋

𝑐𝑐
𝑱𝑱𝑍𝑍(𝑡𝑡), 

where Z is the macroscopic coordinate. 𝑨𝑨𝑍𝑍(𝑡𝑡)  and 𝑱𝑱𝑍𝑍(𝑡𝑡)  are 
the vector potential and current density, respectively, of the film. 
This wave equation is solved using a one-dimensional grid for the 
Z variable. At each grid point of Z inside the film, we consider an 
infinite crystalline system of the film material. The electronic 
motion in the unit cell of each crystalline system is described by 
the Bloch orbitals 𝑢𝑢𝑛𝑛𝒌𝒌,𝑍𝑍(𝒓𝒓, 𝑡𝑡), which satisfy the time-dependent 
Kohn–Sham equation: 
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𝑉𝑉KS(𝒓𝒓, 𝑡𝑡)  is the effective single-electron Hamiltonian and 
𝑉𝑉KS(𝒓𝒓, 𝑡𝑡)  is the Kohn–Sham potential. The electric current 
density averaged over the unit-cell volume Ω  is defined as 
follows: 
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By simultaneously solving the above equations, the ultrafast and 
nonlinear dynamics of the light pulse and electrons inside the film 
can be simulated. We call this method [4] “multiscale Maxwell-
TDDFT.” 

Figures 1(b) and (c) show snapshots of the electric field of 
the light pulse propagating through a thin Si film with a thickness 
d = 3000 nm. Figure 1(b) presents the electric field of the initial 
pulse (t = 0 fs), which is located in front of the film, wherein the 
film is presented as a thin gray area. We used an incident pulse 
with a wavelength of 800 nm, full-width-at-half-maximum 
(FWHM) of 21.4 fs, and peak intensity of 5×1012 W/cm2. Figure 
1(c) shows a snapshot of the electric field at t = 150 fs. Here, we 
display the results corresponding to initial pulses of two different 
maximum intensities: a strong pulse (I = 5×1012 W/cm2, red solid 
line), and a weak pulse (I = 109 W/cm2, blue dotted line). Linear 

 
Fig. 1 (a) Overview of the multiscale Maxwell-TDDFT method 
for light propagation through a thin Si film. The electron density 
changes driven by the light pulse are illustrated for the first three 
grid points. (b) Electric field at t = 0. The incident pulse is 
generated in front of the thin Si film, which is exhibited as a gray 
area. (c) Electric field at t = 150 fs is shown for the case of two 
incident pulses: a strong pulse (I = 5×1012 W/cm2, red solid line) 
and a weak pulse (I = 109 W/cm2, blue dotted line) scaled up by 
a factor of √5000. The Fourier spectra of the respective pulses 
and energy deposition [(c)] are shown in the insets. 
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Fig. 2 HHG spectra for the waves (a) reflected and (b) transmitted from the thin Si film with a thickness of d = 5, 200, 500, 
1000, and 3000 nm. 

 
propagation is expected for the weak pulses. In the figure, the 
weak pulse is multiplied by a factor of √5000  so that the 
differences between the two lines manifest nonlinear effects in 
the stronger pulse. The reflected and transmitted pulses are shown 
in Figure 1(c). They are separated from the film (left for the 
reflected pulses and right for the transmitted pulses). There also 
appears to be a component around the film, which is caused by 
reflection at the back surface of the film. By Fourier transforming 
the reflected and transmitted fields, we obtain the HHG spectra 
for the respective fields, as depicted in the insets. 

Figure 2 shows the calculated HHG spectra in the waves 
reflected and transmitted from thin Si films with thicknesses of d 
= 5, 200, 500, 1000, and 3000 nm. We used an incident pulse with 
a wavelength of 800 nm, FWHM of 21.4 fs, and peak intensity of 
4×1012 W/cm2. The spectra for reflection and transmission, for a 
film thickness of 5 nm, are equivalent and are the strongest 
among the signals of films of different thicknesses. These features 
have already been reported in our previous analysis [5], and can 
be understood in terms of the two-dimensional approximation for 
electromagnetism, which is valid for very thin films. While the 
reflection HHG [Fig. 2(a)] is almost saturated at d = 200 nm, the 
transmission HHG [Fig. 2(b)] continuously decreases as the 
thickness increases. In particular, the latter for d = 1000 nm shows 
a dip around the photon energy of 20 eV. Through frequency- and 
depth-resolved analyses of light pulses, we find that the 
transmission HHG has two origins: the HHG generated near the 
front edge and propagating to the back surface, and that generated 
near the back edge and emitted directly [3]. The dominant 
mechanism of the transmission of HHG is found to depend on the 
thickness of the thin film and the frequency of the HHG. For the 
film with d = 1000 nm, a transmission HHG with a frequency 
below 20 eV is generated near the back edge, whereas that with a 
frequency above 20 eV is generated near the front edge and 
propagates from there to the back surface. The transmission 

HHGs below and above 20 eV have different origins, and the dip 
at 20 eV is due to the combination of the two mechanisms. 

In this study, we found that the nonlinear propagation 
dynamics of light pulses cause significant effects in HHG from 
nano to micrometer-thick Si films. This study demonstrates that 
the multiscale Maxwell-TDDFT scheme provides a reliable 
description of such phenomena. 
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We studied the collisional radiative (CR) model of Sn and 

heavier elements with atomic numbers Z = 50–71. We 
investigated the atomic emission of multiple-charged ions in the 
extreme ultraviolet (EUV) wavelength region [1,2]. Sn ions 
exhibit strong emission in the λ = 13.5 nm wavelength region, 
which is now being applied to lithography [3]. This technology 
will be extended to shorter wavelengths near λ = 6 nm using rare-
earth elements [4]. 

More than 300 W of EUV power was obtained using a laser-
pumped plasma (LPP) EUV source [5]. The Sn microdroplet 
target was irradiated by a CO2 laser pulse to produce plasma with 
a temperature and electron density of 30 eV and 1020 /cm3, 
respectively. EUV emission from Sn arises from 4d–4f and 4p–
4d transitions from ~ 10 times ionized states [6].  

These ions have a ground-state configuration of 4dn, where 
n is the number of bound electrons. Figure 1 shows an example 
of the energy-level diagram of Y-like Sn (Sn11+). With a ground-
state configuration of 4d3+, this ion has many multiply excited 
states, which have a large population in the plasma. The EUV 
emission is generated from the 4d–4f and 4p–4d transitions, not 
only from singly excited states but also from multiply excited 
states. Moreover, each transition consists of fine structure lines, 
which are distributed over a wavelength region of ~ 1 nm, 
resulting in the emission spectrum appearing as a broad peak 
called an unresolved transition array (UTA). 

 
 
 

 
 

Figure 1. Energy-level diagram of Y-like Sn (Sn11+). 
 

Although the atomic structure of multiply charged Sn ions is 
complex, the observed EUV spectrum is sometimes simple, with 
few peaks that correspond to 4d–4f, 4p–4d, 4d–5p, and 5d–5f 
transitions. In the presence of the effect of configuration 
interaction, 4d–4f and 4p–4d transitions appear as a single UTA 
at λ =13.5 nm. 

We show that the wavelength of the combined 4d–4f/4p–4d 
UTA can be explained based on the screening theory [9]. As 
shown in Fig. 2, the model assumes a hydrogen-like structure of 
the ion. The electric field for an electron in the nl shell feels is 
determined from the effective charge, 𝑍𝑍𝑛𝑛𝑛𝑛∗ , which is defined by 
the charge of the nucleus, considering the screening effect of 
electrons in closed shells up to 4p, 𝑍𝑍𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛 , with the screening 
effect from the electrons in the 4d shell, as 

 
𝑍𝑍𝑛𝑛𝑛𝑛∗ = 𝑍𝑍𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛 − 𝜎𝜎4𝑑𝑑,𝑛𝑛𝑛𝑛𝑁𝑁4𝑑𝑑,  (1) 

 
where 𝜎𝜎4𝑑𝑑,𝑛𝑛𝑛𝑛 is the screening coefficient from the electrons in the 
4d shell to an electron in nl shell and 𝑁𝑁4𝑑𝑑  is the occupation 
number of the electrons in the 4d shell. Subsequently, the energy 
of the 4d–nl transition is determined from the energy of the upper 
and lower states using Balmer’s formula for hydrogen-like ions, 
as follows: 
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We also investigate the wavelengths of the combined 4d–

4f/4p–4d, 4d–5p, and 4d–5f UTA of Pd-like to Rb-like Sn to Hf 
based on the atomic data calculated using HULLAC [7]. First, we 
calculate the atomic energy levels and transition probabilities of 
the UTAs. Second, we fit the effective charge, 𝑍𝑍𝑛𝑛𝑛𝑛∗ , to obtain the 
core charge, 𝑍𝑍𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑛𝑛𝑛𝑛 , and screening coefficient, 𝜎𝜎4𝑑𝑑,𝑛𝑛𝑛𝑛 , as in Eq. 
(1). Finally, we calculate the transition energy and thus, the 

     
Figure 2. Screening model of the atomic structure of 

multiple charged Sn ions with open 4d shell. 
 

31



wavelength of the UTAs using Eq. (2). The model shows that the 
wavelengths of the 4d–5p and 4d–5f UTAs decrease as the charge 
increases, whereas the wavelength of the combined 4d–4f/4p–4d 
UTA is almost constant in the λ = 13.5 nm wavelength region.  

We validate this model through a detailed comparison of the 
calculated and experimental results. Figure 3 shows the 
calculated and observed EUV spectra of Gd ions. It is shown that 
the calculated wavelength, based on the screening theory, 
reproduces the observed trend. Nevertheless, the experimental 
wavelengths are longer by ≈ 0.2 nm, owing to the strong 
configuration interaction. It is difficult to consider the effect of 
the configuration interactions. However, even for the calculated 
structure of the UTA, the distribution of fine structure lines is 
different from that in the experiment, and the average width of 
the UTA is similar. To model the EUV spectrum, the present 
results suggest that the model can reproduce the experimental 
spectrum by applying minor corrections to the wavelength.  

 
In summary, we studied the atomic and radiative properties 

of Sn in rare-earth plasmas to develop a CR model that 
reproduced the emission spectrum.  

We developed the CR model based on computational atomic 
data. The calculations showed that the EUV emission arose from 
the 4d–4f/4p–4d, 4d–5p, and 5d–5f UTAs from multiply charged 
ions of Sn to rare-earth elements. The calculations were validated 
through a detailed comparison with the experimental spectra. 

The model was shown to be useful for the realization of the 
EUV source at λ = 13.5 nm using Sn plasmas. Improvement of 
the accuracy of the model is still necessary for further 
improvement of Sn sources as well as the development of shorter-
wavelength sources. 

The wavelength of the UTA can be explained based on a 
simple screening theory, which makes a simple representation of 
the atomic model possible. In contrast to the present complex 
atomic model, which sometimes consists of 104 energy levels, an 
atomic model with fewer levels with averaged collisional and 
radiative rates is of interest because such a modeling method 
would enable the investigation of radiative transfer in Sn plasmas, 
which has been out of reach with the present method because of 
computational difficulties.  
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Figure 3. (a) Calculated EUV spectrum (thin lines) of combined 
4d–4f/4p–4d transition of Pd-like to Sr-like Gd ions using the 
HULLAC code. (b) EUV spectrum observed using EBIT [8] (thin 
lines), measured at energies of electron beam tuned below the 
ionization limit of Pd-like to Sr-like ion. Thick solid line in (a) 
shows the transition wavelength calculated using the screening 
theory. Thick dotted line is obtained by applying the screening 
theory to the observed spectrum. 
 

32



Enhancement of high-order harmonic generation in  
a double-jet arrangement and its application to  

EUV resist materials  
 

NAMBA Shinichi 1 and Thanh-Hung DINH 2  

1 Graduate School of Advanced Science and Engineering, Hiroshima University  
2 X-ray Laser Group, Department of Advanced Photon Research  

 

 
High-order harmonic generation (HHG) is an extremely 

nonlinear optical process that occurs when atoms are placed in a 
strong driving laser field, resulting in the emission of photons at 
integer multiples of the driving-field frequency. An exciting 
advancement of HHGs is their ability to generate ultrafast (0.1–
10 fs) coherent X-rays (from the extreme ultraviolet (EUV) to the 
soft X-ray region) from a tabletop scale apparatus. HHG has 
paved the way for the exploration of the electron dynamics in 
atoms and molecules, in the attosecond time scale [1, 2]. Since 
the first experiment of HHG, the underlying physics has been 
intensively studied from several different viewpoints: classical, 
semiclassical, and quantum mechanical. The interest then shifted 
to: (1) generation of short-wavelength harmonics using a long-
wavelength drive laser and (2) generation of a single attosecond 
pulse, which provides readily understandable information on the 
X-ray and atom interaction. So far, there has been a keen demand 
to increase the photon flux of such high harmonics for practical 
applications such as multiphoton ionization of atoms and 
molecules and single-shot coherent diffractive imaging. In 
addition, the development of compact and intense HHG sources 
has received greater focus, along with the investigation of their 
potential applications, especially in the field of current EUV 
lithography (EUVL) and beyond.  

In this study, we examine the optimal conditions for double-jet 
arrangements to obtain an intense, low-divergence HHG beam at 
photon energies of approximately 100 eV. We focus on the 
parametric responses of the 59th harmonic line of the 800 nm 
drive laser, because it lies near 13.5 nm (91.9 eV), which is usable 
for coherent lithography and diagnostic applications, and for 
seeding X-ray lasers and free electron lasers (FELs). By using 
such a high harmonic beam, we can attempt to evaluate the 
response of photoresist materials exposed to intense ultrashort 
EUV pulses, as a touchstone for the next-generation EUV-FEL 
lithography. 

Experiments using a Ti:sapphire laser system were conducted 
at the Kansai Photon Science Institute. Pulses with 800 nm central 
wavelength, 80 fs duration, 30 mJ energy, 10 Hz repetition rate, 
and 20 mm beam diameter were focused by a lens with a focal 
length of 4000 mm to a double-jet arrangement. In the focus, the 
beam waist was ≈ 200 µm and the laser intensity was up to 1 
PW/cm2. The laser beam passed through two gas jets, as shown 
in Fig. 1. The first He gas jet (Jet1) produced the weak seed HHG 
pulse as an oscillator and subsequently, the seed pulse was 
amplified in the second He jet (Jet2). He gas was supplied 
through fast solenoid valves to minimize the gas flow and 
background pressure in the vacuum chamber to suppress the EUV 
absorption of the ambient gas. The gas jet tubes were fitted to the 
gas valves and were made of Mo to avoid laser damage. Holes of 
1 mm diameter (for gas supply) were drilled into the tube with 3 
mm diameter, as can be seen in the inset of Fig. 1. The 40 mm 

long Rayleigh length of the focused beam was much longer than 
the 3 mm tube length of the gas jets and 25 mm maximal distance 
between the jets used in the measurements. The gas jet valves 
were mounted on motorized translation stages to precisely set the 
gas jet positions along the focused laser beam and set the distance 
between them. The HHG beam was monitored by an X-ray 
charge-coupled device (CCD) camera (back illuminated, 13 µm 
pixel, 1 sq. in. detection area) for beam spatial profile 
measurements. Spectral measurements were obtained using an 
EUV spectrometer of the grazing-incidence type, with a 1200 
grooves/mm flatfield grating. A spherical mirror was installed in 
front of the entrance slit to measure the HHG beam divergences. 
The fundamental laser light was blocked by a thin Zr filter.  

 

 
Fig. 1. Experimental setup shows the two-jet sequence used 
for the experiments. Their position and distance were 
adjustable by the motorized stages. The inset shows a 
photograph of the Mo tube used as a gas jet nozzle [3]. 

 
To optimize the harmonic source and understand the 

underlying processes, the distance between the two gas jets was 
scanned to investigate the correlations (delay) between the seed 
EUV pulse produced in Jet1 and the gain medium of Jet2. We 
observed a nonlinear response of the 59th harmonic line, as 
shown in Fig. 2. The intensity of the 59th harmonic line was in 
the saturation regime, at approximately 30 mJ, as shown in Fig. 
2(a), which made the generation of the harmonic line robust and 
insensitive to the energy fluctuation of the pump laser. 
Additionally, the wavelength of the harmonic line remained 
almost intact under saturation, and only a small blueshift of the 
line could be observed at pulse energies beyond saturation 
because of the strong ionization of the gas. Comparing Figs. 2(b) 
and 2(c), the influence of the parametric interaction could be 
observed even in the saturation regime of 30 mJ. Indeed, the 
intensities of the harmonic lines were much stronger in Fig. 2(c) 
than the intensities that can be expected from the constructive 
superposition of the weak seed (Jet1) and the amplifier (Jet2) 
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spectral lines generated independently in the two He gas jets, 
which are plotted in Fig. 2(b). The effect was especially strong 
near 110 eV. Here, the intensities of the harmonic lines from the 
independent jets were below 100 (CCD counts), whereas they 
could be over 1000 counts when the two jets operated together. 
Further properties of the HHG source, such as the beam profile, 
beam divergence, and small-signal gain, and discussions on the 
underlying physics can be found in Ref. [3]. 

 
 

Fig. 3. Features of the HHG beam used for the evaluation of 
the resist. (a) Spectrum of the HHG beam and (b) typical 
beam profile of the high harmonics around 13.5 nm. (c) An 
AFM image of a well-shaped single line-pattern after 
development of an in-house-developed metal resist [4, 5]. 

 

To evaluate the sensitivity of the resist materials, we employed 
a Mo/Si multilayer spherical mirror with a curvature of 500 mm 
and set the grazing incidence angle to ~10° to collect a broad 
EUV spectrum from the HHG source and then focus on the target 
surface. A Zr filter with a thickness of 200 nm was used to block 
the fundamental laser light. Reflectance of the mirrors and 
transmittance of the filters were measured in advance using 
synchrotron radiation at the 11D beamline of the High Energy 
Accelerator Research Organization (KEK)-photon factory (PF). 
Typical spectra of the focused HHG beam, which are displayed 
as the blue lines in Fig. 3(a), were calculated from the measured 
results of the input HHG spectra (green line) and mirror 
reflectance (red line). Figure 3(b) is the 2D image of the high-

order harmonics around 13.5 nm after they pass through two Zr 
filters and are reflected by a Mo/Si multilayer flat mirror. The 
exposure time was varied from 30 to 300 seconds to regulate the 
dose absorption. Figure 3(c) is an atomic force microscopy (AFM) 
image of a single-line pattern after development of an in-house-
developed metal resist. The line was very well shaped at a width 
of less than 2 µm, benefiting from the high quality of the HHG 
beam.  

In summary, we reported the characterization of parametric 
amplification in HHG around 100 eV using He gas in a double 
gas-jet arrangement. By employing a single He gas jet, a 
conventional weak, large-divergence high-harmonic beam was 
generated. With the double-jet scheme, at the optimal jet distance, 
the 59th harmonic intensity with small beam divergence 
drastically increased owing to the parametric amplification. By 
using the developed high-harmonic beam, we could evaluate the 
sensitivity of photoresist materials exposed to ultrashort EUV 
pulses as a touchstone for next-generation EUV-FEL lithography 
[6]. In a future study, we plan to optimize both the length and 
pressure of each gas jet to further boost the HHG output. 
Furthermore, by slightly tuning the fundamental wavelength of a 
Ti:sapphire laser, the 59th order harmonic energy can be shifted 
to a suitable seed pulse for Ni-like silver plasma X-ray lasers 
(89.2 eV, 13.9 nm) to provide fully spatially and temporally 
coherent bright beams. 
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Fig. 2. Measurements of HHG for 0.2 bar He gas in Jet1, 0.25 bar He gas in Jet2, and jet distance of 10 mm. (a) The harmonic line of 
H59 is saturated under the experimental conditions of appropriate energy of the pump laser pulse, while near the cutoff, the intensity 
of the harmonic line H73 increases. (b) The two gas jets alone generate weak harmonic spectra (laser energy: 30 mJ). (d) When both 
jets operate simultaneously, the intensities of the generated harmonic lines are much stronger than the coherent constructive 
superposition of lines from the two jets operating separately, showing the presence of the parametric amplification process [3]. 
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Research Activities at  
the Synchrotron Radiation Research Center 

 

WATANUKI Tetsu 

Synchrotron Radiation Research Center 

 

 
A wide range of X-ray techniques are being developed at the 

Synchrotron Radiation Research Center (SRRC) to investigate 
the structural, electronic, and magnetic properties of matter, 
primarily using two QST beamlines, BL11XU and BL14B1, at 
the large synchrotron radiation facility, SPring-8. Hard X-ray 
nondestructive in-situ techniques have been investigated to 
enable ground-breaking measurements using techniques such as 
single atomic-layer magnetic microscopy, element/orbital-
specific excited-state analysis, coherent X-ray nanoscale imaging, 
and time-resolved studies of samples under extreme conditions 
such as extremely high pressures of hydrogen gas. 

The SRRC consists of the Coherent X-ray Research Group, 
High-Pressure Science and Stress Research Group, Magnetism 
Research Group, Condensed Matter Theory Group, and a 
beamline operation office (Table 1). The research activities of 
each group are summarized below. Additionally, work has been 
continuing, from last year, to upgrade the monochromator of 
BL11XU for reducing beam instabilities and enhancing beam 
quality. 

The equipment developed at SRRC is available for public 
use and we accepted 37 research proposals in FY2022, as a 
member institute of the Advanced Research Infrastructure for 
Materials and Nanotechnology in Japan (ARIM) project [1]. As 
part of the ARIM project, we have been developing a unified 
structure for the data generated by the custom-made analysis 
equipment at our facility with the goal of enabling advanced 
utilization of data. 

Synchrotron and free-electron laser (FEL) X-ray facilities 
are being constructed at a rapid pace worldwide. The Coherent 
X-ray Research Group is conducting research to ensure state-of-
the-art synchrotron/FEL research. Advanced measurement and 
analysis techniques are being developed for the effective 
utilization of novel advanced light sources. The application of 
spatially coherent X-rays has facilitated the visualization of 
inhomogeneity inside matter.  

An apparatus for Bragg coherent X-ray diffraction imaging 
(Bragg-CDI) is being developed and will be applied to the study 
of inhomogeneous structures of submicrometer-sized crystalline 
fine particles of functional materials. This technique has been 
upgraded for application under high-temperature conditions and 
has been applied to measure the phase transition of a 500-nm-
sized BaTiO3 single particle [2]. 

Ultrafast and intense pulses from a soft X-ray FEL source 
such as SACLA (BL1) facilitate the investigation of processes 
such as vibration, dissociation, and charge transfer within single 
molecules. Coulomb explosion imaging (CEI) is one of the most 
powerful techniques to reveal how electrons move between 
different atoms within a molecule. The use of CEI has revealed 
the charge-transfer dynamics in CH3I and the fragmentation 
dynamics of 1-iodopropane and 2-iodopropane [3].  

A surface X-ray diffractometer coupled with a molecular-
beam-epitaxy chamber was used for in-situ measurements of the 
crystal growth of GaN on several types of substrates under the 
approval of the QST-ARIM project. 

The research objectives of the High-Pressure Science and 
Stress Research Group are (i) the development of experimental 
techniques for in-situ measurements under extreme conditions, 
including high-pressure conditions and in compressed hydrogen 
gas environments; (ii) fundamental and applied studies of 
advanced functional materials using the above-mentioned 
techniques; and (iii) studies on the effects of synchrotron X-ray 
irradiation on tumors. The research group members focus on the 
high-pressure synthesis of novel hydrogen-rich compounds and 
the study of the nano- to mesoscale structures of functional 
materials, in collaboration with the Coherent X-ray Research 
Group. 

 Atomic pair distribution functions (PDFs) are powerful 
tools for studying the local structures of functional materials. 
Studying the temperature variations in the local structure is 
essential for understanding the properties of functional materials. 
We improved the nitrogen-gas flow-type temperature-control 
system. This system has been applied to many functional 
materials such as negative-thermal-expansion oxides, and has 
contributed to the elucidation of their functional manifestation 
mechanisms [4]. Metal–hydrogen systems are another research 
target of this group. The rotation dynamics of complex ions with 
nine-fold hydrogen coordination, which were synthesized under 
high pressure, were studied using quasielastic neutron scattering 
and first-principles molecular dynamics calculations [5]. We 
clarified that the YH3 high-pressure phase could be recovered 
under ambient conditions and investigated the recovery 
mechanism using in-situ synchrotron radiation X-ray diffraction 
measurements [6]. Additionally, studies have been conducted to 
investigate the effects of irradiation on tumors, using 
nanoparticles containing high-Z elements. The effect of X-ray 
irradiation on tumor spheroids, in which iodine was introduced to 
enhance the radiation effect, was investigated using synchrotron 
radiation X-rays (E = 33.2 keV) above the iodine K-absorption 
edge. 

The Magnetism Research Group develops advanced X-ray 
spectroscopic techniques such as nuclear resonant scattering 
(NRS), resonant inelastic X-ray scattering (RIXS), X-ray 
magnetic circularly polarized emission (XMCPE), and 
measurement techniques utilizing measurement informatics, to 
unveil the key properties of functional materials and devices, 
ranging from high-Tc superconducting oxides to spintronic 
devices. For NRS, synchrotron-based high-pressure Mössbauer 
spectroscopy of EuH2 utilizing an energy-domain technique, was 
conducted using a nuclear resonance energy analyzer. The 
measured spectra suggested that there was little or no hydrogen 
absorption after the synthesis of Pnma EuH2 in the pressure range 
up to 5 GPa [7]. This study successfully demonstrated that the 
relationship between the isomer shift and inverse volume derived 
from the spectra could be applied to the estimation of the isomer 
shift change owing to the volume contraction of Eu hydride 
phases under further extended hydrogen pressure. A RIXS station 
provides high-energy resolution for both incident and scattered 
(emitted) X-rays and is used in various advanced X-ray 
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spectroscopies. We applied high-energy-resolution X-ray 
absorption spectroscopy to study the electronic structure of Pt 
catalysts in polymer electrolyte fuel cells under operando 
conditions [8] and that of a possible candidate for the next-
generation solar cell absorber Cu2ZnSnSe4 [9]. XMCPE is a 
novel magnetic spectroscopy technique operated in the hard X-
ray regime with the distinctive feature of a large flipping ratio 
(25%) for the Kα emission of 3d transition metal elements. The 
magnetic domains in grain-oriented electrical steel were observed 
using an XMCPE magnetic microscope. Measurement 
informatics aims to improve the efficiency of measurement and 
analysis using machine-learning techniques. Modern synchrotron 
radiation experiments generate tremendous amounts of 
experimental data, owing to the advances in spatial and temporal 
resolution techniques. Measurement informatics is helpful for 
both the generation and analysis of such large volumes of 
experimental data. This technique is expected to be a part of high-
throughput autonomous experiments for the discovery of novel 
materials. 

The Condensed Matter Theory Group has developed 
advanced simulation methods based on quantum mechanics to 
investigate the theory of condensed matter using supercomputers. 
Additionally, the methods are applied to perform numerical 
simulations to understand various properties of materials, such as 
magnetism, high-Tc superconductivity, and catalytic activity, with 
the support of X-ray experiments such as those from SPring-8. 
The present activities of this group include (i) the development of 
advanced simulation techniques based on first-principles path 

integral ring-polymer molecular dynamics to investigate the 
nuclear quantum effects of hydrogen-containing materials such 
as clathrate hydrates [10]; (ii) the development of a numerically 
exact diagonalization method to investigate time-resolved 
spectroscopies of antiferromagnetic Mott insulators, which can 
provide insights into their electronic dynamics; (iii) the 
development of a theoretical framework and computational codes 
to analyze material properties probed by X-ray spectroscopies 
such as X-ray magnetic circular dichroism (XMCD), RIXS, and 
XMCPE [11]; and (iv) theoretical investigations using large-scale 
numerical exact diagonalization of quantum spin systems, which 
exhibit novel quantum phases such as spin nematic liquids [12]. 
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Table 1. Groups at the Synchrotron Radiation Research Center. 

 
Group 
 

Coherent X-ray Research 
Group 

High Pressure Science and 
Stress Research Group 

Magnetism Research Group  
 

Condensed Matter 
Theory Group  

Members K. Ohwada (GL),  
J. Harries, T. Sasaki,  
N. Oshime 

H. Saitoh (GL), A. Machida, 
A. Shiro, Y. Nakahira 

T. Inami (GL), T. Mitsui,  
T. Ueno, K. Fujiwara,  
(K. Ishii, H. Iwasawa) 

(T. Sakai (GL)), T. Ikeda, 
K. Tsutsui, T. Nomura 
 

Typical 
techniques 
& 
apparatuses 

Coherent X-ray scattering

 
Surface X-ray diffraction

 
Quantum optics in EUV 
region 

High-pressure and high-
temperature X-ray 
diffraction 

 
Pair distribution function 
analysis 

 

Mössbauer spectroscopy 

 
Resonant inelastic X-ray 
scattering 

 
X-ray magnetic circularly 
polarized emission 

First-principles 
molecular dynamics 
simulations,  
numerical calculations 

 

Research 
objective 
 

Ferroelectrics, 
nitride semiconductors,  
superfluorescence 

Hydrogen-containing 
materials, negative-
thermal-expansion 
materials, irradiation 
effects on tumor 

Magnetism, spintronics, 
high-Tc superconductivity, 
measurement informatics 

Hydrogen-containing 
materials, high-Tc 

superconductivity, 
catalysis, magnets 

Beamline Operation Office/ Y. Katayama(Section Manager), K. Sugawara, Y. Teraoka, Y. Shimada, A. Shimada, Y. Asai 
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1. Introduction  

Structural information about a functional material provides 
important information for understanding its properties. 
Functional materials cannot be explained by an ideal system, and 
many of them are inherently inhomogeneous with respect to their 
composition or structure. X-ray diffraction (XRD) is the most 
popular method for investigating crystal structures. A long-range 
structural order can be obtained by analyzing the XRD profile. 
However, this method is insufficient for analyzing 
inhomogeneous or heavily disordered structures. An atomic pair 
distribution function (PDF) represents the interatomic 
distribution within a material and is a function in real space. The 
PDF profile corresponds to the probability of finding atom pairs 
at a distance r; therefore, PDF analysis1) is one of the methods 
suitable for analyzing the local structure in the sub-nanometer to 
several nanometers scale. This method is generally applied to the 
structural analysis of nanocrystalline and crystalline materials, as 
well as noncrystalline materials such as liquids and amorphous 
materials. Recently, it has been recognized as a powerful tool for 
investigating the structures of crystalline materials with 
inhomogeneity or significant disorder. 

The PDFs are obtained by Fourier transformation of the total 
scattering data of the specimens. The rapid acquisition (RA)-PDF 
measurement2) system in experimental hutch 1 of BL22XU at 
SPring-8 was developed and has been applied to investigate the 
local structure of various functional materials, such as hydrogen-
absorbing alloys3-6), negative thermal expansion materials7-11), 
catalysts12,13), and cement materials14). To investigate hydrogen-
absorbing alloys, in-situ XRD and X-ray total scattering 
measurements under hydrogen gas up to 1 MPa are available5). 
The hydrogen absorption and desorption properties of hydrogen-
absorbing materials, such as maximum hydrogen concentration, 
absorption/desorption pressure, and hydrogenation reaction rate, 
vary with temperature. Hence, it is necessary to perform XRD 
and X-ray total scattering measurements in an environment in 
which both the hydrogen gas pressure and temperature are 
controlled. In addition, the local structure of some materials after 
phase transition differs from the structural model obtained by 
crystal structural analysis. XRD and X-ray total scattering 
measurements at low or high temperatures provide essential 
information for understanding their physical properties. 
Therefore, we have been developing a measurement system for 
temperature variations. 

 
 

2. Rapid-acquisition PDF system with cold nitrogen 
gas flow apparatus 

A nitrogen gas flow apparatus capable of control in the 
temperature range of 100–400 K was installed in experimental 
hutch 1. This apparatus was mounted on a diffractometer to 
measure the temperature variations of the XRD or X-ray total 
scattering patterns of the sample in a capillary. At low 
temperatures, frost adhered to the capillary, and the X-ray 

scattering from the frost (ice) mixed with that from the sample. 
This excess scattering made analysis difficult. Therefore, a 
copper wire with good thermal conductivity was wrapped around 
the capillary so that the frost adhered to the copper wire. Figure 
1 shows a photograph of the sample at low temperatures. It can 
be seen that the copper wire is covered with frost, but there is 
almost no frost on the capillary.  

Usually, a polyimide capillary with an inner diameter of 1.0 
mm (1.2 mm) and outer diameter of 1.1 mm (1.59 mm) is used 
for ex-situ (in-situ) X-ray total scattering measurement in 
BL22XU. During the measurement, the capillary oscillated 
within a range of 90 or 60°. Therefore, the cold nitrogen gas 
emitted from the nozzle did not affect the entire circumference of 
the capillary. To confirm the sample temperature and temperature 
inhomogeneity in the capillary, the temperature variation in the 
XRD pattern of Si powder (NIST SRM640d) was measured. An 
imaging plate was used as the detector for measurements. XRD 
measurements were performed with a sample-to-detector 
distance of 730 mm and exposure time of 30 s. Figure 2 shows 
the XRD patterns of the higher-angle side of the Si powder at 100, 

 
 

Figure 1. Photograph of the sample capillary 
wrapped with a copper wire at low temperature.  

 

X-rays 

 
Figure 2. Temperature variation of XRD profiles of the 
higher-angle side of Si powder. The wavelength of 
incident X-rays is 0.01789 nm. 
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300, and 400 K after subtracting the scattering from the polyimide 
capillary. In the measured temperature range, the linewidths of 
the diffraction profiles showed no significant broadening and no 
asymmetry up to the higher-angle side. Therefore, the sample 
temperature inside the capillary was sufficiently uniform. The 
sample temperature estimated from the lattice constant was 
approximately 10 K higher than the set temperature at 200 K and 
approximately 25 K lower at 400 K. 

The PDF profile was transformed from the total scattering 
data measured at a sample-to-detector distance of 300 mm. Figure 
3 shows the result of the curve fitting for the PDF profile of the 
Si powder at 100 K (set temperature) using the PDFgui 
program15). The PDF profile is reproduced by the structural 
model of silicon well, and this result indicates that the analysis is 
sufficient, even for data obtained from low-temperature 
measurements. 

Figure 3. Results of PDF analysis of Si powder at the set 
temperature of 100 K. 

 
 

3. Application to the local structural studies of 
negative-thermal-expansion materials 

Most materials increase in length and volume owing to 
thermal expansion with increasing temperature. Negative-
thermal-expansion materials are substances that contract as the 
temperature increases, and are attracting attention as functional 
materials that can cancel the thermal expansion that interferes 
with precise positioning. Prof. Azuma’s group at the Tokyo 
Institute of Technology investigated negative-thermal-expansion 
oxides and revealed their local structures using our PDF system7-

11). Recently, our system contributed to obtaining the temperature 
variation of the PDFs of the giant negative-thermal-expansion 
material Ca2RuO4 at 100 –400 K11). Ca2RuO4 exhibited negative 
thermal expansion over a wide temperature range of 200 K below 
345 K. PDF analysis was used to elucidate variations in the local 
lattice distortion as the temperature increased and revealed the 
existence of a peculiar large disorder in Ca2RuO4, related to the 
giant negative thermal expansion over a wide temperature range. 
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Understanding how electrons move within molecules on 

the femtosecond timescale is at the heart of chemistry, and vital 
foundational knowledge in fields ranging from energy science to 
medicine. A technique termed Coulomb Explosion Imaging (CEI) 
is commonly used to provide near instantaneous ‘images’ of the 
positions and charge states of all atoms within a molecule, and 
the soft X-ray beamline (BL1) at SACLA is an ideal source of 
photons for this technique – providing intense and ultrafast pulses 
of radiation (pulse width < 100 fs, peak intensity > 1014 W/cm2) 
at photon energies ranging from around 20 eV to around 150 eV 
in first order. Using higher order radiation also gives access to for 
example the carbon and oxygen K-edges. In CEI the absorption 
of multiple photons at a particular atomic site leads to the rapid 
location of charge at that site and the subsequent ‘explosion’ of 
the molecule or particle due to the large electrostatic forces. By 
detecting the charge states and momenta of the emitted ions, 
information can be obtained on the state of the molecule at the 
time of explosion. With some experimental setups the momenta 
of emitted electrons can be simultaneously studied. On its own, 
this technique can be used to study explosion from the electronic 
ground states of molecules, but its true power is currently being 
demonstrated by using an earlier pulse of radiation to initiate 
dynamics in a molecule prior to explosion. By varying the time 
delay between the ‘pump’ and ‘probe’ pulses, the evolution of the 
dynamics of the molecule can be followed. At BL1, the technique 
of CEI can thus be used to study processes such as vibration, 
dissociation, and charge transfer – how electrons move between 
different atoms within a molecule. 

In this work we have used a technique whereby the momenta 
of ions produced following Coulomb explosion are detected 
using an imaging detector and an electrostatic focusing setup with 
voltages tuned for velocity mapping. Multiple ions can be 
detected from each event, and covariance analysis is used to study 
the correlations between different ion species to reveal 
information on the dynamics of the explosion process and also on 
any dynamics triggered by an initial pump pulse. 

Here we describe in brief the results from two separate 
experiments performed at BL1, and also briefly discuss future 
prospects. The experiments were performed as part of a large 
international collaboration. 

 
 

1)  Charge transfer dynamics in CH3I [1] 
 

In this experiment gas phase CH3I molecules were pumped 
with intense infra-red (IR) pulses at a photon wavelength of 800 
nm. Following a variable delay, XUV pulses were used to 
selectively ionize the I atoms (the chosen photon energy of 95 eV 
is resonant with excitation of I 4d electrons). Figure 1 shows 
example results whereby three different processes (I, II, and III) 
can be identified by studying the kinetic energy released when I5+ 
ions are detected. Similar plots for other combinations of 
fragments, including CH32+ fragments and I charge states up to 
I10+ can be found in [1]. 

In channel I, high kinetic energy release is observed when 
the XUV probe interacts with an intact molecule. Enhancement 
is seen near Δt=0 (where Δt is the delay between the pump and 
probe pulses) due to the IR pump leading to multiple ionisations 
prior to the probe pulse, so that the probe pulse then initiates a 
Coulomb explosion with high kinetic energy release. At negative 
delays the neutral molecule is ionized by the XUV pulse alone, 
and at positive delays this channel is suppressed due to the pump 
pulse depleting the ground state. 

When the initial IR pump leads to dissociation of the 
molecule into CH3+ and I+ fragments, structure at lower kinetic 
energy release with a time dependence is seen (channel II). In this 
channel, the two fragments begin to separate (relatively slowly) 
following the initial dissociation. When the XUV probe leads to 
a change in charge state of the I+ fragment to I5+, the Coulomb 
force between the fragments increases, leading to higher 
observed kinetic energies. This change is time dependent – at 
longer time delays the I+ to I5+ ionization no longer affects the 
strength of the force between the fragments due to the increased 
spatial separation between them. 

Channel III is revealed as structure at very low kinetic 
energy release. Here, the initial IR pump leads to a neutral CH3 
fragment and an I+ ion, which start to separate. If the XUV probe 
creates I5+ ions at a short enough delay, charge transfer can occur 
between the fragments (an electron moves from CH3 to I5+) and 
this channel is not observed. The onset of this channel thus 

Figure 1 Example results showing the kinetic energy 
release (KER) as a function of pump-probe delay for I5+ 
(adapted from reference 1) 

41



correlates with the ending of this process, and a comparison for 
different I charge states reveals a charge-state dependence, with 
charge transfer occurring for longer times (larger separations) for 
higher charge states. Good agreement was seen with a classical 
over-the-barrier model for electron transfer. Comparison of the 
different channels for different ion states and a detailed analysis 
provides knowledge of dynamics on the potential energy surfaces 
created by the pump pulse, and this is presented in detail in 
reference 1. 
 
 
2) Fragmentation dynamics of 1-iodopropane and 2-
iodopropane [2] 
 

In this work the Coulomb explosion of the isomers 1- and 2- 
iodopropane into the three fragments I+, CH3+ and CH2CH4 (or 
CH2CH4+) was studied in detail. Of interest is the competition 
between ‘concerted’ and ‘sequential’ pathways. In ‘concerted’ 
breakup, the three fragments are formed within a time less than a 
typical vibration period, whereas in ‘sequential’ breakup, the 
breakup occurs in two steps separated by a time delay during 
which rotational and molecular dynamics proceed in the 
molecular fragment. Figure 2 shows example results, where 
Newton diagrams are plotted. The I+ momentum is constrained to 
the positive x-axis, and the CH3+ momentum is plotted above the 
x-axis. Shown below the x-axis is the inferred momentum of the 
third fragment, either C2H4+ or C2H4. In sequential breakup, the 
molecule has time to rotate between the two dissociation events, 
revealing ‘arc’-shaped structure for both molecular fragments. 
For ‘concerted’ breakup, structure is seen perpendicular to the I+ 
momentum vector, since rotation does not occur. 

By comparing the analysis of the data recorded with detailed 
simulations, it was possible to study the isomer-specific dynamics 
of this three body breakup. 
 
 
3)  Future prospects 
 

Pump-probe Coulomb Explosion Imaging is a powerful tool 
for studying photo-induced dynamics in small molecules and 
nanoparticles. We are currently working to extend the technique 

by using superfluid helium nanodroplets to encapsulate the 
molecules prior to the pump-probe studies [3]. This ‘freezes’ and 
isolates the molecules at a temperature of 0.15 K, and will offer 
the following benefits to the experiments: 
1) Molecules are cooled to their lowest vibrational and 

rotational states, allowing pure ground states to be studied 
2) Signal from helium can potentially be used as a control 

signal for diffractive imaging 
3) Detecting fragments with a helium atom attached eliminates 

background signal 
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Hydrogen is the smallest atom, and is stored in various 

materials1. Recently, various hydrides of rare-earth atoms have 
been discovered under high-pressure hydrogen conditions. These 
novel hydrides showed various properties. For example, LaH10 
exhibited superconductivity at over 200 K under a hydrogen 
pressure of more than 100 GPa2. 

Europium (Eu) metal also forms various hydrides. The 
structure of Eu metal is Im3� m, that is, body-centered cubic. It 
forms a dihydride EuH2, whose structure is orthorhombic Pnma3, 
under a hydrogen pressure of approximately 0.1 MPa, that is, 1 
atm. This was the only Eu hydride identified in the 20th century. 
Recently, other forms of hydride have been synthesized under 
high hydrogen pressures of up to 20 GPa3-5. In many cases of 
hydride formation in metals and alloys, the typical process from 
one hydride to the other by increasing the hydrogen pressure is 
gradual hydrogen storage by the formation of a solid solution 
with hydrogen or the coexistence of two phases by spinodal 
decomposition. However, the hydrogen storage process of Eu at 
extended pressures is complicated: there are six hydride phases 
in addition to the initial Pnma phase, and a tetragonal I4/mmm 
phase is finally formed over 16 GPa. 151Eu energy-domain 
synchrotron radiation-based Mössbauer spectroscopy (ESRMS)6 
has been performed to study the electronic state of the Eu atom 
in these hydride phases and it reveals that Eu was in the 2+ state 
in EuH2, the first stage Pnma hydride, and formed a 3+ state in 
the I4/mmm hydride. Furthermore, the 2+ and 3+ states coexisted 
in some hydride phases.  

This complicated hydride formation process might include 
more hydrogen storage than that in dihydrides. However, it is 
difficult to estimate the detailed hydrogen content because these 
hydrides are synthesized in a diamond anvil cell (DAC). The 
hydrogen content of the sample in a DAC is sometimes estimated 
by the volume expansion obtained through X-ray diffraction 
based on the general empirical rule that the absorption of one H 
atom into a rare-earth metal lattice induces a volume of 4±0.5 
Å3 . However, when the metal stores hydrogen gradually, 
depending on the hydrogen pressure, the lattice expansion by 
hydrogen storage and lattice contraction by pressure cannot be 
clearly decoupled. Therefore, another method to estimate the 
degree of hydrogen storage is required.  

When a metal stores hydrogen, its electronic states are 
modulated. Here, the “isomer shift” in Mössbauer spectroscopy 
is affected by the electronic density at the probe nucleus and thus, 
it might provide a useful clue about the degree of hydrogen 
storage. However, the isomer shift is also affected by the lattice 
expansion and contraction. The isomer shift 𝛿𝛿  in the velocity 
unit is given by the following equation7: 

𝛿𝛿 =
𝑐𝑐
𝐸𝐸𝛾𝛾

∙
2𝜋𝜋
5 𝑍𝑍𝑒𝑒2�𝑅𝑅e2 − 𝑅𝑅g2�(𝜌𝜌A − 𝜌𝜌S), (1) 

where 𝑐𝑐  is the speed of light, 𝐸𝐸𝛾𝛾  is the energy of nuclear 
resonance, 𝑍𝑍 is the atomic number of the element of the probe 
nuclide, 𝑒𝑒  is the elementary charge, 𝑅𝑅e2  is the square of the 
nuclear radius of the nuclear excited state concerning the 
resonance, 𝑅𝑅g2 is the square of the nuclear radius of the nuclear 
ground state concerning the resonance, 𝜌𝜌A  is the electronic 
density at the probe nucleus of the sample under study, and 𝜌𝜌S is 
the electronic density at the probe nucleus of the energy-standard 
material, which is often EuF3 in 151Eu Mössbauer spectroscopy. 
The electronic state of the sample under study contributes only to 
𝜌𝜌A. Even if there is no change in the electronic states, caused by 
the electron transfer between the metal and hydrogen, the isomer 
shift would change through the volume change in hydrogen 
storage. As the simplest model, we assume that the local density 
𝜌𝜌A  is proportional to the inverse of the volume; thus, the 
dependence of the isomer shift on the inverse of the lattice 
volume is expressed as a linear function.  

In this article, we report the ESRMS of Eu hydride in the 
pressure region of the initial Pnma hydride, EuH2, which is below 
7 GPa at room temperature3, to evaluate the relationship between 
the isomer shift and volume contraction. The existence of 
additional hydrogen storage in this pressure region is also 
discussed.  

The experiments were performed at BL11XU of SPring-8, 
the beamline of the National Institutes for Quantum Science and 
Technology (QST), using the ESRMS system installed in the 
beamline. The samples under study were a piece of Eu metal in 
hydrogen fluid as a pressure medium in a DAC, or EuH2 in 
helium fluid as a pressure medium in another DAC. Both samples 
were synthesized using a high-pressure gas-loading apparatus at 
the Japan Synchrotron Radiation Research Institute (JASRI). The 
energy standard for the ESRMS system was EuF3 at 80 K. The 
details of the experimental apparatus are provided in Ref. 8.  

The typical ESRMS spectra of the two samples are shown in 
Fig. 1. The measurement time was typically half a day for each 
spectrum. All observed spectra were understood by one Eu2+ 
component without hyperfine splitting, which agrees with Refs. 
3 and 5. The isomer shifts of both samples increased with 
increasing pressure. The results of this experiment and those from 
previous literature are compared in Fig. 2. The volume of the Eu 
hydride lattice was estimated using the 3rd order Birch–
Murnaghan equation of state: 

𝑃𝑃(𝑉𝑉) =
3𝐵𝐵0

2 ��
𝑉𝑉0
𝑉𝑉 �

7
3
− �

𝑉𝑉0
𝑉𝑉 �

5
3
� ��1 +

3
4

(𝐵𝐵0′ − 4) ��
𝑉𝑉0
𝑉𝑉 �

2
3
− 1��� , (2) 

where 𝑃𝑃 and 𝑉𝑉 are the pressure and volume, respectively; 𝐵𝐵0 
is the bulk modulus; 𝑉𝑉0 is the reference volume; and 𝐵𝐵0′  is the 
derivative of the bulk modulus with respect to pressure. We used 
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the following parameters3: 𝐵𝐵0 = 39.9 GPa, 𝑉𝑉0 = 42.6 Å3, and 
𝐵𝐵0′  = 4.  

 

When the pressure increases, one sample, the Eu metal in the 
hydrogen fluid as the pressure medium, might store more 
hydrogen, while the other, the EuH2 in the helium fluid as the 
pressure medium, would never store more hydrogen. Therefore, 
if there was some gradual hydrogen storage by increasing the 
hydrogen pressure, there might be some difference between their 
isomer shift trends. However, we cannot observe a clear 
systematic difference between the isomer shifts shown in Fig. 2. 
This result implies that there is little or no gradual hydrogen 
storage in this pressure range.  

According to the semi-empirical model of isomer shift by 
Miedema11, hydrogen absorption causes a decrease in the isomer 
shift in the Eu2+ region12, 13. In Fig. 2, we cannot observe a 
decreasing trend of the isomer shift with the increase in the 
inverse volume, although there is a non-negligible dispersion of 
isomer shifts from the fitting curve by the linear function in  
Fig. 2: (Isomer shifts in mm/s) = (4 ± 1) × 102 �(mm/s) ∙
Å3� × ( Inverse volume in Å−3) − 21 ± 3 (mm/s).  This also 

supports the absence of gradual hydrogen absorption.  
As described in the beginning of this report, there are various 

hydride phases under a hydrogen pressure higher than that used 
in this experiment. If we assume that the electronic structure is 
not strongly modified in these hydride phases at which Eu shows 
a 2+ state, the effect of volume on the 151Eu isomer shift in these 
phases would be similar to that in this experiment. Therefore, we 
can investigate the existence of gradual hydrogen absorption at 
higher hydrogen pressures using the linear dependence of the 
isomer shift on the inverse volume obtained in this experiment. 
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Fig. 1 Typical ESRMS spectra of Eu hydrides, reproduced 
from Ref. 8. Open symbols are experimental data and 
the lines are the fitting curve by the Lorentzian 
function. 

Fig. 2 Relation between the isomer shift of samples and the 
inverse of the volume of EuH2 lattice, reproduced from 
Ref. 8. Filled symbols are the experimental data and 
the open symbols are those in Refs. 3 and 5. Circles 
represent the data of Eu metal in the H2 fluid pressure 
medium and squares represent that of EuH2 in the 
inactive pressure medium. The line is obtained by 
fitting the linear function using the data in this 
experiment and refs. 
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The mechanism of characteristic X-ray emission is well 

known: Characteristic X-rays are emitted when a core hole is 
annihilated by the transition of an electron from a higher energy 
level to a core level. Because each element has a unique set of 
core levels, characteristic X-rays have specific energies for each 
element. The spectroscopy of characteristic X-rays is known as 
X-ray emission spectroscopy (XES). Recently, Inami reported, 
for the first time, that the intensity of characteristic X-ray 
emission from magnetized materials differs between right- and 
left-handed circular polarizations [1]. We refer to this novel X-
ray magneto-optical effect as the X-ray magnetic circularly 
polarized emission (XMCPE).  

The mechanism of XMCPE in the Kα emission of 3d 
transition-metal (TM) systems is as follows. First, an incident X-
ray photon creates a 1s core hole by exciting a 1s electron into a 
free electron state. Subsequently, the 1s core hole is annihilated 
by a 2p→1s transition, emitting a characteristic X-ray photon. In 
3d TM systems, the 2p states are usually split into 2p1/2 (L2) and 
2p3/2 (L3) by the 2p spin-orbit coupling, regardless of the magnetic 
state, which leads to Kα2 and Kα1 XES peaks, respectively. 
Furthermore, in ferromagnetic 3d TM systems, the magnetic 
polarization of the 2p states is induced by that of the 3d states 
through the 2p–3d Coulomb interaction (exchange part). 
Therefore, electron transitions from the polarized 2p states to the 
1s state have different transition probabilities, and the emitted X-
rays have different intensities between right- and left-handed 
circular polarizations.  

The first XMCPE experiment described in Ref. [1] was 
performed for magnetized Fe. We previously analyzed the 
XMCPE spectra in ferromagnetic Fe, using the Keldysh Green’s 
function technique for nonequilibrium states [2]. According to 
this analysis, electron excitations that remain in the spin-
polarized 3d conduction bands in the final states, that is, many-
body effects, appear as significant characteristic tail structures on 
the low-energy sides of the Kα emission peaks.  

Previous XMCPE experiments and theoretical analyses have 
only been performed for Fe [1-3]. Therefore, to further promote 
the XMCPE technique as a powerful tool for studying 
ferromagnetic materials, it is necessary to investigate the 
XMCPE in ferromagnetic materials other than Fe. In this study, 
we calculated the XMCPE with Kα emission for ferromagnetic 
Fe, Co, and Ni, using our method [2]. 

We found that the calculated XMCPE spectra had 
characteristic tail structures that appeared on the low-energy side 
of the Kα emission peaks for all three ferromagnets. These tail 
structures originated from the energy loss of emitted X-rays due 
to electron excitations in 3d bands. A comparison of these three 
ferromagnets shows that Fe, Co, and Ni have broad, intermediate, 
and narrow tail structures, respectively, in the XMCPE spectra. 
As will be explained, this difference in tail structure broadness 
arises from the difference in the spin-polarized 3d electron states 
among the three ferromagnets [4]. 

 
In the theoretical calculation, we first performed first-

principles band-structure calculations for Fe, Co, and Ni without 
spin polarization, and then constructed tight-binding models 
based on the maximally localized Wannier functions. 
Considering only the on-site Coulomb interactions for the 3d 
orbitals, we obtained multiorbital Hubbard models. The 3d on-
site Coulomb interactions are parameterized by the intra-orbital 

Photo 

 

 

 
Fig. 1: Calculated spin-polarized 3d partial DOS for Fe (upper 
panel), Co (middle panel), and Ni (lower panel). Red and blue 
lines represent the DOS for majority and minority spin states, 
respectively. The Fermi level is set to 0 eV. 

 

45



term 𝑈𝑈 , inter-orbital term 𝑈𝑈’ , and exchange term (Hund’s 
coupling) 𝐽𝐽. The calculated 3d partial density of states (DOS) for 
each 3d TM in the ferromagnetic state are shown in Fig. 1. 

 
In Fig. 2, we present the calculated XMCPE spectra, which 

are the difference spectra between the right- and left-handed 
circularly polarized emission intensities, for Fe, Co, and Ni, 
where the bare part 𝐼𝐼(0) and the many-body correction part 𝐼𝐼(1). 
In the upper panel of Fig. 2 for Fe, the experimental data from 
Ref. [3] are plotted for comparison with the theoretical data and 
the calculated spectrum is in good agreement with the 
experimental spectrum. Note that, in all cases of Fe, Co, and Ni, 
the difference spectra have characteristic tail structures on the 
low-energy side of the Kα peaks. These tail structures originate 
from 𝐼𝐼(1) . By comparing the spectra, it is found that the tail 
structures were broad, intermediate, and narrow for Fe, Co, and 
Ni, respectively. It can be understood that this difference 
originates from the differences in the 3d electron states, 
considering that 𝐼𝐼(1)  includes the dynamical correlation 
function Π(𝜔𝜔): 

Π(𝜔𝜔) = �𝑑𝑑𝑑𝑑 𝐷𝐷+(𝜀𝜀)𝐷𝐷−(𝜀𝜀 + 𝜔𝜔), 

where 𝐷𝐷+/−(𝜀𝜀)  is the 3d occupied/unoccupied DOS. 
Π(𝜔𝜔) describes the 3d electron excitations across the Fermi level. 
Thus, the width of the tail structure is determined by the energy 
range of the 3d electron transitions from an occupied state to an 
unoccupied state. To confirm the difference in these electron 
excitation energies, we closely examined the 3d DOS. As seen in 
Fig. 1, the minority spin states of Fe and Co have a relatively large 
3d unoccupied DOS over a relatively wide energy range. In 
contrast to Fe and Co, the minority spin states in Ni have only a 
small amount of 3d unoccupied DOS over a narrow energy width. 
Therefore, the range of electron excitations in the 3d bands in Ni 
is restricted to be much narrower than those in Fe and Co. 

From above, the spectral tail broadness shows a notable 
material dependence, reflecting the difference in the 3d electronic 
states among the three ferromagnets because the electron 
excitations in 3d bands mainly determine 𝐼𝐼(1), which dominates 
the total XMCPE spectral structure. In Fe, there are sufficient 3d 
unoccupied DOS above the Fermi level; therefore, 3d electron 
excitations across the Fermi level are allowed. In addition, the 3d 
unoccupied DOS have a relatively broad bandwidth. In Ni, the 
majority spin states are filled, and the minority spin states have 
only slight 3d unoccupied DOS, in contrast to that of Fe. In 
addition, the 3d unoccupied DOS have a narrow bandwidth. 
These features of Ni greatly restrict the possible energy range of 
electron excitations in the 3d bands. Therefore, the XMCPE 
spectra of Fe have broad tail structures, while that of Ni have the 
narrow tail structures. 

 
Although our calculations for Co and Ni were only 

predictive, we calculated the XES spectra in Ref. [4] and 
demonstrated that the calculated spectra agreed with the 
experimental spectra. The consistency of our calculated XES 
spectra with those of existing experiments lends credence to the 
predictive calculations [4]. 

In conclusion, the results of the present comparative 
theoretical study suggest that the XMCPE spectra show 
remarkable material dependence and that XMCPE spectroscopy 
is a powerful tool for characterizing various magnetic materials. 

 
Acknowledgments 
The author is grateful to Dr. T. Inami, Dr. T. Nomura, and Dr. A. 
Koide for their invaluable comments. 
 
References 
[1] T. Inami, Phys. Rev. Lett. 119, 137203 (2017). 
[2] A. Koide T. Nomura, and T. Inami, Phys. Rev. B 102, 

224425 (2020). 
[3] K. Sugawara, T. Inami, T. Nakada, Y. Sakaguchi, and S. 

Takahashi, J. Appl. Phys. 130, 113901 (2021). 
[4] H. Kobayashi, A. Koide, T. Nomura, and T. Inami, EPL 

140, 36002 (2022). 
 

 

 

 
 
Fig. 2: Calculated XMCPE spectra for Fe (upper panel), Co 
(middle panel), and Ni (lower panel). In each panel, dotted 
and dashed lines represent the bare part 𝐼𝐼(0) and the many-
body correction part 𝐼𝐼(1) , respectively. The total spectra 
𝐼𝐼 �= 𝐼𝐼(0) + 𝐼𝐼(1) �  are shown by solid lines. In the upper 
panel (for Fe), the experimental data are plotted [3]. 
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Quantum life science has emerged to explore new frontiers 

in biology from the perspective of dynamics and functions of 
cellular processes at the quantum level. The Institute of Quantum 
Life Science at the National Institutes for Quantum Science and 
Technology (QST) was established in April 2019 to pioneer a 
new field in life sciences. Investigations at the Institute of 
Quantum Life Science are expected to follow two approaches: 
The first approach is to determine whether quantum mechanics 
plays an essential role in biological systems. The second 
approach is to apply quantum science and its technologies for 
measuring physical and chemical parameters (i.e., temperature, 
pressure, and pH) inside a cell at an unprecedented minute level 
to gain information on the structure and dynamics of 
biomolecules. Using the above two approaches, the goal of the 
Institute of Quantum Life Science is to discover the essential 
principles of life and apply the knowledge attained during the 
course of investigation to medical sciences and social activities 
(Fig. 1). The field of quantum life science is envisaged to produce 
unanticipated discoveries that will expose the existence of 
quantum phenomena in nature, ultimately leading to their 
exploitation, which in turn, would benefit society. At the Kansai 
Photon Science Institute (KPSI), three research teams with the 
Institute of Quantum Life Science are conducting research using 
experiments and computer simulations (Fig. 1). 

The Molecular Modeling and Simulation Team aims to 
understand the in-vivo function of biomolecules at the atomic 
level. The team uses computer simulations and bioinformatics 
based on experimental results such as crystallographic and 
scattering data obtained using various types of radiation (X-rays, 
neutrons, and electrons) and cryo-electron microscopy. The main 
objective of their study is to determine how the dynamics of 
protein/DNA/RNA complexes relate to essential cellular 
functions such as transcription, translation, replication, and repair. 
The team is now trying to quantitatively predict the dynamics and 
stability of supramolecular complexes such as chromosomes. 
This year, the research team carried out a simulation to elucidate 
the initial step of nucleosome reconstitution, which is considered 
to be involved in many vital cellular processes such as 
transcription, replication, and chromatin remodeling. 
Nucleosomes are fundamental structural units of chromosomes.  
In a nucleosome, DNA wraps around the octameric histone core, 
which are composed of two sets of histone H3, H4, H2A, and 
H2B proteins. The key step in nucleosome reconstitution is the 
dissociation of the H2A–H2B dimers from the nucleosome and 
their reassembly. However, the molecular mechanism underlying 
the displacement of the H2A–H2B dimer from the nucleosome is 
unknown. Therefore, the research team conducted detailed 
molecular dynamics simulations to reveal the molecular process. 
First, they generated various distinct conformations of H2A–H2B 
and DNA, which represent fully wrapped and partially 
unwrapped nucleosome structures. They found that the docking 
domain of H2A and C-terminal of H4 were the main contributors 
to the displacement. Furthermore, they clarified that there were 

multiple paths for displacement that were dependent on the level 
of DNA wrapping around the histone core. This suggested that 
external factors such as histone chaperones could regulate the 
path of the H2A–H2B dimer displacement by modulating the 
intranucleosomal interactions between DNA and histones and/or 
between H2A–H2B dimer and H3–H4 dimer in the nucleosome. 
Importantly, the essential residues for intranucleosomal 
interactions coincided with the sites of mutations and post-
translational modifications of histones, which were known to 
play essential roles in assembling and/or reassembling the 
nucleosome. Their results provide important insights into how the 
H2A–H2B dimer displacement and nucleosome reconstitution 
proceed along various paths that are based on the interactions 
within the nucleosome [1]. More details of these of these 
processes are described in the subsequent report. 

The main goal of the DNA Damage Chemistry Team is to 
clarify the nature of DNA damage induced by various agents, 
particularly ionizing radiation. The team aims to utilize new 
experimental techniques that can reveal the structure and/or 
spatial distribution of DNA damage at the nanometer scale. The 
focus of this team is currently on “clustered DNA damage,” in 
which two or more DNA lesions are located within one to two 
helical turns of DNA (within several nanometers of the DNA). 
Repair of clustered DNA damage is considered to be challenging; 
thus, it is potentially a detrimental type of damage induced by 
ionizing radiation. However, its presence and microstructure 
remain elusive, as few experimental methods have been able to 
obtain data on the spatial distribution of DNA lesions. This 
research team established a novel approach for detecting the level 
of DNA damage localization through direct visualization. Atomic 
force microscopy (AFM) has a resolution at the nanometer/sub-
nanometer scale; thus, DNA can be directly visualized using 
AFM. They labeled DNA damage (abasic sites) by attaching 
aldehyde reactive probes with biotin to abasic sites and then 
attaching streptavidin to biotin. The large molecular size of 
streptavidin enabled the detection of the site of damage using 
AFM. Abasic sites were directly induced or further revealed by 
removing the damaged bases by DNA glycosylases after 
irradiation. Using this method, the complex nature of clustered 
DNA damage could be visualized. They found that various types 
of clustered DNA damage were generated: clusters that contained 
two base lesions, more than two base lesions, and double-strand 
breaks (DSBs) that accompanied base lesions [2]. They further 
verified that the repair ability of clustered DNA damage was 
compromised. X-ray induced clusters with more than two base 
lesions could be repaired, but the repair rate was slightly lower 
than that of other types of clustered DNA damage. Fe-ion induced 
clusters with base damages could also be repaired, but their repair 
rates were lower than those with isolated base damage. The repair 
of DSBs with base damage was markedly retarded. Surprisingly, 
the number of DSBs increased after 1 h of incubation, following 
which they decreased slowly. A detailed description is provided 
in the following report. The research team further developed a 
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promising method for detecting clustered DNA damage using 
fluorescence resonance energy transfer (FRET). In this method, 
aldehyde/ketone moieties such as those at the abasic sites in 
irradiated DNA were labeled by aminooxyl fluorophores. 
Fluorescence anisotropy facilitated the estimation of the apparent 
base-pair separations between lesions in a cluster produced by an 
ion track and revealed that the yield of clustered abasic sites 
increased upon increasing the linear energy transfer (LET) of 
radiation. Both AFM and FRET approaches confirmed that these 
novel analyses had the potential to discover qualitative and 
quantitative differences in clustered DNA damage produced by 
various types of ionizing radiation.  

The goal of the Mechanism of Mutagenesis Team is to 
elucidate the underlying mechanisms causing mutations, which 
are highly relevant to carcinogenesis and the evolution of life. 
One aspect of this team’s research focuses on events at very early 
stages (around a femtosecond to picosecond), within a space in 
the scale of nanometers, after energy transfer from ionizing 
radiation, particularly ions. Using Monte Carlo simulations, the 
research team demonstrated that, when water was exposed to 
densely ionizing ion particles, some of the secondary electrons 
ejected from the water molecules were trapped within the electric 
potential created by the ionized water molecules. This result led 
to the realization that the radial dose near the track of a densely 
ionizing ion particle was much higher than that previously 
considered. This highly localized energy deposition is likely to 
produce a high yield of clustered DNA damage and thus, has 
important implications regarding the drastic effect of ion particles 
on cells. The research team took a further step to determine 
whether this unique type of energy deposition would be relevant 
to the biological effects of radiation. As most of the deposited 
energy is eventually converted to heat, extreme heat in a very 
localized space may lead to the generation of a strong pressure 
wave, which has the potential to damage nearby DNA. As water 

constitutes 60–70% of a cell, the research team first conducted a 
molecular-dynamic simulation of water, in which extreme heat 
was introduced within a very localized volume at time zero. They 
found that after several picoseconds, the density of water 
molecules around the site of the injected heat was markedly 
reduced. This result strongly suggests that a pressure wave was 
produced by energy deposition. The team is currently 
investigating the relationship between the amount of deposited 
energy (=heat) and density of water around the injected heat. 

Quantum life science is related to the interactions between 
dynamical phenomena at extremely short time scales and minute 
length scales; that is, from atto to femtosecond energy transfer 
processes at the (sub)nanometer scale. Over the long term, the 
field of quantum life science is expected to produce unparalleled 
discoveries based on the significance of quantum phenomena in 
biological systems. To achieve such goals, the research of the 
three teams of the Institute of Quantum Life Sciences at the KPSI 
is ongoing.  
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Our team is interested in the regulation of genomic DNA 

function at the molecular level. Computer simulation is one of the 
most powerful and useful methods to elucidate the mechanism of 
the genomic DNA function, because no other experimental 
method can capture the structure and dynamics of molecules in 
such detail. 

The genomic DNA of eukaryotes is compactly stored in the 
nucleus and folded into chromatin, which is a high-order structure. 
However, decomposition of the chromatin structure is required 
for gene expression in cellular processes such as transcription, 
replication, repair, and recombination. The nucleosome is the 
fundamental structural unit of chromatin and is composed of two 
each of H3, H4, H2A, and H2B histone proteins and 146 or 147 
bps DNA wrapped 1.75 times around the octameric histone core. 

The nucleosome has been experimentally shown to be highly 
dynamic and undergoes structural changes such as DNA 
breathing, nucleosome unwrapping, rewrapping, gaping, sliding, 
assembly, disassembly, and histone exchange. The transient 
detachment of one or both H2A–H2B dimers from the 
nucleosome and reassembly with the aid of RNA polymerase II 
and/or histone chaperones appears to be involved in many vital 
cellular processes such as transcription, replication, and 
remodeling. 

For the H2A–H2B displacement from the nucleosome, the 
H2A–H2B dimer should be separated from the two H3–H4 
heterodimers. In the H2A–H2B dimer, H2A has a long disordered 

C-terminal tail. A domain in the C-terminal tail, the docking 
domain, stabilizes the intranucleosomal interactions between 
H2A and H3–H4. However, it is not yet well known at the atomic 
level how the dynamic disruption of the intranucleosomal 
interfaces for the H2A–H2B displacement from the wrapped or 
unwrapped DNA occurs and how the dynamic disruption is 
affected by the functionally important residues. 

To understand how the disruption occurs and depends on the 
DNA wrapping, we examined the H2A–H2B dimer displacement 
from the nucleosome by all-atom molecular dynamics 
simulations [1]. We conducted adaptively biased molecular 
dynamics (ABMD) 
simulations on 
nucleosomes in which 
DNA is tightly 
wrapped to 
unwrapped states, 
resulting in four 
models (Fig. 1). 

For each of the four 
models, we carried 
out umbrella sampling 
simulations of distinct 
displaced 
nucleosomes to obtain 
the free-energy curves (FEC) of the H2A–H2B displacement 
against the distance d between the two centers of mass of the 
H2A–H2B and H2A´–H2B´ dimers. (Fig. 2). Fig. 2 shows that 
the free energies rapidly increased from the minimums (denoted 
by crosses in the figure), −41.1, −38.9, −37.1, and −30.6 kcal/mol 
at d = 37 Å for models 1−4, respectively. This indicated that the 
H2A–H2B displacement was more likely to occur from the 
nucleosome with unwrapped DNA (models 2, 3, and 4) than from 
the nucleosome with wrapped DNA (model 1). 

Important residues that contributed to the free energy were 
found to be involved in the mutations and posttranslational 
modifications (PTMs), which are important for assembling 
and/or reassembling the nucleosome at the molecular level and 
are found in cancer 
cells at the 
phenotypic level. 

 
(1) H2A–H2B − 
H2A´–H2B´ dimer 
interaction 

Asn38 and 
Glu41 of H2A 
were found to be 
important residues 
for the interaction 
between H2A–
H2B and H2A´–
H2B´ (Fig. 3(a)). 

These mutations 

Fig. 1 Four models with distinct DNA wrapping states for the 
analysis of the H2A–H2B dimer displacement from the 
nucleosome. 

H2A (orange) and H2B (red), and H3 (blue) and H4 (green) 
bind to each other to form H2A–H2B and H3–H4 heterodimers, 
respectively. Two H3–H4 heterodimers further bind together to 
form a (H3–H4)2 tetramer. Two H2A–H2B heterodimers bind 
on both sides of the (H3–H4)2 tetramer to form the histone 
octamer, H2A–H2B – H4–H3 – H3´–H4´ – H2B´–H2A´, where 
the prime is used to distinguish two copies of each histone 
protein. H2A interacts with the opposite H2A´. In the 
nucleosome, DNA wraps the H2A–H2B – H4–H3 – H3´–H4´ 
– H2B´–H2A´ and H2A–H2A´, which forms ~ 1.7 turns of a 
left-handed superhelix. 

Fig. 2 Free-energy curves of the H2A–
H2B dimer displacement against d. 

 
Fig. 3(a) Important residues at H2A–
H2B − H2A’–H2B’ dimers interface. 
Bar graph shows frequency of 
interaction between the dimer (high: 
black; white: low) against the reaction 
coordinate for each of the four models. 
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would perturb the interface at the first stage of the H2A–H2B 
displacement at d = ~ 41 Å and have an impact on the free-energy 
component for the interaction of ~ 5 kcal/mol. 
 
(2.1) H2A docking domain − H3´ αN and α2 helices interaction 

Lys56 and Thr58 in H3´ αN, Ala98 in H3 α2, and Arg81 and 
Thr101 in the H2A docking domain were found to be important 
residues for the 
interaction between the 
H2A docking domain 
and the H4´ C-terminal 
domain (Fig. 3(b)). 

These mutations 
would disrupt the 
H2A docking 
domain – H3´ αN-helix 
interface at d = ~ 42–45 
Å and have an impact 
on the free-energy 
component for the 
interface of ~5 
kcal/mol. 

 
(2.2) H2A docking domain – H4´ C-terminal interaction 

Arg99, Val100, and Thr101 in the H2A docking domain and 
Lys97, Tyr98, and Gly99 of the H4´ C-terminal were found to be 
important residues for the interaction between the H2A docking 
domain and H4´ C-terminal, in this study (Fig. 3(c)). 

In humans, Arg99 in H2A, which interacts with the H4 C-
terminal tail, is 
substituted for lysine in 
H2A isoforms encoded 
by the H2AC7, 
H2AC18, H2AC12, 
H2AC14, and H2AC20 
genes, and these H2A 
isoforms are involved 
in carcinogenesis [2]. 
Lys99Arg of the H2A 
isoform encoded by 
HIST1H2AH in rats 
has shown a significant 
effect on cell 
proliferation [3]. 

These mutations can 
disrupt the interface 
between the H4 C-terminal and the H2A docking domain up to d 
= ~ 49 Å and affect the free-energy component for the interaction 
at ~ 6 kcal/mol. 

 
(2.3) H2B α2 helix − H4´ C-terminal interaction 

Ser61and Asp65 in 
H2B α2 and Tyr98 in the 
flexible H4´ C-terminal 
were found to be 
important residues for 
the interaction between 
H2B and H4´ C-terminal 
(Fig. 3(d)). 

Mutations in Ser61 
and Asp65 of the H2B α2 
helix (corresponding to 
Ser64 and Asp68 in 
humans) have frequently 
been found in cancer 
patients [4] [5]. Our 
simulation showed that 

the H4´ C-terminal also maintained a persistent interaction with 
the H2B α2 helix up to d = ~ 48 Å. These mutations would perturb 
the H2B – H4´C-terminal interactions and have an impact on the 
free-energy component for the interaction at ~ 7 kcal/mol.  
 
(3) H2A-H2B − H3-H4 interaction 

Glu73, Tyr80, Arg89, and Arg96 in H2B and Asp68, Tyr72, 
Lys77, and Arg92 in H4 were found to be important residues for 
the interactions in the H2A–H2B − H3–H4 (Fig. 3(e)). 

The Glu73 and Arg96 contacts of H2B with H4 were 
maintained for a long time during the H2A–H2B displacement 
process, indicating their importance. In humans, Glu76Lys in 
H2B α2 [4] [5] [6] [7] and Arg99Cys in H2B α3 [5], 
corresponding to Glu73 and Arg96, respectively in this study, 
have been found in cancer-associated histone mutations. 
Glu76Lys disrupts histone octamer formation and nucleosome 
structure [4]. Mutations at Asp68 in H4 α2 and Arg92 in H4 α3 
have also frequently been found in cancer-associated histone 
mutation [4] [5] [6]. 

These residues are well correlated with those that maintain the 
H2B – H4 contact during H2A–H2B displacement up to d = ~ 52 
Å. Mutations in such residues can perturb this interaction and 
affect the free-energy component for the interaction at ~ 13 
kcal/mol. 

 

Summary 
The residues shown in Fig. 3 correspond well with the mutated 

sites found in cancer cells, suggesting that the loss of nucleosome 
stability is strongly associated with dysfunction of gene 
regulation.  

 
Acknowledgements 

This work was supported by the Ministry of Education, Culture, 
Sports, Science and Technology (MEXT) of Japan, part of the 
“Program for Promoting Researches on the Supercomputer 
Fugaku” (Biomolecular dynamics in a living cell) (hp210177), 
the HPCI system provided by the Kyoto University (Project ID: 
hp210060), and JSPS KAKENHI (JP18K06173 to H. Ishida and 
JP18H05534 to H. Kono) 

 
References 
1. H. Ishida and H. Kono, J. Mol. Biol. (2022) 434:167707 
2. R. Singh, et al. Nucleic Acid Res. (2018) 46:8665 
3. S. Bhattacharya, et al. Epigenetics Chromatin. (2017) 10:48 
4. R. Bennett, et al. Cancer Discov. (2019) 9:1438 
5. BA. Nacev, et al. Nature (2019) 567:473 
6. S. Amatori, et al. Clin. Epigenetics. (2021) 13:71 
7. Y. Arimura, et al. Nucleic Acids Res. (2018) 46:10007 

Fig. 3(b) Important residues at 
the H2A-H2B – H3´ interface. 

Fig. 3(c) Important residues at the 
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Fig. 3(e) Important residues at the H2A–H2B – H3–H4 
interface. 

Fig. 3(d) Important residues at 
the H2B – H4´ C-terminal 
interface. 
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1. Abstract 

 
Radiation-induced multiple locally damaged sites in DNA 

(clustered DNA damage) are thought to be closely related to the 
biological effects of radiation. A method has been established to 
evaluate the complexity of clustered DNA damage in genomic 
DNA extracted from TK6 cells irradiated with low-dose ionizing 
radiation using atomic force microscopy (AFM). This was 
realized by isolating and concentrating the DNA molecules with 
lesions from all the irradiated DNA molecules (including intact 
ones). This study aims to estimate the level of damage clustering, 
in-vivo. We found that ionizing radiation causes clustered DNA 
damage in TK6 cells, whereas Fenton's reagents do not induce 
this damage, highlighting the importance of clustered DNA 
damage as a signature of ionizing radiation. We further observed 
that Fe-ion beams (high-LET radiation) produce various types of 
clustered DNA damage with higher complexity, consisting of 
more than two lesions, which are quite few in the case of X-rays. 
Surprisingly, analyses of DNA damage repair revealed that non-
double-strand-break (non-DSB) clustered DNA damage was 
repaired efficiently in TK6 cells after irradiation with either X-
rays or Fe-ion beams. The repair efficiency of complex DSBs, 
which are frequently produced after Fe-ion beam irradiation, is 
low. 

 
2. Introduction  
 

Radiation causes not only DNA scissions but also various 
types of oxidative damage, the amount of which varies greatly 
depending on the type of radiation. These lesions in chromosomal 
DNA may lead to biological effects such as cell death, mutation, 
and ultimately, cancer. Types of induced DNA damage include 
base damage, abasic (AP) sites, single-strand breaks (SSB), 
double-strand breaks (DSB), and DNA–protein crosslinks (DPC). 
Endogeneously generated DNA lesions, as well as oxidative 
DNA damage induced by Fenton reaction with hydrogen 
peroxide in cells, are chemically identical to the individual 
lesions induced by ionizing radiation. However, even when there 
is no significant difference in the type of damage or total amount 
of damage caused by radiation and hydrogen peroxide, the 
biological effects of these two treatments differ greatly. From 
these observations, it can been concluded that DNA damage 
clustering is the signature of ionizing radiation, whereas 
endogenous and chemical-agent–induced DNA damage is mainly 
isolated. Clustered DNA damage has been postulated to be 
mainly responsible for the detrimental effects of ionizing 
radiation because the repair of clustered DNA damage is 
compromised (1).  

In-vitro studies using chemically synthesized DNA lesions 
have revealed that clustered DNA damage is often resistant to 
repair. The extent of repair is governed by the extent of separation 
between the lesions, type of lesions, and number of lesions within 
a cluster. Furthermore, the hierarchy of damage excision is 

proposed to depend on the type of lesion. Compromised repair of 
lesions of a cluster is further supported by the findings in-vivo, 
where replication inhibition or mutation induction is readily 
observed depending on the configuration of lesions in a cluster. 

In addition to the enzymatic conversion method described 
above, estimation of the localization of DNA damage has been 
attempted using fluorescence resonance energy transfer (FRET) 
between fluorescent dyes that are labeled to AP sites (2). 
Although this method clearly demonstrates the overall average 
extent of damage clustering, it does not reveal the complexity of 
clustered DNA damage. Previously, we developed a method to 
observe radiation-induced clustered DNA damage in plasmid 
DNA in-vitro. By labeling DNA damage sites with biotin and 
subsequently with avidin, we directly visualized DNA damage 
using atomic force microscopy (AFM). We found that a higher 
fraction of clustered DNA damage was generated upon increasing 
the LET and that DSB accompanying the base damage/AP site at 
the DNA ends was produced. A great amount of information on 
the yield and especially, complexity of clustered DNA damage 
was obtained using this novel AFM technique (3). The proportion 
of various types of X-ray–induced clustered DNA damage 
demonstrated by AFM was further compared with that calculated 
by simulation, and they showed good agreement (4). However, it 
has not been possible to study the complexity of cellular DNA 
damage. In this study, we aim to use AFM to measure the DNA 
damage caused by DNA within cells.  

 
3. Methods 
 
Visualization of DNA damage in chromosomal DNA of TK6 
cells by AFM 

 
The amount of DNA damage produced in cells is expected 

to be considerably low when the same dose is applied in-vitro, as 
we irradiate the plasmids under low scavenging conditions 
relative to those of the cells in our previous study. It has been 
reported that the yield of DNA damage in 1 × TE is approximately 
1/20 of that in cells. Therefore, to visualize clustered DNA 
damage in genomic DNA by AFM, selective enrichment of the 
damaged DNA is necessary. In this study, to enrich the damaged 
DNA, we explore the possibility of labeling damaged DNA with 
biotin and then pulling it down with avidin-coated magnetic 
beads, as avidin is known to have an extremely high affinity for 
biotin. However, as the size of the avidin-coated magnetic beads 
is widely distributed, additional steps to replace the magnetic 
beads with streptavidin monomers are required to directly 
visualize the level of damage clustering of the enriched damaged 
DNA, through AFM. We first prepared biotin-labeled 
oligonucleotides as a model of damaged DNA bound by ARP-
biotin and attempted to recover the DNA using reversibly elutable 
streptavidin monomer-immobilized magnetic beads. Biotin-
labeled double-stranded DNA was highly enriched under our 
experimental conditions. Next, we tried to release the magnetic 
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beads from the biotin-labeled DNA. After heat treatment at 90 °C 
for 2 min, the magnetic beads were released from the recovered 
biotin-labeled DNA, but streptavidin was not. After heat 
treatment at 95 °C for 5 min, streptavidin was successfully 
released, but the DNA was denatured. Proteinase K treatment was 
required to completely remove streptavidin from biotin-labeled 
DNA without any denaturation of DNA. The recovery rates of the 
DNA damaged by the beads were approximately 30%. Under our 
experimental conditions, the base damage and clustered DNA 
damage that occurred in the chromosomal DNA of TK6 cells 
were observed by AFM. The analysis of clustered DNA damage 
using a DNA-containing model clustered damage revealed that 
two biotin–streptavidin tags at the defined damage sites with a 
separation of 3bp could be clearly distinguished (5). 

 

 
Fig. 1 Outline of DNA damage analysis 

 
 

4. Results and discussions 
 
Damage caused by hydrogen peroxide, X-rays, Fe-ion beams 
 

AFM analysis revealed that the enriched damaged DNA 
contained isolated base damage, two-lesion clusters, complex 
DSB (DSB+ base damage), and complex clusters. As the damage 
enrichment step did not recover all the damaged DNA fragments, 
we took an approach to first determine the fraction of each type 
of damage, and then the number of base damages contained in 
each damage type, to obtain an accurate yield of each type of 
damage. Knowing these two values enabled us to calculate the 
yield of each type of damage from the total base damage yield 
quantified by slot blotting. In the case of Fenton’s reaction, the 
fraction of isolated base damage was 90%, and the fraction of 
complex DSB was approximately 8%. These DNA damage 
fractions did not significantly change with varying concentrations 
of H2O2 from 0.25 to 1 mM. We do not know why complex DSB 
were found in a relatively high fraction after H2O2 treatment. The 
yields of isolated damage and complex DSB were estimated to be 
1.2 and 15.2 per 106 bp per 0.5 mM of H2O2, respectively. 
Regarding the irradiation of ionizing radiation, the overlap of 
radiation tracks in the dose range used in this study was negligible, 
and the damage was very likely induced by a single radiation 
track. Indeed, the fraction of clustered DNA damage, which 
included complex DSB and two-lesion clusters, did not seem to 
be strongly dose-dependent. In the chromosomal DNA from X-
ray irradiated TK6 cells, in addition to isolated base damage and 
complex DSB, two-lesion clusters were observed. The average 
fractions of isolated damage, two-lesion clusters, and complex 
DSB were 83.5, 12.2, and 5.3%, respectively, after X-ray 
irradiation. In the case of Fe-ion beams, the types of DNA damage 
generated were isolated base damage (60.3%), two-lesion 

clusters (20.2%), complex clusters (4.8%), and complex DSB 
(5.3%). The ratio of isolated damage to clustered damage was 
11.0:1.0 for X-rays and 2.1:1.0 for Fe-ion beams. Our analysis 
demonstrated that Fe-ion beams produced clustered DNA 
damage more preferentially than X-rays did. Densely ionizing 
Fe-ion beams produced more clustered DNA damage than 
sparsely ionizing X-rays (5).  

 

 
Fig. 2 AFM imaging of DNA damage in TK6 cells irradiated with 
Fe-ion beams.  

 
 

Repair of DNA damage caused by X-rays and Fe-ion beams 
 
Next, we examined the repair efficiency of each type of 

damage induced by ionizing radiation. Irradiated cells were 
incubated for up to 18 h, and the fraction of each type of damage 
and the amount of damage were monitored. The amount of each 
damage was calculated by multiplying the fraction with the total 
amount of base damage determined from the slot blot 
experiments. After irradiation with 40 Gy of X-rays, the fraction 
of clustered DNA damage slightly decreased with increasing 
incubation time. At 1 h after irradiation, approximately half of the 
isolated base damage was repaired, and the resultant damage 
further decreased to 20% or less at 6 h. Surprisingly, the two-
lesion clusters and the complex DSB were repaired at a rate 
similar to that of isolated base damage. Approximately 60% of 
the induced complex DSB were repaired by 6 h, and 90% of the 
total DSB were repaired slowly by 18 h. Total DSB were repaired 
at a rate similar to that of complex DSB. After 18 h of incubation, 
the amount of isolated base damage was almost the same as that 
of the unirradiated control, although some complex clusters 
remained. In the case of Fe-ion beams at 40 Gy, similar to X-rays, 
the isolated damage along with the two-lesion clusters were 
repaired efficiently. One hour after irradiation, 50% of these types 
of damages were repaired, and the unrepaired fraction decreased 
to 20% or less at 6 h. However, a small number of two-lesion and 
complex clusters remained even after 18 h of incubation. 
Interestingly, the number of complex DSBs increased slightly 
after 1 h. The total DSB was repaired more slowly than in the case 
of X-rays, and even after 18 h of incubation, approximately 40% 
of the total and complex DSB terminals remained unrepaired (5).  
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米国 US11474169 (2022-10-18) 

9. 磁性体観察方法および磁性体観察装置. 
稲見 俊哉, 綿貫 徹, 上野 哲朗, 安田 良 
日本 7129109 (2022-08-24) 

 
 
 
 

特許出願 

1. 鉄含有擬立方晶マンガン基フェリ磁性ホイスラー合金、及び、これを用いた磁気抵抗記憶素子. 
境 誠司, Bentley Phillip David, 李 松田, 三井 隆也, 藤原 孝将, 増田 啓介, 三浦 良雄 
特願 2023-027745 (2023-02-24)  

2. 測定システム、プログラム、測定方法、及びレーザ加速自由電子レーザ装 置. 
中新 信彦, 近藤 康太郎, 黄 開, 神門 正城, 細貝 知直, 金 展 
特願 2023-27811 (2023-02-24)  

3. イオン発生装置、イオン発生方法、およびイオン発生用ターゲット. 
小島 完興, 榊 泰直, 宮武 立彦, 近藤 公伯, 黒木 宏芳, 清水 祐輔, 原田 寿典, 井上 典洋 
特願 2022-190747 (2022-11-29)  

4. 光音響波発生装置、光音響波発生方法及び組成推定方法. 
坪内 雅明 
特願 2022-091646 (2022-06-06) 

5. Ｘ線回折測定方法およびＸ線回折測定装置. 
大和田 謙二, 町田 晃彦, 押目 典宏, 菅原 健人, 綿貫 徹 
特願 2022-125870 (2022-08-05) 

6. 表面造形方法及び表面造形装置. 
石野 雅彦, ヂン タンフン, 錦野 将元, 三上 勝大 
特願 2023-041379 (2023-03-15) 
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The Kids’ Science Museum of Photons 
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概要 

きっづ光科学館ふぉとんでは、2022 年度も新型コロナウイルスの感染拡大防止対策として、年度当初

より事前予約制や受け入れ人数の制限等の下でプラネタリウムの上映を行いました。また、月替わりの

ウェルカムボードとして偏光グラフィックス作品の作成・展示も行いました。 
2022 年 7 月 23 日からは、事前予約制等は継続しつつ、プラネタ

リウム上映に加えて館内展示ゾーンの一部の見学を再開しました。

ご家族連れや近隣府県の保育園、幼稚園、小中高の学校関連、その

他の見学ツアー主催団体にもご利用いただきました。また、関東地

区の公立の展示館から、光をテーマとした特別展を企画するために、

当館の展示物を参考にしたいとご来館いただいたりもしました。 
2023 年 3 月 1 日からは、事前予約や入館人数、滞在時間の制限を

無くしました。またプラネタリウムの上映も定員を約 60 名に緩和い

たしました。一部の例外の展示装置は残りますが、新型コロナウイルスの感染拡大防止のため臨時休館

することとなった 2020 年 2 月 27 日以来 3 年ぶりに通常運用に近い形での再開となりました。 
 

 

来館者数および映像コンテンツ上映の実績 

2022 年度は、6,373 人の方々にご来館いただきました。また、光の映像ホール（ドーム型全天周映像

ホール）において、事前予約制や受け入れ人数の制限等の下でプラネタリウムの上映を行い、観覧者総

数は 5,662 人でした。3 月からは入館制限を無くし、プラネタリウムの定員も緩和した結果、多くの方

にご来館いただきました。 
 

来館者数および上映実績（2022 年 4 月 1 日～2023 年 3 月 31 日） 
年 月  来館者数 上映回数 観覧者数 

2022 年 4 月  147 人  30 回  147 人  
5 月  292 人  22 回  292 人  
6 月  297 人  21 回  288 人  
7 月  703 人  38 回    700 人  
8 月  929 人  41 回    916 人  
9 月  510 人  30 回  506 人  

10 月   552 人  26 回  531 人  
11 月   394 人  28 回  386 人  
12 月   239 人  23 回  236 人  

2023 年 1 月  278 人  26 回  277 人  
2 月  373 人  25 回  344 人  
3 月  1,659 人  40 回  1,039 人  

年度合計  6,373 人  350 回  5,662 人  
  

 
梅美台小学校の見学 
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月替わりの偏光グラフィックス展示 
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共同研究課題、施設共用課題 
 
１）木津地区 
【共同研究課題】 

共同研究先 共同研究課題名 担当研究グループ 

東京大学 
半古典 Vlasov 方程式に基づくレーザー加工シミュ

レータの研究開発 
超高速光物性研究グ

ループ 

日本電信電話株式会社 
アト秒パルスの波形計測と時間分解計測に関わる

基盤技術開発 
超高速光物性研究グ

ループ 

株式会社フォトンラボ 
レーザー誘起振動波計測技術の小型化に関する研

究 
Ｘ線レーザー研究グ

ループ 

理化学研究所 
テラヘルツパルス光源による高分子高次構造の制

御 
超高速光物性研究グ

ループ 

筑波大学 
光・電子融合第一原理ソフトウェア「SALMON」の

開発及び利用研究 
超高速光物性研究グ

ループ 

大阪大学 
フェムト秒レーザー・物質相互作用の高速計測に関

する研究 
高強度レーザー科学

研究グループ 

大阪大学、東北大学 
シンチレータを用いた相対論的イオン検出手法の

開発 
先端レーザー技術開

発グループ 

大阪大学 
超高強度レーザーと固体物質からのガンマ線発生

及び核物理に関する研究 
高強度レーザー科学

研究グループ 

宇都宮大学、広島大学、東北大

学 
高輝度軟Ｘ線発生に関する基礎研究 

Ｘ線レーザー研究グ

ループ 

京都大学  
TW 級チタンサファイアレーザーを用いた量子ビ

ーム発生と応用に関する研究 
Ｘ線レーザー研究グ

ループ 

芝浦工業大学 
レーザー誘起振動波計測技術の高度化に関する研

究 
Ｘ線レーザー研究グ

ループ 

NTT アドバンステクノロジ株

式会社 
高耐力軟Ｘ線光学素子に関する基礎研究 

Ｘ線レーザー研究グ

ループ 

東京学芸大学 リラクサー強誘電体のドメイン形成に関する研究 
Ｘ線レーザー研究グ

ループ 

ライトタッチテクノロジー株

式会社 
中赤外レーザーを用いた医療応用計測技術の開発 光量子科学研究部 

奈良先端科学技術大学院大学 
二次元層状半導体における光誘起状態制御に関す

る基盤技術開発 
超高速光物性研究グ

ループ 

兵庫県立粒子線医療センター 
量子メスに向けた粒子線照射計測及び制御技術に

関する研究 
高強度レーザー科学

研究グループ 

東北大学、株式会社島津製作

所 
極端紫外線領域の低入射角回折格子の開発 

先端レーザー技術開

発グループ 
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同志社大学 
フェムト秒パルスレーザーの位相受動整合コヒー

レント加算に関する研究 
先端レーザー技術開

発グループ 

神戸大学、名古屋大学、日本原

子力研究開発機構 
固体飛跡検出器を用いた高エネルギーイオン検出

手法開発 
先端レーザー技術開

発グループ 

大阪大学、青山学院大学、九州

大学 
宇宙物理の手法に基づく粒子加速・電磁放射に関す

る研究 
先端レーザー技術開

発グループ 

核融合科学研究所、京都工芸

繊維大学、富山高等専門学校 
凝縮相の量子・分子動力学計算に関する研究 

Ｘ線レーザー研究グ

ループ 

大阪大学 レーザー電子加速の安定化・性能評価研究 
高強度レーザー科学

研究グループ 

住友重機械工業株式会社 
量子メス用レーザー加速入射器の炭素ビーム評価

手法の開発 
高強度レーザー科学

研究グループ 

日立造船株式会社 
量子メス用レーザー加速入射器のターゲット駆動

装置に関する研究開発 
高強度レーザー科学

研究グループ 

日本電子株式会社 
電子顕微鏡搭載用高感度軟 X 線回折格子分光器の

開発 
光量子科学研究部 

株式会社日本防振工業 
レーザー電子加速に資する防振・光軸安定化に関す

る研究 
高強度レーザー科学

研究グループ 

大阪大学 
レーザー駆動イオン加速ビームの安定性向上に関

する研究 
Ｘ線レーザー研究グ

ループ 

日本原子力研究開発機構 
加速器質量分析におけるレーザーを用いた同重体

分離の基礎研究 
先端レーザー技術開

発グループ 

金属技研株式会社 
レーザー加速による小型 X 線光源加速器の設計研

究 
高強度レーザー科学

研究グループ 

近畿大学 
軟 X 線レーザー照射による酸化物表面の微細加工

に関する研究 
Ｘ線レーザー研究グ

ループ 

東京大学 
強レーザー場誘起イオン化における光電子波動関

数観測に関する基盤技術開発 
超高速光物性研究グ

ループ 
 
 
【施設共用課題】 

課題番号 
利用 
区分 

施設装置 利用課題 

2022A-K01 公開 
QUADRA-T レー

ザーシステム 
高出力ピコ秒励起パルスを用いた光パラメトリック増幅の

研究 

2022A-K02 公開 
kHz チタンサフ

ァイアレーザー 
二次元層状半導体における光誘起状態制御に関する基盤技

術開発 

2022A-K03 公開 
J-KAREN-P レー

ザー装置 
高強度レーザー駆動非平衡輻射高 Z プラズマの形成過程

と輻射特性の解明 
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2022A-K05 公開 
J-KAREN-P レー

ザー装置 
J-KAREN-P レーザーを用いた誘導コンプトン散乱の実験 

2022A-K06 公開 
J-KAREN-P レー

ザー装置 
グラフェンを用いたレーザーイオン加速におけるエネルギ

ーフロンティアの開拓 

2022A-K07 公開 
J-KAREN-P レー

ザー装置 
高強度レーザーによるプロトンの航跡場加速実験 

2022A-K08 公開 
J-KAREN-P レー

ザー装置 
極限的電磁波のトムソン散乱を用いた非平衡プラズマ診断 

2022A-K10 公開 
J-KAREN-P レー

ザー装置 
多チャンネルシンチレーション検出器を用いた GeV イオ

ンの質量分解分光法の開発 

 
 
２）播磨地区 
【共同研究課題】 

共同研究先 共同研究課題名 担当研究グループ 

日本原子力研究開発機構 放射光による物質科学に関する研究 
放射光科学研究セン

ター 

京都大学 同位体特定による局所状態解明のための先進的メ

スバウアー分光法の開発研究 
磁性科学研究 

グループ 

東北大学、上智大学 Ｘ線吸収分光・発光分光による銅酸化物超伝導体

の研究 
磁性科学研究 

グループ 

JEF テクノリサーチ株式会社 磁気円偏光発光を用いた方向性珪素鋼板の内部磁

区観察のための研究開発 

磁性科学研究 

グループ 

SLAC National Accelerator 

Laboratory 

角度分解光電子分光による銅酸化物高温超伝導体

における電子・格子相互作用の解明（受託研究：二

国間交流事業共同研究／セミナー） 

磁性科学研究 

グループ 

京都大学、分子科学研究所、理

化学研究所 
コヒーレント X 線を利用したナノ粒子計測に関す

る研究 

コヒーレント X 線 

利用研究グループ 

広島大学 コヒーレント X 線を利用した強誘電体一粒子計測 
コヒーレント X 線 

利用研究グループ 

TDK 株式会社 放射光 X 線回折を用いた構造解析技術の開発 
コヒーレント X 線 

利用研究グループ 

産業技術総合研究所 
水素雰囲気その場・時分割放射光 X 線全散乱を利

用した水素吸蔵合金の構造変化の観測 

高圧・応力科学研究 

グループ 

京都大学 ナノ粒子を取り込んだがん細胞に及ぼす高エネル

ギー単色 X 線照射の影響に関する研究 
高圧・応力科学研究 

グループ 

物質・材料研究機構 原子二体分布関数法による機能性材料の先進的ナ

ノ構造研究 
高圧・応力科学研究 

グループ 
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【施設共用課題】 
 播磨地区では、2012 年度より受託していた文部科学省ナノテクノロジープラットフォーム事業が

2021 年度に終了し、代わって文部科学省マテリアル先端リサーチインフラ事業を受託しています。

当該事業では 2022 年度から放射光科学研究施設を成果公開型課題で利用する外部研究者に対して、

特に専用ビームラインにおける研究支援を強化しています。課題は年 2 回、SPring-8 を運営する公

益財団法人高輝度光科学研究センターの一般課題募集時期（5 月及び 11 月）に合わせて募集してい

ます。 
 

課題番号 
利用 

区分 
施設装置 利用課題 

2022A-H01 公開 
放射光メスバウアー

分光装置 
放射光メスバウアー4軸回折計の開発 

2022A-H02 公開 
放射光メスバウアー

分光装置 
高水素圧力下におけるEu水素化物の電子状態分析II 

2022A-H03 公開 
放射光メスバウアー

分光装置 

ペリドタイトガラスの超高圧下における鉄の電子状態と

その電気伝導度への影響：地球進化・内部構造におけるメ

ルトの寄与の解明に向けて 

2022A-H07 公開 高温高圧プレス装置 高圧下での新規La-Ni水素化物の形成過程の観測 

2022A-H08 公開 高温高圧プレス装置 
高圧合成技術を活用した熱化学式水素圧縮機用新規水素

吸蔵合金の水素放出挙動の観察2 

2022A-H09 公開 高温高圧プレス装置 
高圧高温場でのTiリッチなTi-Mg二元合金の相変化のそ

の場観察 

2022A-H10 公開 高温高圧プレス装置 
Li-Re系遷移金属錯体水素物の高温高圧合成過程における

Li2O添加効果 

2022A-H11 公開 高温高圧プレス装置 突合せ溶接配管の底部のひずみマップ測定 

2022A-H12 公開 高温高圧プレス装置 
放射光白色X線を用いた高強度鋼板-アルミニウム合金異

種材料抵抗スポット溶接継手の内部ひずみ分布の測定 

2022A-H13 公開 
高速2体分布関数計

測装置 

放射光を用いた全散乱法による次世代二次電池材料のin 

situ 測定 

2022A-H14 公開 
高速2体分布関数計

測装置 

PDF解析によるPb含有ペロブスカイト酸化物の負熱膨張

関連相転移機構の解明 

2022A-H16 公開 
高速2体分布関数計

測装置 

Investigation of the structural changes and deformation 

behavior of N-A-S-H under compressive load and high 

temperature 

2022A-H17 公開 
コヒーレントX線回

折イメージング装置 

電子デバイス内部に実装された単結晶ナノ粒子の非破壊

三次元構造可視化技術の確立 
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2022A-H18 非公開 
コヒーレントX線回

折イメージング装置 
異材接合部における内部残留歪み(応力)の測定 

2022B-H02 公開 
放射光メスバウアー

分光装置 
Imaging of hyperfine interactions 

2022B-H03 公開 
放射光メスバウアー

分光装置 

核共鳴散乱を用いた混合原子価鉄酸化物の電荷秩序配列

の検証 

2022B-H04 公開 
放射光メスバウアー

分光装置 
ガンマ線光子相関時間測定系の開発研究 

2022B-H05 公開 
放射光メスバウアー

分光装置 

超高圧下におけるケイ酸塩ガラス中の鉄の電子状態：地球

深部メルトの安定性の解明 

2022B-H06 公開 
放射光メスバウアー

分光装置 

放射光メスバウアー分光を用いた高圧下でのペリドタイ

トガラスの鉄スピン転移の観察 

2022B-H07 公開 
共鳴非弾性X線散乱

装置 

Untangling the structural, magnetic dipole, and charge 

multipolar orders in Ba2MgReO6 

2022B-H08 公開 
共鳴非弾性X線散乱

装置 

高分解能 XAFS を利用した燃料電池カソード 電極触媒

上における酸素還元反応時の吸着構造解明研究 

2022B-H09 公開 
共鳴非弾性X線散乱

装置 

深さ分解手法を用いた方向性電磁鋼板の内部磁区構造調

査 

2022B-H10 公開 表面X線回折計 
ヘテロリモートエピタキシーにおけるGaN核を用いた結

晶化過程の観察 

2022B-H11 公開 表面X線回折計 
高品質InGaNエピタキシャル結晶実現のための成長その

場X線回折測定 

2022B-H12 公開 表面X線回折計 
グラフェンを直接成長させたサファイア基板上でのGaN

リモートエピタキシーのリアルタイムX線回折 

2022B-H13 公開 高温高圧プレス装置 
超高圧水素下でのホウ化水素シートの加熱による構造変

化解析 

2022B-H14 公開 高温高圧プレス装置 
酸化物イオン拡散を利用した酸素欠損BaTiO3-δのその場

観察 

2022B-H15 公開 高温高圧プレス装置 鉄鋼材料の高温圧縮・等温保持過程のX線その場観測 

2022B-H16 公開 高温高圧プレス装置 
高温高圧下におけるバナジウム酸水素化物のアニオン秩

序-無秩序相転移の探索 

2022B-H17 公開 高温高圧プレス装置 空隙を有する金属間化合物NiInの水素吸蔵反応の観測 

2022B-H18 公開 高温高圧プレス装置 遷移金属錯体水素化物Li2ReH9の最適合成条件探索 

2022B-H19 公開 高温高圧プレス装置 
高圧合成技術を活用した高圧作動型水素吸蔵合金の相変

化挙動の観察 
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2022B-H20 公開 
高速2体分布関数計

測装置 

載荷による加速炭酸化養生した純粋多様なカルシウムシ

リケート硬化体の反応生成物構造解析及び変形挙動特性

解明 

2022B-H22 公開 
高速2体分布関数計

測装置 

高温作動型水素吸蔵材料の高温・水素ガス雰囲気下での水

素吸蔵・放出反応の観察 

2022B-H23 公開 
コヒーレントX線回

折イメージング装置 

放射光を用いた一軸ひずみ下精密構造解析によるネマテ

ィック超伝導体CuxBi2Se3の新奇な超伝導電子対形成機

構の解明 

2022B-H24 公開 
コヒーレントX線回

折イメージング装置 

電子デバイス内部に実装された単結晶ナノ粒子の非破壊

三次元構造可視化技術の確立II 

2022B-H25 公開 
コヒーレントX線回

折イメージング装置 

Bragg-CDIによる正方晶巨大負熱膨張物質のドメイン構

造温度変化の観察 

2022B-H26 公開 
コヒーレントX線回

折イメージング装置 
形状制御強誘電体ナノ結晶における構造と物性 

2022B-H27 非公開 
共鳴非弾性X線散乱

装置 
方向性電磁鋼板の放射光磁区観察 

2022B-H28 非公開 
コヒーレントX線回

折イメージング装置 
円筒缶かしめ部の応力解析 

 
 
 
関西光科学研究所での各種シンポジウム・施設公開・出展・アウトリーチ活動 
 新型コロナウイルス感染症（COVID-19）の影響も落ち着いてきたため、2022 年度はアウトリー

チ活動として、地元のイベントに出展する等、昨年度に比べて活動の場が増えてきました。関西研

の各種シンポジウム・施設公開・出展・アウトリーチ活動について主なものを記載します。 
 年 1 回の施設公開について木津地区では 2022 年 10 月 22 日（土）に人数制限・事前登録のうえ

当日の感染症対策を徹底して開催しました。なお、播磨地区での開催は見送りました。 
 
【木津地区】 

1 6-JUN-2022 オンライン開催 主催：「レーザー駆動による量子ビーム加速

器の開発と実証」プロジェクト 
JST 未来社会創造事業 「レーザー駆動による量子ビーム加速器の開発と実証」 

2 28-29-JUN-2022 関西光科学研究所（木津地

区：京都府木津川市） 
オンライン・現地ハイブリッ

ド開催 

主催：量研 関西光科学研究所、大阪大学 レー

ザー科学研究所 

光・量子ビーム科学合同シンポジウム 2022 
The Joint Symposium on Optical and Quantum Beam Science（OPTO2022） 
併催：「パワーレーザーDX プラットフォーム」シンポジウム 
   Power Laser DX Platform Symposium 
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3 
 

30-31-JUL-2022 
 

東京都 科学技術館 主催：科学技術館 

青少年のための科学の祭典 2022 全国大会 
 

4 21-AUG-2022 
 

大阪科学技術館 主催：大阪科学技術館 

大阪科学技術館夏休みイベント「出展者スペシャル DAY」 
 

5 6-7-OCT-2022 オンライン開催 主催：けいはんな R&D フェア実行委員会 

けいはんな R＆D フェア 2022 

6 6-7-OCT-2022 けいはんなオープンイノベ

ーションセンター 
主催：関西文化学術研究都市推進機構 

けいはんなビジネスメッセ 2022 

6 22-OCT-2022 関西光科学研究所 主催：関西光科学研究所 

関西光科学研究所（木津地区）施設公開 

7 8-9-FEB-2023 関西光科学研究所 
オンライン・現地ハイブリ

ッド開催 

主催：量研 関西光科学研究所、理化学研究所

光量子工学研究センター 

第 6 回 RIKEN-RAP & QST-KPSI ジョイントセミナー 

8 12-MAR-2023 上人ヶ平遺跡公園 主催：木津川アートプロジェクト事務局 

木津川アートプレイベント「くうそうのはらっぱ」 
出展内容：工作教室「偏光ステンドグラスを作ろう」 

 
 
【播磨地区】 

1 28-APR-2-MAY-
2022 

オンライン開催 主催：SPring-8/SACLA 施設公開実行委員会 

2022 年第 30 回 SPring-8＆SACLA オンライン施設公開 

2 1-JUN-2022 オンライン開催 主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
文部科学省マテリアル先端リサーチインフラ技術支援者意見交換会 

3 10-13-JUL-2022 SPring-8 主催：兵庫県立大学理学部・大学院理学研究科、

関西学院大学理学部・工学部・生命環境学部・

大学院理工学研究科、東京大学シンクロトロン

放射光連携研究機構、岡山大学、大阪大学未来

戦略光科学連携センター・蛋白質研究所・核物

理研究センター、茨城大学大学院理工学研究

科、高輝度光科学研究センター（JASRI）、理

化学研究所 放射光科学研究センター、日本原

子力研究開発機構 物質科学研究センター、量

研 関西光科学研究所 
第 22 回 SPring-8 夏の学校 
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4 29-JUL-2022 SPring-8 
 

主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
文部科学省マテリアル先端リサーチインフラサイトビジット 

5 8-12-AUG-2022 SPring-8 
 

主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
文部科学省マテリアル先端リサーチインフラ学生研修プログラム 

6 2-SEP-2022 オンライン開催 主催：原子力機構物質科学研究センター、量研

関西研放射光科学研究センター 
令和 4 年度文部科学省マテリアル先端リサーチインフラ事業 JAEA & QST 合同放射光利用講習会 

－バルク・表層の反応・合成解析－ 
7 4-7-SEP-2022 SPring-8 

 
主催：SPring-8 ユーザー協同体、（公財）高輝

度光科学研究センター 
第 6 回 SPring-8 秋の学校 

8 6-7-SEP-2022 オンライン開催 主催：日本放射光学会 

第 14 回日本放射光学会 放射光基礎講習会 放射光の基礎と活用の可能性 

9 7-9-SEP-2022 幕張メッセ 主催：一般社団法人日本分析機器工業会、一般

社団法人日本科学機器協会 
JASIS2022 

10 15-SEP-2022 文部科学省研究交流センタ

ー+オンライン開催 
主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
文部科学省マテリアル先端リサーチインフラ令和 4 年度利用成果発表会 

11 16-SEP-2022 文部科学省研究交流センタ

ー+オンライン開催 
主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
令和 4 年度文部科学省マテリアル先端リサーチインフラ学生研修プログラム成果発表会 

12 25-26-SEP-2022 SPring-8+オンライン開催 主催：SPring-8 ユーザー協同体、理化学研究所 

放射光科学研究センター、高輝度光科学研究セ

ンター、東京大学 
SPring-8 シンポジウム 2022 

13 19-OCT-7-DEC-2022 NIMS、北海道大学、東北大学 主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
令和 4 年度文部科学省マテリアル先端リサーチインフラ技術スタッフ交流プログラム 

14 8-9-DEC-2022 東京大学本郷地区 主催：国立研究開発法人物質・材料研究機構マ

テリアル先端リサーチインフラセンターハブ

運営室 
令和 4 年度文部科学省マテリアル先端リサーチインフラ技術スタッフ集合研修会 
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15 7-9-JAN-2023 立命館大学びわこ・くさつキ

ャンパス+オンライン開催 
主催：第 36 回日本放射光学会年会・放射光科

学合同シンポジウム組織委員会 
第 36 回日本放射光学会年会・放射光科学合同シンポジウム 

16 1-3-FEB-2023  東京ビッグサイト+オンライ

ン開催 
主催：nano tech 2023 実行委員会 

第 22 回国際ナノテクノロジー総合展・技術会議（nano tech 2023） 

17 3-FEB-2023 東京ビッグサイト+オンライ

ン開催 
主催：文部科学省マテリアル先端リサーチイ

ンフラ、物質・材料研究機構マテリアル先端

リサーチインフラセンターハブ運営室 
文部科学省マテリアル先端リサーチインフラ第 21 回マテリアル戦略総合シンポジウム（JAPAN 
NANO 2023）マテリアル先端リサーチインフラが推進するマテリアル DX プラットフォーム構築 

18 21-FEB-2023 オンライン開催 主催：京都大学 ARIM 解析・計測プラットフ

ォーム、日本原子力研究開発機構 JAEA マテ

リアル先端リサーチインフラ、量研 QST マテ

リアル先端リサーチインフラ 
令和 4 年度文部科学省マテリアル先端リサーチインフラ事業京大・JAEA・QST 解析・計測合同地域

セミナー -最新の微細構造・状態解析- 
19 13-MAR-2023 イーグレひめじ 主催：兵庫県立大学高度産業科学技術研究所 

ニュースバルシンポジウム 2023 
 

 
 
 
KPSI セミナー（第 86 回～96 回） 
 QST 木津地区では国内外の著名な研究者をお招きして学術

的に最先端の専門的なセミナーを開催しています。今年度は人

数制限した会場からオンライン中継も行うハイブリッドセミ

ナーを中心に合計 11 回開催しました。開催にあたっては KPSI 
Web サイトを活用し、関西研内外に開催案内を行っています。

また報告については Web サイト、関西研だより等を活用して

います。（参加費無料・事前登録制） 
Web サイト：https://www.qst.go.jp/site/kansai-topics/29853.html 
 
86 15-APR-2022 Dr. Oue Daigo The Blackett Laboratory, Imperial College 

London 
Scattering from “a space-time grating” Asymmetric diffraction and Vavilov-Čerenkov radiation 

87 30-MAY-2022 Dr. Fukahori Shinichi The University of Tokyo 

Dynamics of molecular rotational wave packets induced by intense ultrashort pulsed laser fields 

88 8-JUN-2022 Prof. Yasui Takeshi Institute of post-LED Photonics, Tokushima 
University 

A century of light pioneered by invisible light 

第 93 回 東京大学 栗原博士 
ハイブリッド開催の様子 
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89 14-JUL-2022 Dr. Kosuge Atsushi Tsuruga Comprehensive Research and
Development Center, Japan Atomic Energy 
Agency 

Development of CW fiber laser decontamination using high-speed scanning of high-power density laser beam 
～Understanding the laser decontamination mechanism～ 

90 28-JUL-2022 Prof. Ishizaki Akihito Institute foe Molecular Science, National 
Institutes of Natural Science 

Quantum Biophysics: Old Roots, New Shoots 

91 9-SEP-2022 Dr. Taya Hidetoshi RIKEN 

Recent theoretical development in Schwinger effect 

92 5-OCT-2022 Prof. Kobayashi Yoichi Ritsumeikan University 

Exploring Novel Photofunctions of Organic-Inorganic Nanohybrids 

93 9-NOV-2022 Dr. Kurihara Takayuki Institute for Solid State Physics, The University 
of Tokyo 

Ultrafast field-driven transport excited by high-repetition, quasi-single cycle light pulses with electrooptic 
timing modulation 

94 15-FEB-2023 Prof. Maruyama Tomoyuki Nihon University 

Photon Vortex Generation by Synchrotron Radiation 

95 24-FEB-2023 Prof. Sugimoto Toshiki Institute for Molecular Science, JST PREST 

Nonlinear Optical Vibrational Spectroscopy for Unveiling Novel Structural Properties of Water Molecules on 
Solid Surfaces 

96 9-MAR-2023 Prof. Gopal Dixit Indian Institute of Technology Bombay 

Two-dimensional materials under tailored laser pulses 

第 88 回 徳島大学 安井教授 第 95 回 分子科学研究所 
杉本准教授

第 96 回 インド工科大学 
Prof. Gopal Dixit 
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S-cube（スーパーサイエンスセミナー）

中学高校生を中心に一般の方に光科学についての理解を深めていただくことを目的に、第一線の

研究者による講義「S-cube（エスキューブ：スーパーサイエンスセミナー）」を開講しています。

2022 年度は合計 6 回（第 216 回～第 221 回）開催しました。 
Web サイト：https://www.qst.go.jp/site/kansai-topics/29911.html 

216 29-JUL-2022 講師：宮坂 泰弘 先端レーザー技術開発グループ 42 人参加 

テーマ：レーザーの基礎と身の回りのレーザー応用技術

217 9-AUG-2022 講師：畑 昌育 X 線レーザー研究グループ 26 人参加 

テーマ：レーザーでつくる夢のイオンビーム？次世代がん治療装置の最前線

218 9-FEB-2023 講師：神門 正城 光量子科学研究部 8 人参加 

テーマ：高強度レーザーによる放射線の発生と利用

219 10-FEB-2023 講師：小島 完興 X 線レーザー研究グループ 41 人参加 

テーマ：レーザーでつくる夢のイオンビーム～次世代がん治療装置の最前線～

220 8-MAR-2023 講師：中新 信彦 高強度レーザー科学研究グループ 1 人参加 

テーマ：レーザーの基礎知識について

221 24-MAR-2023 講師：乙部 智仁 超高速光物性研究グループ 18 人参加 

テーマ：「レーザー微細加工技術」に関する講義

左：徳島市立高等学校（S-cube） 右：岩手県立大船渡東高等学校（実験室棟見学）
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