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ȴɏɚɜɨ ȴɎɌəɚɎ

ȷɋȻ Ⱥȴɋȴ, 2020



Ȯɚɐɚɜɚɐɚɛɚɐɚɍəɧɑ Ɍɞɚɘɧ

Ô ȼɔɐɍɑɜɏ: 2Ù άὧȾς= 13,6 ɩȮ

Ô ȶɗɌɝɝɔɣɑɝɖɔɕ ɛɑɜɔɚɐ: 

Ὕ
ᴐ

2Ù = 300 Ɍɝ

Ô Ȯɚɓɍɟɒɐɑəəɧɑ ɟɜɚɎəɔ: 

Ὁ 2ÙȾὲ Ƃ Ὕ Ὕẗὲ

Ô ȳɌɜɫɐ ɫɐɜɌ Z: 

Ὁ 2ÙẗὤȾὲ Ƃ Ὕ ὝẗὲȾὤ

Ô Z = 100 Ƃ E1 ~ 100 ɖɩȮ Ƃ ɜɑɗɫɞɔɎɔɝɞɝɖɔɑ ɩɠɠɑɖɞɧ,

T = 0,03 Ɍɝ = 30 ɓɝ

Ô K-ɚɍɚɗɚɣɖɌ ɞɫɒɑɗɧɡ ɌɞɚɘɚɎ ñɖɩȮəɧɑɩəɑɜɏɔɔ, 

ɌɞɞɚɝɑɖɟəɐəɧɑɎɜɑɘɑəɌ

Ô ɩȮ ñɠɑɘɞɚɝɑɖɟəɐɧ

Ô ɖɩȮ ñɌɞɞɚɝɑɖɟəɐɧ

Ô ȸɩȮ ñɓɑɛɞɚɝɑɖɟəɐɧ



ȮɜɑɘɑəɌ ɒɔɓəɔ Ɏɚɓɍɟɒɐɑəəɧɡ ɝɚɝɞɚɫəɔɕ

Ô ȴɓɗɟɣɑəɔɑ ɠɚɞɚəɌ 2PƂ1S: ɩɗɑɖɞɜɔɣɑɝɖɔɕ 
ɐɔɛɚɗɨəɧɕ ɛɑɜɑɡɚɐ

Ô ȰɗɔəɌ Ɏɚɗəɧ ɔɓɗɟɣɑəɔɫ: ‗ḐὥȾ

Ô ȻɚɐɌɎɗɑəɔɑ Ὠ Ⱦ‗ḐẗὥȾ‗ Ḑ

Ô Ȯɜɑɘɫ ɒɔɓəɔ: †ςὖO ρὛ σȾς ẗ
ᴐ
ẗ = 1,6 əɝ

Ô Ȯɜɑɘɫ ɜɑɓɖɚ ɎɚɓɜɌɝɞɌɑɞ ɐɗɫ

ÔȻɑɜɑɡɚɐɚɎ ɘɑɒɐɟ Ɏɚɓɍɟɒɐɑəəɧɘɔ 
ɝɚɝɞɚɫəɔɫɘɔ (ɘɌɗɚɝɞɨ ǤE)

ÔȸɟɗɨɞɔɛɚɗɨəɧɡɛɑɜɑɡɚɐɚɎ (ɝɞɑɛɑəɔ ὥȾ‗)

ÔȰɎɟɡɠɚɞɚəəɧɡɛɑɜɑɡɚɐɚɎ (ɝɞɑɛɑəɔ , 
ɠɌɓɚɎɧɕ ɚɍɦɑɘ) ȰɗɔəɌ Ɏɚɗəɧ ɔɓɗɟɣɑəɔɫəɌɘəɚɏɚ ɍɚɗɨɤɑ 

ɜɌɓɘɑɜɌ ɌɞɚɘɌ!



Ⱦɫɒɑɗɧɑ Ɍɞɚɘɧ

Ô ȼɌɝɛɌɐ ɜɑɓɖɚ ɟɝɖɚɜɫɑɞɝɫ Ɏ ɞɫɒɑɗɧɡ ɌɞɚɘɌɡ ɛɚ ɝɜɌɎəɑəɔɪ ɝ 

2PƂ1S ɟ ɎɚɐɚɜɚɐɌ

Ô ȻɑɜɑɝɞɜɚɕɖɌ Ɏəɟɞɜɑəəɔɡ ɩɗɑɖɞɜɚəɚɎ Ɏ ɞɫɒɑɗɧɡ ɌɞɚɘɌɡ ñ

ɠɑɘɞɚɝɑɖɟəɐəɌɫɔ ɌɞɞɚɝɑɖɟəɐəɌɫɐɔəɌɘɔɖɌȺɒɩ-ɩɠɠɑɖɞɌ



ȬɞɞɚɝɑɖɟəɐəɧɑɫɎɗɑəɔɫ

Ô ȱɐɔəɔɢɧ ɔ ɐɚɗɔ ɠɑɘɞɚɝɑɖɟəɐɧ:

ÔȰɔəɌɘɔɖɌ ɠɚɞɚɔɚəɔɓɌɢɔɔ

ÔȰɔəɌɘɔɖɌ ɛɑɜɑɝɞɜɚɕɖɔ 

Ɏəɟɞɜɑəəɔɡ ɚɍɚɗɚɣɑɖ

Ôɉɗɑɖɞɜɚəəɧɑ ɛɑɜɑɡɚɐəɧɑ 

ɛɜɚɢɑɝɝɧ Ɏ ɘɚɗɑɖɟɗɌɡ

Ô Ȱɗɫ Ɏɝɑɏɚ ɩɞɚɏɚ əɟɒəɧ ɔɘɛɟɗɨɝɧ 

ɐɗɔɞɑɗɨəɚɝɞɨɪ Ɏ ɐɑɝɫɞɖɔ-ɝɚɞəɔ Ɍɝ

Ô Ȯɔɐɔɘɧɕ ɝɎɑɞ: E = 2-3 ɩȮ, T = 1-2 ɠɝ, 

ɐɗɔɞɑɗɨəɚɝɞɨ ɔɘɛɟɗɨɝɌ ñ

əɑɝɖɚɗɨɖɚ ɠɝ

Ô VUV, XUV: E = 6-124ɩȮ, T = 30-600 Ɍɝ

Ô ȸɫɏɖɔɕ ɜɑəɞɏɑə: E ~ ɖɩȮ, T ~ əɑɝɖ. Ȭɝ

Ô ȴɘɛɟɗɨɝɧ ɐɗɔɞɑɗɨəɚɝɞɨɪ 100 Ɍɝ 

ɞɜɑɍɟɪɞ XUV ɔɗɔ ɜɑəɞɏɑəɌ!



Ȭɞɞɚɝɑɖɟəɐəɧɑɔɘɛɟɗɨɝɧ



ȶɚɜɚɞɖɔɑ ɗɌɓɑɜəɧɑ ɔɘɛɟɗɨɝɧ

Ô 1940-ɑ: əɌəɚɝɑɖɟəɐəɧɕɓɌɞɎɚɜ 

(ɫɣɑɕɖɌ ɀɌɜɌɐɑɫ, ɫɣɑɕɖɌ ȶɑɜɜɌ)

Ô 1962: ȸɚɐɟɗɫɢɔɫ ɐɚɍɜɚɞəɚɝɞɔ 

(Q-switching ), ɏɔɏɌəɞɝɖɔɕ 

ɔɘɛɟɗɨɝñɗɌɓɑɜəɧɑ ɔɘɛɟɗɨɝɧ 

əɌəɚɝɑɖɟəɐəɚɕɐɗɔɞɑɗɨəɚɝɞɔ

Ô 1964: ɝɔəɡɜɚəɔɓɌɢɔɫ ɘɚɐ Ɏ 

ɗɌɓɑɜɑ (mode -locking ) ñ

ɛɔɖɚɝɑɖɟəɐəɧɑɔɘɛɟɗɨɝɧ

Ô ȸɌɗɌɫ ɐɗɔɞɑɗɨəɚɝɞɨ Ƃ ɎɧɝɚɖɌɫ 

ɛɔɖɚɎɌɫ ɘɚɥəɚɝɞɨ Ƃ ɠɔɓɔɖɌ 

ɩɖɝɞɜɑɘɌɗɨəɚ ɝɔɗɨəɧɡ ɛɚɗɑɕ



ȽɎɑɜɡɖɚɜɚɞɖɔɑ 

ɔɘɛɟɗɨɝɧ

Ô 1974: ɝɔəɡɜɚəɔɓɌɢɔɫ ɘɚɐ, < 1 ɛɝ

Ô 1986: ɝɔəɡɜɚəɔɓɌɢɔɫ ɘɚɐ, 6 ɠɝ 

(3 ɛɑɜɔɚɐɌ ɖɚɗɑɍɌəɔɕ)

Ô 1990-ɑ: ɛɚɔɝɖ əɚɎɧɡ ɞɑɡəɚɗɚɏɔɕ

Ô 1987: ɚɞɖɜɧɞɔɑ ɫɎɗɑəɔɫ 

ɏɑəɑɜɌɢɔɔ Ɏɧɝɚɖɔɡ ɏɌɜɘɚəɔɖ 

(HHG, high harmonics generation )

Ô 2001: ɏɑəɑɜɌɢɔɫ ɝɟɍ-ɠɝ

ɔɘɛɟɗɨɝɚɎ ɘɫɏɖɚɏɚ ɜɑəɞɏɑəɌ

P. Corkum , F. Krausz, (2007) https://doi.org/10.1038/nphys620
ɜɚɒɐɑəɔɑ Ɍɞɞɚɠɔɓɔɖɔ



ȯɑəɑɜɌɢɔɫ Ɏɧɝɚɖɔɡ ɏɌɜɘɚəɔɖ

Ô ȶɚɜɚɞɖɔɕ ɘɚɥəɧɕ ȴȶ-ɔɘɛɟɗɨɝəɌ ɣɌɝɞɚɞɑ ȘL: 

ÔȴɚəɔɓɌɢɔɫ ɌɞɚɘɌ (ɞɟəəɑɗɔɜɚɎɌəɔɑ)

ÔȼɌɓɏɚə ɩɗɑɖɞɜɚəɌ (= ɛɚɏɗɚɥɑəɔɑ ɘəɚɏɔɡ ɠɚɞɚəɚɎȘL)

ÔȼɌɓɎɚɜɚɞ ɔ ɟɐɌɜ ɛɚ ɞɚɘɟ ɒɑ ɔɚəɟ

ÔȼɑɖɚɘɍɔəɌɢɔɫ ɗɔɍɚ ɜɌɝɝɑɫəɔɑ ñɔɓɗɟɣɑəɔɑ ɠɚɞɚəɌ ȘX = n ȘL. 

Ô n ɘɚɒɑɞ ɐɚɝɞɔɏɌɞɨ ɝɚɞɑə ɔ ɞɧɝɫɣ 

ɔɝɞɚɣəɔɖ: P. Peng et al (2019) 

https://doi.org/10.1038/s42254 -018-0015-1



ȯɑəɑɜɌɢɔɫ Ɏɧɝɚɖɔɡ ɏɌɜɘɚəɔɖ

Ô ȴəɞɑɜɠɑɜɑəɢɔɫ ɘɑɒɐɟ ɎɧɗɑɞɑɎɤɑɕ ɔ ɚɝɞɌɎɤɑɕɝɫ ɣɌɝɞɨɪ ɩɗɑɖɞɜɚəəɚɕ 

Ɏ.ɠ.: Ɏ ɘɚɘɑəɞ ɟɐɌɜɌ ñɍɧɝɞɜɚ ɚɝɢɔɗɗɔɜɟɪɥɔɕ ɐɔɛɚɗɨəɧɕ ɘɚɘɑəɞ

P. Corkum , F. Krausz, (2007) 

https://doi.org/10.1038/nphys620



ȯɑəɑɜɌɢɔɫ Ɏɧɝɚɖɔɡ ɏɌɜɘɚəɔɖ

Ô ȴɘɛɟɗɨɝ XUV/ɜɑəɞɏɑəɌ:

Ôȶɚɜɚɞɖɔɕ (ɐɑɝɫɞɖɔ-ɝɚɞəɔ Ɍɝ); əɌɝɞɜɌɔɎɌɑɘɚɑ ɣɔɝɗɚɔɘɛɟɗɨɝɚɎ 

ÔȽɚəɌɛɜɌɎɗɑəɝ ȴȶ; ɝɚəɌɛɜɌɎɗɑəɧɛɚɗɫɜɔɓɌɢɔɔ 

Ôȶɚɏɑɜɑəɞɑə ɛɚ Ɏɝɑɘɟ ɠɚɖɟɝɟ, ɝɔəɡɜɚəɔɓɔɜɚɎɌə ɝ ȴȶ-ɔɘɛɟɗɨɝɚɘ

ÔȽɚɛɜɚɎɚɒɐɌɑɞɝɫ ɝɖɚɜɜɑɗɔɜɚɎɌəəɧɘ ɩɗɑɖɞɜɚəɚɘ

ɔɝɞɚɣəɔɖ: P. Peng et al (2019) 

https://doi.org/10.1038/s42254 -018-0015-1



ȯɑəɑɜɌɢɔɫ ɟɗɨɞɜɌɎɧɝɚɖɔɡ ɏɌɜɘɚəɔɖ

Ô Ȯɑɜɡəɫɫ ɏɜɌəɔɢɌ ɣɌɝɞɚɞɧ ÃÕÔ ÏÆÆᶿὍẗ‗, ɫɜɖɚɝɞɨ ɓɌɎɔɝɔɞ ɚɞ ɐɌɎɗɑəɔɫ ɏɌɓɌ

Ô 2012: ȴȶ əɌ ɐɗɔəɑ Ɏɚɗəɧ 3,9ɘɖɘ Ƃ ɝɛɑɖɞɜ Ɏɧɤɑ 1 ɖɩȮ, n ~ 5000.

Ô Ⱦɑɚɜɑɞɔɣɑɝɖɔ, ɔɘɛɟɗɨɝ ɐɗɔɞɑɗɨəɚɝɞɨɪ Ɏ ɑɐɔəɔɢɧ Ɍɞɞɚɝɑɖɟəɐ.

T. Popmintchev et al (2012) 

https://doi.org/10.1126/science.1218497



ȬɞɞɚɝɑɖɟəɐəɌɫ əɌɖɌɣɖɌ-

ɓɚəɐɔɜɚɎɌəɔɑ
ɉɗɑɖɞɜɚəəɌɫ ɐɔəɌɘɔɖɌ Ɏ Ɍɞɚɘɑ ɔ ɘɚɗɑɖɟɗɑ



Ⱥɒɑ-ɩɗɑɖɞɜɚəɧ

M. Drescher et al (2002) 

https://doi.org/10.1038/nature01143

Ô Ƚɛɑɖɞɜɚɝɖɚɛɔɫ ɛɚɓɎɚɗɫɑɞ ɚɞɗɔɣɔɞɨ 

ɠɚɞɚɩɗɑɖɞɜɚəɧ ɚɞ Ⱥɒɑ-ɩɗɑɖɞɜɚəɚɎ



Ⱥɒɑ-ɩɗɑɖɞɜɚəɧ

M. Drescher et al (2002) 

https://doi.org/10.1038/nature01143

Ô ȹɌɖɌɣɖɌ-ɓɚəɐɔɜɚɎɌəɔɑ: 

Ôȴȶ: Ȋ= 750 əɘ, T= 2,5 ɠɝ, ȓ= 7 ɠɝ

Ôɜɑəɞɏɑə: E å 100 ɩȮ, ȓX = 0,9ɠɝ

ÔȻɚɗɫɜɔɓɌɢɔɫ ɖɚɛɗɌəɌɜəɌ

Ô ȼɑəɞɏɑə ɎɧɍɔɎɌɑɞ ɠɚɞɚɩɗɑɖɞɜɚə, 

ɝɚɓɐɌɑɞ çɐɧɜɖɟè ɝ Ɏɜɑɘɑəɑɘ ɒɔɓəɔ ȓh, 

ɚəɌ ɓɌɛɚɗəɫɑɞɝɫ ɔ ɎɧɍɔɎɌɑɞ Ⱥɒɑ-

ɩɗɑɖɞɜɚə

Ô Ⱥɒɑ-ɩɗɑɖɞɜɚə ɛɚɗɟɣɌɑɞ 

ɐɚɛɚɗəɔɞɑɗɨəɧɕ ɔɘɛɟɗɨɝɚɞ ȴȶ Ɏɚɗəɧ 

Ɏ ɓɌɎɔɝɔɘɚɝɞɔ ɚɞ Ǥt.

Ô Ƚɛɑɖɞɜɚɘɑɞɜ ɔɓɘɑɜɫɑɞ ɩəɑɜɏɔɪ Ⱥɒɑ-

ɩɗɑɖɞɜɚəɚɎ



ȬɞɞɚɝɑɖɟəɐəɌɫ

ɝɞɜɔɖ-ɖɌɘɑɜɌ

Ƀɔɝɗɑəəɚɑ ɘɚɐɑɗɔɜɚɎɌəɔɑ

Ô Ȯɜɑɘɫ ɒɔɓəɔ ȓh << T0: 

ɣɑɞɖɔɑ ɚɝɢɔɗɗɫɢɔɔ

Ô Ȯɜɑɘɫ ɒɔɓəɔ ȓh > T0: 

ɝɚɚɞəɚɤɑəɔɑ ɘɑɒɐɟ 

ɚɝəɚɎəɧɘ ɔ ɍɚɖɚɎɧɘɔ 

ɛɔɖɌɘɔ

Ô Ƚɛɑɖɞɜɚɝɖɚɛɔɫ Ⱥɒɑ-

ɩɗɑɖɞɜɚəɚɎ Ɏ ɓɌɎɔɝɔɘɚɝɞɔ 

ɚɞ Ǥt Ƃ ɔɓɘɑɜɑəɔɑ 

Ɏɜɑɘɑəɔ ɒɔɓəɔ çɐɧɜɖɔè

M. Drescher et al (2002) 

https://doi.org/10.1038/nature01143



ȬɞɞɚɝɑɖɟəɐəɌɫ

ɝɞɜɔɖ-ɖɌɘɑɜɌ

Ô ȮɖɗɌɐ ɚɞ ɍɚɖɚɎɚɕ Ⱥɒɑ-

ɗɔəɔɔ ɖɜɔɛɞɚəɌ (MNN)

Ô ɀɔɞɐɌɗ Ɏɜɑɘɫ ɒɔɓəɔ 

ɐɧɜɖɔ:ȓh = 8 ± 1 ɠɝ

Ô ȽɚɏɗɌɝɟɑɞɝɫ ɝ ɜɌɝɣɑɞɌɘɔ 

ɔ ɤɔɜɔəɚɕ Ɏ 

ɝɛɑɖɞɜɚɝɖɚɛɔɣɑɝɖɔɡ 

ɔɓɘɑɜɑəɔɫɡ

M. Drescher et al (2002) 

https://doi.org/10.1038/nature01143



ȬɞɞɚɝɑɖɟəɐəɌɫɘɔɏɜɌɢɔɫ 
ɓɌɜɫɐɌ Ɏ ɘɚɗɑɖɟɗɑ HC2I 
ɛɜɔ ɠɚɞɚɔɚəɔɓɌɢɔɔ

Ô ȸɚɗɑɖɟɗɧ ɚɜɔɑəɞɔɜɟɑɞɝɫ Ɏ ɛɜɚɝɞɜɌəɝɞɎɑ 

ɜɌɓɎɚɜɌɣɔɎɌɪɥɔɘ ɔɘɛɟɗɨɝɚɘ

Ô Ƚɔɗɨəɧɕ ɔɘɛɟɗɨɝ əɌɖɌɣɖɔ ɔɚəɔɓɔɜɟɑɞ 

Ɍɞɚɘ ɕɚɐɌ, Ɍ ɞɌɖɒɑ ɘɚɒɑɞ Ɏɚɓɍɟɐɔɞɨ 

ɚɝɞɌɎɤɔɑɝɫ ɩɗɑɖɞɜɚəɧ

Ô ȳɌɛɟɝɖɌɑɞɝɫ ɚɝɢɔɗɗɫɢɔɫ çɐɧɜɖɔè Ɏ 

ɔɚəɔɓɔɜɚɎɌəəɚɕ ɘɚɗɑɖɟɗɑ, ɖɚɞɚɜɌɫ 

ɓɌɎɔɝɔɞ ɚɞ ɚɜɔɑəɞɌɢɔɔ ɘɚɗɑɖɟɗɧ

Ô ȼɌɓəɧɑ ɣɌɝɞɚɞɧ ɗɌɓɑɜɌ Ƃ ɜɌɓəɧɑ 

ɘɚɘɑəɞɧ ɜɑɖɚɘɍɔəɌɢɔɔ Ƃ ɛɜɚɎɑɜɖɌ 

ɐɔəɌɘɔɖɔ çɐɧɜɖɔè

P.M. Kraus et al (20 15) 

https://doi.org/10.1126/science.aab2160



ȸɑəɨɤɑ Ɍɞɞɚɝɑɖɟəɐɧ?

Ô ȸɏəɚɎɑəəɌ ɗɔ ɠɚɞɚɔɚəɔɓɌɢɔɫ?

Ô ȶɌɖ ɍɧɝɞɜɚ ɎɚɓəɔɖɌɑɞ 

ɠɚɞɚɩɗɑɖɞɜɚə ɛɜɔ ɛɚɏɗɚɥɑəɔɔ 

ɠɚɞɚəɌ ɛɜɚɞɫɒɑəəɚɕ ɚɜɍɔɞɌɗɨɪ?

Ô ȴɓɘɑɜɫɑɘɧ ɗɔ ɩɞɔ ɎɜɑɘɑəɌ?

Ô ȸɔəɔɘɌɗɨəɧɕ ɘɌɝɤɞɌɍɎɜɑɘɑəɔ: 

1 ¡/ɝ = 0.33 Ɍɝ

Ô ɉɖɝɛɑɜɔɘɑəɞ (2010): ɜɌɓəɔɢɌ Ɏɚ 

Ɏɜɑɘɑəɔ ɎɧɡɚɐɌ 2p ɔ 2sɩɗɑɖɞɜɚəɚɎ 

Ne: 21 ± 5 Ɍɝ.

M. Schultze et al (2010) 

https://doi.org/ 10.1126/science.1189401



ȸɑəɨɤɑ Ɍɞɞɚɝɑɖɟəɐɧ?

Ô ɀɚɞɚɔɚəɔɓɌɢɔɫɘɚɗɑɖɟɗɧ H2

Ô ȺɐəɚɎɜɑɘɑəəɚ ɗɔ ɎɧɗɑɞɌɑɞ 

ɩɗɑɖɞɜɚəəɧɕ ɛɌɖɑɞ ɔɓ ɐɎɟɡ ɌɞɚɘɚɎ?

Ô ȸɑɞɚɐ ɔɓɘɑɜɑəɔɫ: ɝɐɎɔɏ Ɏ ɟɏɗɚɎɚɘ 

ɜɌɝɛɜɑɐɑɗɑəɔɔ çɐɎɟɡɥɑɗɑɎɚɕ» 

ɔəɞɑɜɠɑɜɑəɢɔɚəəɚɕ ɖɌɜɞɔəɧ

Ô ɉɖɝɛɑɜɔɘɑəɞ (2020): ɐɎɚɕəɌɫ 

ɚɐəɚɠɚɞɚəəɌɫ ɔɚəɔɓɌɢɔɫ H2.

Ô ȳɌɛɌɓɐɧɎɌəɔɑ ɐɗɫ ɚɜɔɑəɞɔɜɚɎɌəəɚɕ 

ɘɚɗɑɖɟɗɧ: 0,247 Ɍɝ.

S. Grundmann et al (2020) 

https://doi.org/ 10.1126/science.abb9318


