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௤ਤواڢ ᗙᗅ ܾ۲ ᖃۏފ ᄪᄥ༡ਵਦ ؇૭૩ا اٞ܂ اور — ڣچިژن دو๤ངی
؇ᘛّ ඖඒዜኡ ؇ᘛدٞܦ ܔٴᘛ޳
muons ඖඒ݁ ቕቓଫଜٕިٞڈ frozen ᗙᗅ دان ޗٴچأچ؇ت ᗙᖩ ா஬ اݿٺأ݄؇ل detector X-ray TES sharp exceptionally ඖඒ݁ J-PARC
dissociation ᗙᖩ ܔᜨᜤ—ان observe راݿب ߓߵاہِ **ඖඒܳٺ؇༡ **resonance fleeting ᗙᖩ ݿ؇ৎ৊؇ت muonic ً؇ر উॻዜኜ اور ᜨᜤܔ fire
resonance ۭٞ muons َݱژ ً ؇ਊೋّگݠ ᄋჳ ؇ٞ؇ᘛدܔ اور ۲ިا ݁ޚ؇ًگب ඖඒ݁ detail ᖄᖇ ۭٞ َޙݠ precision-ًܹٷڎ ޗچژ ா஬۔ ୀ଻ى X-rays
kinetic اور ۲ިا ّ؇ਜಮڎ راݿب ߓߵاہِ Ⴄၖر ᘣۭ ٞگ ޗݠ ൪ി૰૜ܭ Vesman channel۔ omitted ඖඒ݁ description ݁أچ؇ری ،ඖඒ۲ ᜨ᜘ܳچ pathway
:**ඖඒዜኡ advance ሏᆶ؇َّިا ᗳᘑ—**ڣچިژن advance ۋگچࠔࠨ ඖඒ݁ **ᜨ᜕ᘛ۠ᆙᆊ/ᜨ᜕ᘛدٞܦ ܔި **reaction ۭٞ ᗙᖨ۔ ۲ިں revise ෑෂڈ؇݁

ඖඒዜኡ۔ ෠ູݠًۭ ඖඒ݁ َޙ؇م D–T ّިاَ؇ሏᆶ-݁ٺأܹگۭ ،ඖඒዜኡ solve sticking alpha ،ඖඒዜኡ ؇َா஬ ଫଐዜኞ fusions-per-muon/ሏᆦدா஬رႤၖ
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ޗٴچأچ؇ت ۏ۲ިݠی و اറദഇ޳ THE CLEAN PAPER

؇ᘛدٞܦ ܔٴᘛ޳ ௤ਤواڢ ᗙᗅ ܾ۲ ᖃۏފ ᄪᄥ༡ਵਦ ؇૭૩ا اٞ܂ اور — ڣچިژن دو๤ངی
؇ᘛّ ඖඒዜኡ

Ⴄၖ ݁چިن—اܳچܦଫଓان ๤ཛྷف ඖඒዜኡ۔ ๤ཚورت ሏᆧ arrays ଩ଜܳر ؇ٞ magnets giant ىఈఃز݁؇، ݿٺ؇رہ، ᖃۏފ ᗳᘑ ๱๎๊ا ྾ཏڢ اٞ܂ ሏᆧ ڣچިژن ۏ۲ިݠی
ݿ؇ل ଫଐًݿ ؇ਊೋّگݠ اور ،ඖඒ۲ ᜨ᜘۴᠃ CF)µ) ؔ׷ܙژن catalysed-ڲ׷ܙن ᖄᖇا ᜨᜤ۲۔ ؇༰ ਜಮ؇۲ڋروۏ݆ ᘙ੕၄ ނ႟ႆ—اور ܾ۲ ॴॖीڢݠ lived-๤ཡٺෛ੼ ᘛً؇ری،
breakthrough ௤ਤواڢ ᄪᄟ؇݁گ ۭٞ breakthrough۔ ڣچިژن ݁چިن :ᗳᘑ ༃واࡵ ۊޚݠہ ሏᇕ๤ང ިّ ᗙᖸآ ᄪᄟ؇݁گ ᜨᜤܳ اس ᗳᘑ۔ ݁ڰچڎ” “almost ᖄᖇ
۲ިا ᘛۚٲ؇ اٞ܂ Ⴄၖ ردᆇᅦِܭ ً؇ر উॻዜኜ ᗙᗅ دان ޗٴچأچ؇ت ॴख़भ۔ ඖඒዜኡ ݁؇༠ڍ ޗ؇ڢب CFµ ඖඒ݁۔ พฃ݁أ درݿب/ො੼ڎود ٞ؇دہ ز ᖄᖇ phrase ୍଺݁ ،ᗳᘑ

ᘛّ؇۔ ؇ّ؇༥ ؇৆ছ ؇َா஬ ا༠ڍ ๤ཛྷف ᖃܹዜኜ دٞܦᘛ؇—ۏި راݿب ߓߵاہِ ᄪᄥ༡ਵਦ
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Muon-catalysed fusion: the step this paper actually sees

A hidden resonance pathway becomes visible; the energy bottlenecks do not move.

Muon enters
heavy electron
cousin

Muonic molecule
nuclei pulled close

Resonance x-ray
newly observed
step

Fusion cycle
muon may repeat

2.2 microsecond
lifetime

ddmu
~200x closer

nuclei
resonance
resolved

understanding
gain,

not energy gain

NOT SHOWN BY THIS FIGURE

• no improvement in fusions per muon or break-even

• no alpha-sticking measurement

• pure deuterium, not the energy-relevant D-T system

Reaction pathway seen directly, not a fusion-energy advance.

pathway رزوਜ಻ྡྷݴ ۲ިا ᘛۚٲ؇ ඖඒ݁ ᄪᄥ༡ਵਦ ݿ؇൪ി૰૜-ۭৎ৊ܭ :ᗳᘑ narrower رڣب ུྱݷ Ⴄၖ ᗙᗜ؇݁گ ୍଺݁ ،ᗳᘑ พฆݿܦ ި۲ د۲ݠاٞ؇ ୍଻༰ ڣچިژن catalysed-݁چިن
ሏᆶި۲۔ ඖඒዜኡ ؇َா஬ ଫଐዜኞ ਜಶڎاوار ሏᆶ؇َڣچިژن-ّިا ،؇৆চ ؇ᘛدٞܦ راݿب ߓߵاہِ
Original The Clean Paper diagram CC BY 0 .4

اܳچܦଫଓان around ᗙᖩ nuclei ਜಮ؇۲ڋروۏ݆ ா஫ا اوոؓت۔ 207 ً ؇ਊೋّگݠ mass ୍଺݁ ༥ྱފ؇ اܳچܦଫଓان charge Ⴄၖ ݁چިن ᗳᘑ؟ ܔچިں ᆙᆘܦ݆ CFµ
×200~ ඖඒ݁ ᖃًܹ؇݁گ ᗙᖩ ۭৎ৊؇ݿ Ⴄၖ ݁أ݄ިل nuclei ਜಮ؇۲ڋروۏ݆ two ඖඒ݁ ۭৎ৊؇ݿ muonic smaller۔ ×200ً ؇ਊೋّگݠ orbit ،ި۲ ݁چިن ᄋᄄ༥ ሏᆧ
،ᗳᘑ ၯႆَٺ؇ ً؇۲ݠ ً ؇݁ިᆇᅦ ݁چިن ًأڎ ᗙᖩ ڣچިژن ඖඒ۲۔ ᜨ᜘ݿܦ ா஬ fuse ً ڣިرا ً ؇ਊೋّگݠ ଫଜً؞ ᗙᖩ රඞارت/دً؇ؤ enormous ᄋჳ ೞೋڢݠ ᜨ᜕ᝅا closer،

ᗳᘑ۔ ؇൞ിݿ ா஬ catalyse ً؇ر พ෶ܔ ୍଻༰ ඖඒ݁ ሏᆦࣖ زࢾ microsecond-2 .2 brief ॴख़फا ݁چިن اٞ܂ ᗳᘑ۔ ؇൞ിݿ ୀ଻ى ۏިڑا ఈ႙ၕا
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ॴख़भ ඖඒዜኡ ܔچިں ݁؇༠ڍ ሏᆶ؇َّިا ۭٞ
–ቕቓଫଜٕިٞڈ દતଫଐዜኞ ඖඒ٪۲؇༰۔ ሏᇃா஬ catalyse fusions 300 ً ؇ਊೋّگݠ ᖃܹዜኜ ᖄᖇ ᗙᗅި۲ stuck ؇ٞ ᗙᗅਵਦ ܔި ݁چިن اٞ܂ ᜨᜤܳ ᗙᖩ break-even
nucleus helium ᗙᗜوا ᜨ᜕ྡྷྲྀ ᖄᖇ ڣچިژن ݁چިن ًףပ࿷ؤ—ܔٴᘛ޳ ոاڤء bottlenecks: دو ዜኜٷᖃ۫۔ ّ܂ ٞ؇دہ ز ᖄᖇ 100 ᘙ੕၄ ෠ູݠً؇ت tritium
൪ി૰૜ܭ ً؇وۏިد ᗙᖩ ොູگچݑ دਜಮ؇۲ިں speed۔ ൪ി૰૜ܭ ሏᆧ ݿ؇ৎ৊؇ت muonic اور ༥؇ّ؇؛ ႟ႆَ ᖄᖇ ୍଻༰ اور ᗳᘑ ؇ّ؇༥ ۚٲ܂ ᖄᖇ (اܳڰ؇)

ඖඒዜኡ۔ watched راݿب ߓߵاہِ inferred، ᖄᖇ ذرات outgoing—ሏሄر ۲ިا ᘛۚٲ؇ choreography
ᗳᘑ۔ ؇ّா஬ ༡ܭ ոֿ٣ܙ ڲ۾٣ո׿ہ ոּؓڞِ ،ඖඒዜኡ ّިازن ሏᆶ؇َّިا Ⴄၖم ؇ਜ಻

؇৆ছ ؇৆ছ ᗙᗅ ඔඒ݁ݱٷڰ
ߑߵ kelvin 3~ ߑߵ ىܹچث ༰؇ࢾࣖی ،؇৆ছ fire ඖඒ݁ disc ᇆᇄજઍڈ׏ܙ׆ ׆ᖌܙس ܔި beam ݁ٷࠕࠨ-݁چިن pulsed ߑߵ accelerator J-PARC ᗙᖩ Japan
ݬ؇ف µdd ۭৎ৊؇ݿ muonic ୍଺݁ ،ᗳᘑ ݿފب ڣچިژن ඖඒ݁ ቕቓଫଜٕިٞڈ ਵਦܔص۔ D–T ّިاَ؇ሏᆶ-݁ٺأܹگۭ َۭ ،ቕቓଫଜٕިٞڈ ༠؇ܳݧ ா஬ ᘙًިۏ ༥؇ن ݁ފٺگܭ۔

ඖඒዜኡ۔ ਜಶڎاوار ،؇ᘛّ clarity ݁گݱڎ واࡵ༃۔ ଫଜ༚ signatures พฆܹ݁ ඖඒ݁ آีྵ ඖඒ݁ D–T ᗳᘑ؛ ؇ਐೋد اނ؇رہ ݿ؇دہ
sensors ܔިاَࡧࡲ ۲ިا۔ ਜಾ؇ر NIST US ،؇ᘛّ array microcalorimeters (TES) ෕ເ༓۰׷ ڲר׫ؠࣺ࣬-݄ݦ݊ݦی superconducting ᄪᄟآ اݬܭ
ᖃܹዜኜ—eV 8~ رߦ߳وܳިނ݆ ނٷ؇ۊب ِᄪᄟآ ඖඒ݁ دا߉ߵہ eV 2,000~ ඖඒ۲۔ ᗙᗈா஬ ྸอ؇റയೲ ᖄᖇ rise රඞارت ۭ༥در tiny ሏᆶ؇َّިا X-ray ڣݠد
Ⴄၖ ሏᇃ؇۴᠃ رߦ߳وܳިނ݆ ᜨᜤܳ اس ،ᗳᘑ ᘙّ؇ݿ ႟ႆܳ؇ً ᗙᖩ દઇ৖৑ روނ݆ اނ؇رہ sharper۔ ×10< ᖄᖇ ނٷ؇ۊب آ৖৑تِ silicon conventional

ᗳᘑ۔ heart

K 3 beam ݁چިن schematic۔ TES/۲ڎف 2D ᘛٕިس (B) cross-ۋݱۭ۔ ނٷ؇ۊب ِᄪᄟآ chamber/TES ۲ڎف (A) اپ۔ ݿྱث Experimental
وڢب ਜಸ܂ ނٷ؇ۊب ِᄪᄟآ TES X-rays ᗙᖩ دوَިں tube X-ray اور ۲ڎف ᗳᘑ۔ ሏᇆި۲ stop ඖඒ݁ ۲ڎف 2D ᗙᖩ ۭٞ َޙݠ ݿ؇دہ ݁ٺٴ؇دل (Ag) ༰؇ࢾࣖی ߑߵ
ᗳᘑ۔ ؇ّா஬ ނٷ؇ۊب
Toyama et al. / Science Advances, Fig. 4 CC BY 0 .4

ᄋჳ ؇৆ছ ݁ިازَۭ ᖄᖇ ۋފ؇ً؇ت َޙݠی precision-ًܹٷڎ ܔި ޗچژ ىᘛݠ ،ᜨᜤܔ Ⴄႆٞرڈ ر X-rays ቕቓଫଜٕިٞڈ ݁ފٺگܭ ඖඒ݁ وڢب beam hours 57~
ሏᆦ۔ ா஬ے emit ؇৆ছ ༡؇ܳب ܔިاَࡧࡲ ۲ݠ ሏᆧ ۭৎ৊؇ݿ muonic
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ى؇ٞ؇ ؇৆ছ ᗙᗅ اዜኡިں
ۭٞ ሏᆶި۲۔ ༃واࡵ ݿ؇ۊب اܳـ܁ ඖඒ݁ دا߉ߵہ keV 0 .2 –6 .1 ᘙّ؇ݿ ᗙᖩ દઇ৖৑ X-ray keV 00 .2 ݁ٺިڢؕ روނ݆ ledge۔ ٣ܙا ոףᖌً ഇഃڲ ܈׷؉
ሏᇆா஬ emit X-ray ᗙᖸި۲ ᗙᗈި۲ apart break ۏި ،ᗳᘑ ૰૙؇ن Ⴄၖ—ت؇ৎ৊؇ݿ muonic quasi-ڎ༡ lived-๤ཡٺෛ੼—ഇഃڤ׫ոຒ رزو༓঍బۥ ๱ཚر؇༟

ඖඒ۲۔
well ᖄᖇ sum ᗙᖩ ޗچژ ܔިاَࡧࡲ-༡؇ܳب rotational/๱ཇ؇ارّأ ෛ੼ݱިص ᗙᖩ µdd ႟ႆނ ؇৆চ َ؇ى؇ ոषऌ۔ ڲ܋ոּؠ֙ ഇഃڲ ׂءۢ׷ڞ ᕊᔶ ׏ٞ ֿ܊ۑ

ඖඒዜኡ۔ artefact ،ᗳᘑ pathway رزوਜ಻ྡྷݴ predicted ݿ؇ۊب ᄋჳ ނިا۲ڎ ݁ݯٴިط ݬ؇ف، ߑߵ ޗިر ሏᇆ؇ٞ ᆙᆍ؇ر ݁ޚ؇ًگب reproduced۔
ۭৎ৊؇ݿ (ڲר܊گ)۔ 05 .0 ± (ᆀᄷո׏ (ոᄊჾر 03 .0 ± 64 .0 ਍ಾ؇ݿص દઇ৖৑ ᄪᄟ܂/ۋިاᆇᆄ ሏᆧ ݿ؇ۊب ؇ਜ಻ ഇഃ٣۔ ᚙᚉڤ׷ را۰׫ٞ ׏ٞ ڲ׷ܙ݇ݤ ؉ֿۢ ً ոॻ఼ׂؠۑ
kinetic ඖඒ۲—݁أچ؇ری ᗙᗈر஼஫ ᖄᖇ detour رزوਜ಻ྡྷݴ ݁چިߖ߳ ؉ֿۢ nearly ۭ༶ཹྥچ ިّ નત ா஬ include ๢ཏྱܔ ّڰܦچ܂ رے اٞܦݴ ଫଜ༚ ᗙᖩ

pathway۔ ۲ިا ᘛۚިڑا ඖඒ݁ accounting
(“resonant”) matching-ሏᆶ؇َّިا درݿب ۭৎ৊؇ݿ muonic ඖඒ݁ Ⴄၖر ᘣۭ ٞگ ޗݠ ᕤᖂ۔ ոׂ٣ܙ ոֿଯଝ ׂۢ׿׏ۂ ပ࿇ر ᖔٞ ׏ؠ ܈ۑ Vesman long-proposed
ނިا۲ڎ۔ ޗچࠕࠨ راݿب ߓߵاہِ اب ᘛّ؇؛ Ⴄၖر ᘣۭ ٞگ ޗݠ ๱ངدر دਜಮ؇۲ިں ૭૜ܹފܭ۔ ᖄᖇ ݿᘗଞଜ޳ ๱ཇ؇ارّأ ىᘛݠ ،႟ႆނ ᘙّ؇ݿ ᗙᖩ ۭৎ৊؇ݿ ॴॖीڢݠ ᖄᖇ উॻ݁ٷٺگ

ᗳᘑ ؇৆ছ ݁ޚܹص ༚؇ܳص
ݿ؇ل 70 ఈః݁۔ ڲ׿ت ᆀᄧ٣ܙ ๴ڤ֙-واߦոຒ-څܙاֿߘߣ را۰֙ ݄ݦاہِ Ⴄၖ ᄪᄥ༡ਵਦ ݿ؇൪ി૰૜-ۭৎ৊ܭ CFµ ܔި دان ޗٴچأچ؇ت ݁ޚ؇ܳأۭ: ݁ݯٴިط cautious
ۋݱۭ Ⴄၖ ᆇᅦܭ َݱژ ً ؇ਊೋّگݠ راݿٺۭ ۲ިا ᘛۚިڑا ඖඒ݁ ෑෂڈ؇݁ kinetic ݁أچ؇ری ᘛّ޳۔ ሏᇆި۲ ؇َா஬ ً؇زݿ؇زی ᖄᖇ debris ڣچިژن ᘛّ޳، َۭ؇༠ ݿچ؇ہ
ᗙᗅި۲ revisit ᘙّ؇ݿ ᗙᖩ pathway واᗙᗜ—اس ᗙᗅா஬ interpret ෠ູݠً؇ت CFµ اڣݞا ا݁چڎ recent including—ෑෂڈ؇݁ ᗳᘑ۔ ؇ّ؇༥ ᗙᗜ

ඖඒ٪۲؇༰۔
ඖඒ݁ آ਍ಮڎہ ඖඒ۲ ᜨ᜘۴᠃ ඔඒ݁ݱٷڰ ᗳᘑ۔ พฆݿܦ ᘙدٞܦ bottlenecks ۋگچࠔࠨ ᗙᖩ ނأٴۭ ނٷ؇ۊب ِᄪᄟآ TES ሏሄ اٞ܂ forward-looking/๱ང؇ڢچ:

ᗳᘑ۔ Ⴄၖم ఈ႙ၕا ৆চ؇؛ ؇৆ছ ඖඒዜኡ ዜ኱؇ں ۭٞ ᖄᖇ۔ X-ray broadened ሏᆧ helium muonic ،ᗳᘑ พฆݿܦ ި۲ ݁ޚ؇ܳأۭ راݿب ߓߵاہِ ًףပ࿷ؤ ոاڤء

؇ّா஬ ඖඒዜኡ ೑ಸ؇ٔ ؇৆ছ ۭٞ
،ᗳᘑ understanding/seeing ඖඒዜኡ۔ ؇َா஬ ଫଐዜኞ break-even fusions/݁چިن، ّިازن، ሏᆶ؇َّިا ഇഃቍሒ۔ ႛ႖ຒদগ ܈ۑف ᆀᄘ ᆀᄧոֿׂܙا ؔ׷ܙژن •

ඖඒዜኡ۔ ݬఈఃۋچب ਜಶڎاواری
ߑߵ۔ ޗިر ༃واࡵ Ⴄၖم آ਍ಮڎہ ඖඒዜኡ؛ solve/ۭ݁ޚ؇ܳأ ዜ኱؇ں ༡ڎ ሏᆦدா஬رႤၖ ߓߨی ᖄᖇ ݿص untouched۔ ًףပ࿷ؤ ոاڤء •

ۭ༶ཹྥچ ݬ؇ف واࡵ༃۔ ଫଜ༚ اނ؇رہ ᄋᄅَިܔچ ؇৆চ ܳچ؇ ඖඒዜኡ ா஬ ᘙًިۏ ༥؇ن ா஬ ᘙًިۏ ༥؇ن ਵਦܔص ّިاَ؇ሏᆶ-݁ٺأܹگۭ ഇഃቍሒ۔ D–T ،ᇆᇄજઍڈ׏ܙ׆ ոຑڤۘ •
ඖඒ݁۔ َޙ؇م ሏᆶ؇َّިا-ଫଜ༚

ᖄᖇ؛ ݁ޚ؇ًگب ۋފ؇ً؇ت few-྾ཏۏ উॻّڰݱچ + ޗچژ ؇৆চ َ؇ى؇ ඔඒّأچ ඖඒܳٺ؇༡ ܔިاَࡧࡲ ෛ੼ݱިص ᗳᘑ۔ ሏᇆா஬ lean ݂ݦ ׏ٞ ֿ܊ۑ ༃ຝ๤๑฽ ሏᇕ๤ང •
ඖඒዜኡ۔ ྸอ؇റയೲ ݁؇ڈل-آزاد ୍଺݁ ݁ޚ؇ًگب، excellent

ඖඒዜኡ۔ establish آ۲ٷ܁، ܾ۲ ؇ਓೋڈ—ഇഃቍሒ ۳׿ہ ׂۢ׿׏ۂ “shortcut” رزوਜ಻ྡྷݴ-༡-toڎ راݿب ߓߵاہِ ଩ଜّ ٞ؇دہ ز ᆙᆘܦ݆ •
ඖඒዜኡ۔ ྾ཏۏ ؇৆চ cross-؇෫ຶ؇༥ ݁ލ؇۲ڎہ، راݿب ߓߵاہِ ఈఃዜኜ ݁ݯٴިط ஼஬ਵਦ؛ اٞ܂ ෠ູݠًۭ، اٞ܂ •
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ඖඒ۲؟ ݁ݯٴިط ᜨ᜕ܔٺ ނިا۲ڎ
×10<) ᄪᄟآ ଫଐዜኞ genuinely ᗳᘑ۔ firm—ނڎہ ݁ލ؇۲ڎہ ᖄᖇ X-rays راݿب ߓߵاہِ ݿ؇ৎ৊؇ت muonic د؜ިیٰ—رزوਜ಻ྡྷݴ-༡؇ܳب ۋݱۭ ྲྀྡྷچ؇دی
ݿ؇ᘙّ۔ ᗙᖩ ඖඒ༠ఈఃݿ ༚ܹޚ޳ stat/sys دار ೑಻؇ٞد ਍ಾ؇ݿص اނ؇رہ؛ ඖඒዜኡ ؇َఈః༰ ݁ٷޙݠ ྵี ݁ޚ؇ًگب، ሏᇆ؇ٞ ޗچژ/ᆙᆍ؇ر ݬ؇ف رߦ߳وܳިނ݆)، ሏᆶ؇َّިا

݁ޚ؇ًگب ா஬َ؇۔ اොຶݱ؇ر ߑߵ ᗙᗅި۲ ොේچں ޗچژ َޙݠی figure َݱژ” ඖඒ݁ ً؇رے ᗙᖩ“ اور ّأچྱٷ؇ت ༡؇ܳب layer: inferential ٞ؇دہ ز
رܔඖඒᘛ۔ loose ٞ؇دہ ز notch ᖄᖇ ݁ލ؇۲ڎہ bare ୍଺݁ well-founded، ۭٞ َޙݠ few-྾ཏۏ striking،

༟ڎدی calibration/พฃٞگچ ଫଜ༚ ݁ٷޙܾ კა჋݁ ݁ٴพฃ؛ ߑߵ ߑߵ ஼஬ਵਦی) (PubMed ݁ݯ݄ިن ނڎہ ނ؇فؕ ሏᆶ؇رݿ-ఈఃᘛܔ explainer َިٹ: ݁؇༠ڍی
ඖඒዜኡ۔ َޙݠ ༟ڎد critical ۲ިا ᘛۚٲ؇ ඖඒ݁ ඔආ݁ ا۲ܾ ৆চ؇؛ ؇৆ছ ඖඒዜኡ parse اܳـ܁ ،ඖඒ݁ ᆙᆕچ݄ۭ ّڰݱچܭ

ᗳᘑ ا۲ܾ ܔچިں ۭٞ
ۏި ،ᄪᄥ༡ਵਦ ۲ިا دਜಮ؇۲ިں-ᘛۚٲ؇ ඖඒዜኡ؛ ሏᆶ؇َّިا พ෾ފ੕دࠍ دار ೑಻؇ٞد ܔᘛٷཁ؇ؤ۔ ݁ٴ؇ܳ؞ۭ ،ᗳᘑ ඖඒ݁ ᠃ਜ಻؇۴ިں ”ೞೋڢݠ “so ߓߨی ሏᆧ ݿ؇ཬྡྷݴ CFµ
კა჋݁ اب ،؇ᘛّ incomplete ݁؇ڈل CFµ ݁أچ؇ری ᗳᘑ۔ ؇൞ിݿ ؇༥ ؇ᘛدٞܦ وڢب a at ༡؇ܳب ܔިاَࡧࡲ اٞ܂ اب ،ᗳᘑ ؇ّ؇༥ ᗙᗜ ݁چިߖ߳ َݱژ ًޙ؇۲ݠ

ᗳᘑ۔ ᄪᄟآ ᜨᜤܳ ᗙᖩ ᗙᗅா஬
݁؇ۋިل ܔᘛݠدرا ᖃྱފ༥ beamline accelerator microcalorimeters Ⴄၖری ܔިاَࡧࡲ-ۋݴ TES :ሏᆶި۲ ؐܳ؇ً ᘛً޳ instrumentation
َگݱ؇ن ඖඒ݁ آ਍ಮڎہ eyes، ؇ਜ಻ ᜨᜤܳ ᗙᖩ ޗٴچأچ؇ت ᗳᘑ—اറദഇ޳/ۏ۲ިݠی itsefl ނٷ؇ۊب ِᄪᄟآ ۭ༶ཹྥچ ى؇ਜಮڎار ނ؇࣎ࣖ ඖඒ۲۔ ሏሄر ா஬ Ⴄၖم reliably ඖඒ݁

ඖඒ۲۔ ᜨ᜘روܔ ᖄᖇ break-even ܔި CFµ ۏި ᘛً޳ ᜨᜤܳ ᗙᖩ Ⴄၖر ᘣۭ ٞگ ޗݠ

ఈః༠ݬۭ ݬ؇ف
݁چިن ඖඒ݁ ቕቓଫଜٕިٞڈ ݁ٷ݄۠ڎ ᗙᗅ داَިں ޗٴچأچ؇ت ᖄᖇ آނႤႆرے رے اٞܦݴ TES ᗙᗜوا ᜨ᜕᜽؇َ ّڰݱچܭ ً؇رٞ܂ ೑ೋ؇ዜኡ ߑߵ ଫଓٞ اٞܦފܹݠ J-PARC
رߦ߳ اٞܦݴ ሏᇿوا ᗙᗅި۲ ༠؇رج وڢب اس — ؇ᘛدٞܦ راݿب ߓߵاہِ ܔި ոຒڤ׫ܙں رزو༓঍బۥ ๱ཚر؇༟ ሏᆧ ݿ؇ৎ৊؇ت ݁چިَ܂ ً؇ر উॻዜኜ اور ᜨᜤܔ دا༠ܭ
اس اور ؇ᘛّ رܔᘛٺ؇ ݁ޚ؇ًگب ᘙّ؇ݿ ᗙᖩ ّڰݱچܭ ᖄᖇ ܓਜಮިިں ུྱݷ ሏᇆ؇ٞ َޙݠ درݿب ೑ೋ؇ዜኡ ޗچژ ؇৆চ َ؇ى؇ ඖඒ۲۔ ᜨ᜘ᝉިٕ ݿ؇ৎ৊؇ت ۏص ா஬ ୀ଻ى
راݿٺۭ ۭٞ ඖඒ݁ وݪ؇ۋب ݁أچ؇ری ሏᆧ ڣچިژن ݁چިن-ො੼ݠک ᄋᄅَ৖৑؇༡ ،ඖඒ۲ ᗙᗈر஼஫ ᖄᖇ ᜨ᜘راݿ رزوਜ಻ྡྷݴ ๱ངا ݁چިن َݱژ ً ؇ਊೋّگݠ ᄋჳ ؇ٞ؇ᘛدܔ ᗙᗅ
ሏᆧරඞ ᗙᖩ ݁چڎان اور ᗳᘑ ሏᇆި۲ ّ؇ਜಮڎ راݿب ߓߵاہِ ሏᆧ Ⴄၖر ᘣۭ ٞگ ޗݠ ൪ി૰૜ܭ Vesman ா஬دہ ෠ູިߦ߳ ᖄᖇ ᖄᖔਵ؜ ٞܭ ޗި ᖄᖇ اس ᘛّ؇۔ ඖඒዜኡ ނ؇݁ܭ
ᕊᔚ ᓴ֔׏ ذر ࣺ࣬ჸთ ᕊᔚ ᆀᄧոֿׂܙا څܙ ؔ׷ܙژن — ᗳᘑ رڣب ུྱݷ ۋگچࠔࠨ ඖඒ݁ ᚙᚆᖌّᄊ჻ اور ᚙᚆᖌد׏ڗ ܔި ردᆇᅦِܭ ۭٞ ሏᆦި۔ ۲ درႤၖر ሏᇃ؇ٔ َޙݠِ ߑߵ ෑෂڈ؇݁
،ఈః݁ ඖඒዜኡ ༡ܭ Ⴄၖ ᖃܹ٪݁ފ ‘ اݿٽܦٷ܁‘ ’اܳڰ؇ ’ ᗙᗜوا ݪچ؇ع ᗙᖩ ݁چިن ،ሏᆶި۲ ඖඒዜኡ ଫଐዜኞ ሏᆦدா஬رႤၖ ᖄᖇ اس :ഇഃቍሒ رؔ֙ ۨ༢໥ ᆀᅰوا ᕊᔶेू ౏఼ؓۑ

৆চ؇۔ ؇৆ছ ඖඒ݁ ቕቓଫଜٕިٞڈ ༠؇ܳݧ ᗙᖸ؇෠ຳ ᗙᖩ آ଩ଜ݁ے ڈቕቓଫଜٕިٞ–ߝߵاਓಮࡰࡲ ݁ٺأܹگۭ ᜨᜤܳ ᗙᖩ ሏᆶ؇َّިا ෠ູݠًۭ اور

༒ຍ؇༥ ݁ٴ؇ܳ؞ۭ ఈఃً
keV 2 at رߦ߳وܳިނ݆ eV 8~ TES ݁ލ؇۲ڎہ؛ ሏᆶި۲ ༃ܳب-واࡵ؇༡-ܔިاَࡧࡲ راݿب ߓߵاہِ ఈఃዜኜ ሏᆧ ඖඒܳٺ؇༡ رزوਜ಻ྡྷݴ µdd :ᕤᖂ ոׂոᖌدڅ ոषऌ ᕊᕍոڲؠ
راݿٺۭ؛ ݁چިߖ߳ ~َݱژ implying ،05 .0 ± 03 .0 ± 64 .0 ਍ಾ؇ݿص ᄪᄟྡྷݴ/ۋިاਜ಻رزو ݁ޚ؇ًگب؛ ۭٞ َޙݠ ޗچژ conventional)؛ ×10<)
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ّ؇ਜಮڎ۔ Vesman
୍଺݁ آ۲ٷ܁ ܾ۲ shortcut ଩ଜّ ٞ؇دہ ز ா஬َ؇؛ اොຶݱ؇ر ߑߵ ޗچژ ۭٞ َޙݠ ༟ڎد breakdown/~َݱژ ༡؇ܳب ඔඒ༟ :ഇഃቍሒ ۳׿ہ ూ఩ոׅ ાફڲ ؓ׷ոس ਗِਕؓۑ

unconfirmed۔
อ؇റയೲྸ۔ ༡؇ܳب ݁؇ڈل-آزاد ཹྥچ༶ۭ؛ َޙ؇م ሏᆶ؇َّިا D–T ༡ܭ؛ ۚٲႤႆؤ اܳڰ؇ ଫଐዜኞی؛ ሏᆦدா஬رႤၖ ሏᆶ؇َّިا :ոׂոᖌدڅ ഇഃቍሒ

৆চ؇۔ ؇෫ຶ؇༥ ඖඒዜኡ ᖄᖇ اܳـ܁ ّڰݱچܭ ᆙᆕچ݄ۭ 2D؛ ༠؇ܳݧ ༃ຝ๤๑฽؛ dependent-ۭٞ َޙݠ ෠ູ/஼஬ਵਦݠًۭ؛ اٞ܂ ຒ׿ود:
breakdown؛ ༡؇ܳب-༡-by؇ܳب ඔඒ༟ medium pathway؛ ا۲ܾ neglected previously اور ݁ލ؇۲ڎہ رزوਜ಻ྡྷݴ راݿب ߓߵاہِ ًܹٷڎ ا֍׫ڵոد:
ߑߵ ᜨ᜕ᘛدٞܦ ᖄᖇ clarity ॴौर ً؇ر উॻዜኜ ܔި ردᆇᅦِܭ 70-ݿ؇ل-ߑߵاَ؇ ݁ޝڢژ: ݁ٷ؇ݿص ഇഃቍሒ۔ breakthrough ᆀᄧոֿؔ׷ܙژن-ׂܙا ׏ٞ ᄋჳ ًܹٷڎ

patience۔ ߑߵ د؜ިے ሏᆶ؇َّިا excitement،

݁؇༠ڍ
(2026) eaed3321 ,12 Advances Science

https://doi.org/10.1126/sciadv.aed3321

(PMC13082326) Central PubMed / PMC Europe
https://europepmc.org/articles/PMC13082326
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