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Nhiét hach xuc tac muon: cu6i cung da nhin
tryee tiép thay mot budc phan tng an —
khoéng phai budc tién vé nang lugng nhiét
hach

Diing mdy do tia X cdm bién lwong tir c6 dé phan gidi ddc biét cao, cdc nha vt ly ban
muon vao deuterium doéng lanh va lan dau tryc tiép quan sdt cdc phdn tit muonic &
nhitng trang thdi “cong huwong” thodng qua — cho thdy khodng mét nita muon di qua
mot con duong bi bé khéi mé ta chudn. Két qua xdc nhdn co ché hinh thanh dwoc dé
xudt twe lau va buéc mo hinh linh vy phdi cdp nhat. Pay la tién b that trong viéc quan
sdt va hiéu phan itng, khong phdi tién bo hudng téi nguén nang lwong: khong tdang hiéu
sudt, khong gidi quyét “alpha sticking”, va dung deuterium chit khong phdi D-T.
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Mot kiéu nhiét hach khac, va mot bwdc chung ta
chua tirng thuc sy nhin thay

C6 mot kiéu phan tng nhiét hach khong can ngoi sao, plasma, nam chAm khong 16 hay dan
laser. Ban chi cdn mot muon — ho hang nang va song ngan cda electron — cung mot it hydro.
N6 goi la nhiét hach xic tac muon (CF), va sudt khoang bady mwoi nam né luoén & trang
thai “gan nhu hitu dung”. Vi vay khi cé bai bao mdi, nguy co tiéu dé 1a hién nhién: dot phd
nhiét hach muon. Cong trinh nay dung la mot dot pha, nhung theo nghia chinh xac va hep hon
nhiéu. N6 khong bién CF thanh nguon nang lwong. N6 cho phép cac nha vat 1y lan dau tién
quan sat trye tiép mot budc an trong phan &ng — budc trude day chi cé thé suy ra.

Muon-catalysed fusion: the step this paper actually sees

A hidden resonance pathway becomes visible; the energy bottlenecks do not move.
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Reaction pathway seen directly, not a fusion-energy advance.

Chu trinh nhiét hach xtc tdc muon c6 thé 13p lai, nhung tién bd cla bai bdo nay hep han: né truc tiép thay mot
con dudng céng hudng an trong budc hinh thanh phan ti, khéng phai cai thién san lugng nang lugng nhiét hach.
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Meo khién pCF c6 thé xdy ra nam & khoi lwgng cia muon. Muon mang cung dién tich véi
electron nhung nang hon khoang 207 lan. Néu muon thé cho electron quanh hat nhan hydro,
qu¥ dao cia né nhoé hon khoang 200 lan. Hai hat nhan hydro bi gitt trong mot phan ti muonic
nhu vay bi kéo gan nhau hon khodng 200 1an so v4i phan ti hydro thuong — du gan dé ching
hop nhit gan nhu tic thi ma khéng can nhiét dé hay ap suat khong 16. Sau khi cac hat nhan
hop nhit, muon thuwong bi bat ra, tw do bat mot cdp khac va 1ap lai. Mot muon cé thé xuc tac
chu trinh nhiéu lan trong tu6i tho ngan 2,2 microgiay ctia né.



vat ly nguyén ti & hat nhan

Vi sao né chwa bao gio tr¢ thanh nguén nang
lwgng

Ly do x.CF chua phat dién duoc c6 thé tém bang mot con so: dé hoa von nang lwgng, mot muon
phai xuc tdc khoang 300 phan wng nhiét hach trudc khi phan rd hoac bi ket. Cac thi nghiém
deuterium-tritium t6t nhat chi dat hon 100 mdt chut. Hai nut thét dai ding kéo con s6 xudng.
Th nhat 1a “alpha sticking”: thinh thodng muon bam vao hat nhan heli (hat alpha) tao ra sau
phan &ng va bi kéo khoéi chu trinh. Thit hai don gidn la téc ¢ hinh thanh phan tir muonic.
Nhiéu thap ky nghién cttu xoay quanh hai van dé nay, nhung vii diéu chi tiét cia buwdc hinh
thanh phan t& van gan nhu v hinh — chi suy tir cac hat dau ra, chwa tirng dugc nhin tryec
tiép.

Do 1a khodng trong cong trinh méi x ly. Khong phai can bang nang lwgng — ma la khd nang
quan sat.

Cac tac gia da lam gi

Nhom lam viéc tai té6 hgp may gia téc J-PARC & Nhat Ban, ban chum muon 4m dang xung vao
mot dia nhé deuterium ran dong trén tdm bac & khoang 3 kelvin. Ho cd y dung deuterium
tinh khiét thay vi hon hgp deuterium-tritium gidu niang lwgng hon. Trong deuterium, ban
than phan ng nhiét hach chdm hon, nhung phan t& muonic tao ra — goi la ddx — cho tin
hiéu sach, don gian, trong khi hé D-T ban ron hon sé chong nhiéu dau hiéu 1én nhau. Muc tiéu
& day la do ro, khong phai sdn lugng.

Cong cu that sy quan trong 1a may do. Ho dung mdt mang vi nhiét lwo'ng ké cdm bién chuyén
pha (TES) siéu din do Vién Tiéu chuin va Céng nghé Qudc gia Hoa Ky phat trién — cam bién
lwong ti do nang lwgng cta tirng photon tia X qua do ting nhiét cuc nhé ma né gay ra. O ving
khoang 2.000 electron-volt, may do phan giai nang lugng tia X t6i khodng 8 electron-volt —
sdc hon hon muwoilan so véi may do silicon thong thwong dung trong cac nghién cttu p.CF trudec.
Do sac do 1a toan bd cau chuyén: tin hiéu can tim nam sat mot vach sang hon nhiéu, va chi
may do chinh xac dén vy méi tach dugce hai vach.
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Thiét 1ap thi nghiém. (A) Mat c&t buéng mau va may do TES. (B) S6 d6 mau D, rén va may do TES. Chum muon
diing trong mau D, trén |4 bac (Ag) & 3 K. Tia X tif cd mAu va 6ng tia X dudc may do TES ghi déng thdi.
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Trong khodng 57 gio' chay chum, ho ghi tia X phat ra tir deuterium déng lanh, roi so pho véi cac
tinh todn ly thuyét do chinh x4c cao vé tia X ma tirng trang thai lwong ti cia phan t& muonic
phai phat.

Ho tim thay gi

Mot “go” an trong pho. Ngay canh vach tia X sang dy kién & 2,00 keV (phat bdi nguyén ti
deuterium muonic thong thuong), ho phan giai dwgc mot cau truc riéng trai tr 1,6 dén 2,0
keV. Cdu truc nay la ddu van tay ctia cdc phan t& muonic bi bat trong nhitng trang thai “cong
hwéng” thoang qua — ciu hinh gan lién két, song ngan — khi chung phan ra va phat tia X
trén duong di xuong.

Ly thuyét khé'p rit chi tiét. Hinh dang do dugc dugc tai tao tot bang tong cac phé tia X tinh
cho nhitng trang thai lwgng ti cu thé cia phan t& ddu (cdc mic dao dong va quay riéng). Phép
fit sach veé thong ké, gan véi khép ly tuwdng, 1a bang chitng manh rang thi ho thay that sy la
con duong trang thai cong hudng ma ly thuyét dy doan chi khong phai gia anh.

Khoang mét nira muon di dwong nay. T do sang ctia ciu truc mdi so véi vach quen thudc,
ho do ty 1é 0,64 + 0,03 (thong ké) + 0,05 (hé thong). Tinh thém nhitng truong hop phan ti ve
khong phat tia X, két ludn la gan mgt niva muon di qua nhanh vong cdng hudng nay — mat
con duong da bi bo khoi s6 sach tiéu chudn vé cach xCF dién ra.

N6 xdc nhan mot co ché dwge dé xuat tiv ldu. Mau phé ho trog co’ ché Vesman, theo do
phan t& muonic hinh thanh théng qua mot s chuyén giao khdp nang lwgng chinh xac (“cong
huwdng”) véi phan ti 1an can, roi thac xuéng cac bac dao dong. Pay da la cach giai thich trong
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sach gido khoa nhiéu thap ky; gio mdi cé bang chirng quang pho truc tiép.

biéu nay cé thé c6 y nghia gi

Céach doc than trong va dugc ho trg tét: cdc nha vat 1y gio' cé mot ctra s6 truee tiép, phan gidi theo
trang thdi lwgng tir vao budc phan t cia nhiét hach xuc tdc muon. Sudt bay muwoi nam, budc
nay la hop den chi dugc dung lai t* manh vun phan &wng. Mot kénh phan ng bi &m tham bo
khoi cdc mo hinh ddng hoc chudn héa ra lai mang khoang mot nira lwu lwgng. Vi vay cac mo
hinh d6 — ké ca nhitng mo6 hinh dung dé dién giai cac thi nghiém »CF gan day c6 vé hita hen
hon — can dugc xem lai véi nhanh nay dugc dwa vao.

Cach doc hudng twong lai hon (va suy doan hon): cing cong nghé may do c6 thé dwgc hudng
vao nhirng nut that thyce sy cta linh vuc. Cac tac gid chi ra rang vé nguyén tac mang TES c6
thé nghién cttu tryc ti€p alpha sticking trong thi nghiém sau bang cach do mot vach tia X mé&
rong dac trung ti heli muonic — chinh co ché mat muon gigi han hiéu suat CF. Ho chwa lam
diéu do6 & day; do la viéc tiép theo dugc dé xuat.

biéu nay khong chitng minh gi

bay khong phai bwdc tién toward nang lwgng nhiét hach. Khong thi gi ¢ day cai thién
can bang nang lwong, ting s6 phan &ng trén moi muon hay giai quyét hoa vén. Cong trinh
la vé nhin va hiéu mot budc, khong lam né sinh nang lugng hon.

N6 khong giai quyét van dé alpha sticking. Gigi han 16n nhat cta CF nhu ngudn dién van
nguyén; nghién cttu n6 dugc néu la twong lai va ro rang khong dugc lam trong thi nghiém
nay (thoi gian chum tham chi khong di cho mot phép do lién quan).

Thi nghiém dung deuterium tinh khiét, khong phai deuterium-tritium. D-T mdila hon
hgp quan trong véi nang lugng va c6 y bi tranh vi tin hiéu phitc tap hon. Két qua sach nam
trong hé khong phai hé nang lwong quan trong.

Céch dién gidi chinh dwa vao ly thuyét. Gan cdu truc cho cac trang thai lugng t cu thé
dua trén sy kh@p gitta pho do va tinh todn few-body chi tiét. Do khép rat tét, nhwng day 1a
“phép do phu hop véily thuyét do chinh xac cao”, khong phai doc tryc tiép khong mo hinh.
Mot dwong tat nhanh hon c6 thé ton tai (chuyén truc tiép tir cong hwdng sang trang thai
lién két) chwa dwg'c xac nhan — dit liéu phu hgp nhung khong chiyng minh.

bay la m@t thi nghiém & mot co sé. Quan sat truc tiép dau tién rat manh, nhung chua
phai than di liéu dd dugc nhiéu noi kiém tra chéo.
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Bang chitng manh dén dau?

Khang dinh c6t 16i — phan t& muonic trong trang thai cong hudng da dugc quan sat truce tiép
qua tia X khi ching phan rd — ding kha chac. N6 dya trén mot thiét bi that sy tot hon (4o
phén gidi nang lvgng tang hon mudi 1an), pho sach vai phép fit thuyét phuc va mot chay nén
khong thay tin hiéu tai vi tri d6. Ty 1é do duoc di kem sai s6 thong ké va hé thong ro rang.

Phan suy ludn hon ndm trén quan sat: gan ciu tric cho cac trang thai lwgng t& cu thé va két
luan “khoang mot nta” muon di nhadnh nay déu phu thudc cac pho ly thuyét la dung. Chung
khép rat an twong va cong dong co ly do tot dé tin cac tinh todn few-body nay — nhung day la
phan ddc gia can than nén gitt 16ng hon mot ndc so véi quan sat tho. Tac gid phan biét ro hai
16p.

Mot ghi chu bién tap: bai gidi thich nay dya trén bai xuat ban open-access (qua PubMed Cen-
tral). Chi tiét day dt vé bat dinh hé théng va hiéu chuan nang lwgng nam trong Supplementary
Materials ma chung t6i khong phan tich riéng; khong c6 gi trong van ban chinh cé vé phu thudc
vao mot con s6 khong thay dugc.

Vi sao diéu nay quan trong

Nhiét hach xtc tdc muon la mot trong nhitng cau chuyén “suyt nita” vi dai ctia khoa hoc, nén
rat dé bi théi phong. Diéu hap dan trung thyc & day khong phai nang lwgng. D6 1a mot bude
phan tng vo hinh nhiéu thap ky — va hda ra mang khoang ntra s6 muon — gio' cé thé duoc
quan sat tryc tiép, tirng trang thai lwgng t&. Day la kiéu két qua Am tham sita sach gido khoa:
mo hinh chuén vé cach xCF dién ra con thiéu mot kénh, va gio c¢é cong cu du sac dé dién no
vao.

N6 ciling danh dau su truéng thanh cia mot thiét bi. Vi nhiét lwgng ké TES cam bién lugng ti,
gan day con chid yéu nam trong cac setup phong lab tinh té, gio hoat dong 6n dinh trong moi
treong khac nghiét ciia beamline may gia téc. Chinh may do, hon bat ky con s6 nhiét hach nao,
c6 thé 1a két qua bén 1au nhat: mot d6i mat méi cho vat Iy nguyén t& va hat nhan — va vé sau
c6 thé cho chinh cac co ché that thoat khién xCF chwa bao gio hoa von.

Tém tat gon

Dung may do tia X cdm bién lwgng ti c6 dd phan giai cyc cao tai may gia toc J-PARC, cac nha vat
1y ban muon vao deuterium déng lanh va lan dau tién tryc ti€p quan sat cac phan t& muonic
trong trang thai “céng hudng” thoang qua — bang tia X chung phat khi v&. Phé do khép chi
tiét véi ly thuyét do chinh xac cao va cho thay khoang mot nira muon di qua con dudng cong
huwéng, mot kénh bi b6 khéi mo ta tiéu chudn ctia nhiét hach xuc tac muon. Két qua xac nhan
mot co ché hinh thanh dugc dé xuat tir lau va budc cdc mo hinh dong hoc phai cap nhat. bay
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la tién bo that vé nhin va hiéu phdn &ng — khong phai budc tién toward nhiét hach nhw
nguon nang lwgng: khong cai thién hiéu suat, khong xt Iy nut that mat muon “alpha sticking”,
va dugc lam trong deuterium chi khong phéai hon hgp deuterium-tritium lién quan dén ning
lugng.

Danh gia thang than

Bai bao cho thay gi: Quan sat tryuc tiép dau tién, phan giai trang thai lwgng t, cda phan t&
deuterium muonic (ddp) & trang thai cong hudng qua tia X phat khi chung phan ra, bang mang
vi nhiét lwong ké TES c6 d0 phan gidi ~8 eV & 2 keV (>10x may do thuong) tai ]-PARC. Pho kKhép
ly thuyét few-body; tia X cia nhanh cong hudng cé cwong do 0,64 + 0,03 + 0,05 so vGi vach
tham chiéu, ham y ~mot nita muon di qua kénh cong huwédng trudc day chwa dugc tinh; két qua
ho trg co ché hinh thanh Vesman.

Piéu hop Iy nhwng chwa dwoc chivng minh: Gan chinh xac céc trang thai dao dong/quay va
con s6 “khodng mot ntta” (déu phu thudc pho ly thuyét, du khép rat tot); mot dwong tat truc
tiép “cong hudng—lién két” nhanh hon (phu hgp dit liéu nhung chwa xac lap).

Piéu n6 khong cho thay: Bat ky cai thién nao vé hiéu qua nang lwong ,CF hodc s6 phan &ng
trén moi muon; X 1y alpha sticking; két qua trong hé D-T lién quan dén nang lugng; phép do
hoan toan doc lap mé hinh.

Han ché chinh: M6t thi nghiém tai mot co s&; dién giai phu thudc phé ly thuyét; hé deuterium
tinh khiét (khong D-T); chi tiét bat dinh/hiéu chuan & mic phu luc chwa dugc xem riéng; cac
chi tiét phién ban xudt ban lay tr toan van open-access.

Mot ddc gid pho thong nén tyw tin dén mirc nao? Ty tin cao rang phan t muonic & trang
thai cong hwdng da dugc quan sat tryce tiép lan dau va mot nhanh quan trong trudc day bi bo
qua da duogc phat hién, dinh lwgng. Ty tin vira vé phan ra chi tiét theo tirng trang thai vi né
dua trén ly thuyét. Ty tin cao rang day Khong phai tién b ndng lwong nhiét hach va khong
cham vao cac nut that (alpha sticking, hinh thanh trong D-T) khién ;CF chwa hoa von. Thai
d6 phut hgp: hao hirng that vé mot ctra s6 trye tiép mdéi vao phan &ng 70 nam tudi — va kién
nhan vé ning lugng, vi cong trinh nay khong lam no tién gan hon.
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