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MO DAU

Cudc sdng hang ngay cua ching ta va cac sinh vat trén Trai Dat dugc suoi
am nho ngdi sao gan nhat 1a Mat Troi. Nang lugng cua céc tia sang Mat Troi duoc
sinh ra tir nhitng phan ang nhiét hach cua hydro trong 1ong Mat Troi. Gia thuyét nay
d4 duoc Eddington dua ra vao nam 1920 va sau d6 Hans Bethe da phat trién va dua
ra nhiing qué trinh nhiét hach chi tiét vao nam 1939 [13].

Tat ca su song trén Trai Dat, ké ca ching ta phu thugc vao anh sang Mat Troi
va vi vay phu thugc vao cac qua trinh hat nhan xay ra trong long Mét Troi. Nhung
Mat Troi lai khong la ngudn sinh ra cac nguyén td hoa hoc trén Trai Dat ching ta
nhu Cacbon, Natri ... va cac nguyén té nang hon nira. Hai nguyén t6 dau tién trong
bang tuan hoan héa hoc 1a hydro va heli da xuat hién tir mot vai phat dau tién sau
Big Bang trong diéu kién nhiét 6 va mat do rat cao trong pha gian né cua vii try, va
sau d6 mot lugng nho Liti cling d& duoc sinh ra. Tuy nhién nhiing nguyén t6 ning
hon thi van chua duoc sinh ra.

Viy dau 1a ngudn goc cia nhiing nguyén t6 ning trén Trai Dat? CAu tra 10i
chung va dugc chap nhan d6 la tat ca nhiing nguyén té nang tr Cabon cho t6i
nhitng nguyén té phong xa nhu Urani dugc sinh ra boi cac qué trinh hat nhan trong
long nhirng ngdi sao caa céac thién ha. Nhirng ngdi sao tong hop nén nhiing nguyén
t6 nang, tién hda va cudi cing phong ra nhiing tro tan caa ching vao trong khong
gian gitra cac vi sao trude khi hé Mat Troi caa ching ta dugc hinh thanh tir bon dén
nam ti ndm vé trudce.

Sau Big Bang, tit ca cac nguyén té déu duoc hinh thanh trong vi try, trong
d6 '2C la mot trong nhitng nguyén té quan trong nhat vi n6 1a ngudn gbc cua su
séng. Viéc di tim ngudn géc cua **C s& gidp ta tra loi duoc cau hoi “ching ta dén tir
ddu”. Trong cac nghién ciu trude ddy, d& ¢ nhiéu cac nha khoa hoc nghién ciu vé
céc phan wng hinh thanh *2C ma dién hinh 12 tién doan cua Hoyle vao nim 1953 vé
su tdn tai cua trang thai 0" cua **C nang lugng 7,65 MeV trén trang thai co ban dé

giai thich cho d6 gidu caa nguyén t **C, céc tinh toan cua Fowler [4] cho phan tng



3 alpha qua hai phan ung “He + “He — ®Be va ®Be + *He — "?C" (— C), phuong
phap giai phuong trinh Schrodinger cho tuwong tac truc tiép cia ba hat alpha [9] ...
Tuy nhién trong mot vai nghién ctu lai cho két qua khac nhau.

Trong nghién ctu pho thong lrong neutrino cia Mat Troi, ching toi nhan
thay rang, & ving nang luong 16 dén 20 MeV c6 sy chénh léch giira ly thuyét va
thyc nghiém. Tuy nhién, thyc nghiém do dugc tu phong thi nghiém tai
Kamiokande, SNO... lai cho két qua théng lwong neutrino tai viing nay 1a twong doi
I6n, t6i va Nguyén Hoang Phlc da khai thac dugc su khac nhau giita sb liéu ly
thuyét va thyc nghiém thong lwong neutrino tir Mat Troi. Tir d6 chung t6i nhan thay
rang can phai hiéu chinh phan bé Maxwell — Boltzmann bang cach cong thém phan
bd Lévy. Nhu vay, néu gia thiét ciia ching t6i dua ra 1a hop li thi toc do phan ung
cia mot s6 phan ng hat nhan xay ra trong Iong Mat Troi va cac sao sé thay doi.
Muc dich cta luan van nay vi vay s& 1a viéc khao sét gia tri toc do phan tng ba
alpha véi phan bé méi Maxwell — Boltzmann + Lévy.

Véi muc dich nhu trén, luan van nay s& trinh bay trong bén chuong:

Chuong 1: Gigi thiéu tong quan vé tinh hinh nghién ciu C.

Chuong 2: Giéi thiéu co so Iy thuyét, véi cac van dé lién quan nhu toc do
phan tng, ham phan bb duoc si dung, ly thuyét cac phan ang cong huong va khéng
cong huong...Cac cong thic trong chuong nay s& duoc &p dung hau hét trong cac
tinh toan téc d6 phan ng ciia cac chuong 3 va 4.

Chuong 3: Chuong ndy sé& gidi thiéu cac phuong phép tinh téc do cua phan
ng 3 alpha. Néu dwa theo céach giai bai toan twong tac lwong tir ba hat cia nhém
K. Ogata, M. Kan, M. Kamimura thi ta s¢ di giai phuong trinh Schrodinger cho
twong tac truc tiép cua ba hat alpha dé hinh thanh hat nhan **C. Trong khi d6
phwong phép thtr hai s& giai bai todn *2C duoc hinh thanh qua hai phan tng ‘He +
‘He — ®Be va ®Be + *He — C" (— 'C) (hai phan tng nay do Salpeter va Opick
dé xuat). Toc d6 phan ung ba alpha theo hai phan ng lién tiép nay duogc giai boi
nhiéu nha khoa hoc, trong d6 c6 Fowler [4] giai vao nam 1967 va nhém K. Nomoto,

F. —K. Thielemann, va S. Miyaji [10] ciing giai bai todn nay vao nam 1985.



Chuong 4: Trong chuong 3 da gidi thiéu hai phuong phap dién hinh da duoc
sir dung dé tinh téc d6 phan tmg 3 alpha. Trong chwong nay sé& trinh bay chi tiét bai
toan tinh téc do phan tng ba alpha khi c6 thém dong gop ctia phan bd Lévy. Tir d6
danh gia két qua thu dugc va thao luan nhitng huéng phat trién mai tir nhitng két

qua tinh toan.



CHUONG 1
TONG QUAN TINH HINH NGHIEN CUU **C

Cacbon dong mot vai trd quan trong trong cac qué trinh tong hop cac nguyén
t6 nang, cac chu trinh CNO sinh ra nguén ning luong trong 1ong Mat Troi, cac sao
va c6 vai trd dac biét quan trong trong sy hinh thanh va phat trién sy séng trén Tréi
Dit ching ta. Vi vai trd quan trong nhu vy, trong chuong nay chung ta s& tim
hiéu mot cach tong quan tinh hinh nghién ciu vé nguyén té dac biét quan trong nay.

1.1. So lwgc vé sy hinh thanh **C.

Nhu d4 biét vat chét trong long cac thé hé sao thur nhat bao gom chu yéu la
hat nhan hydro, ning lugng cua cac sao nay duoc sinh ra cha yéu trong cac qué
trinh d6t chay hydro thanh helium theo chudi p — p. Trong khi d6 hau hét cac sao
thé hé tha hai lai bao gdm céc nguyén té nang hon duoc tong hop tir qua trinh dét
chay hydro voi céc nguyén té khac. Nhiing ngdi sao thé hé thir hai thudng ning
hon, ¢c6 mat d6 va nhiét do cao hon Mat Troi cua chung ta. Nang luong trong cac
ngdi sao nay co thé duoc sinh ra bai qué trinh dét chay hydro caa nhitng nguyén té
nang hon nhu Cacbon, Nito qua chu trinh CN [2], hay chu trinh kép CNO [2] dugc

gia thiét boi Bethe va Weizsacker dugc mo ta qua hinh 1.1a va hinh 1.1b duéi day.

Hinh 1.1a. Chu trinh Hinh 1.1b. Chu trinh kép CNO

Hinh 1.1. Chu trinh CN va chu trinh kep CNO
Nhu vay trong ca chu trinh CN va chu trinh kép CNO nang luong duogc sinh
ra bang cach tong hop cac proton thanh Heli, trong khi d6 Cacbon khong duoc sinh

ra trong chu trinh nay. Vay dau 1a ngudn gc sinh ra nguyén t6 Cacbon?
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1.1.1. Gia thiét caa Salpeter va Opik.

Nhu da biét két qua cia qué trinh dbt chay hydro qua chudi p — p ¢ cac thé
hé sao thé hé thir nhét chu yéu tao thanh *He, va dé giai thich cho su hinh thanh **C
thi Salpeter va Opik d& dua ra gia thuyét **C duoc hinh thanh qua hai budc lién tiép
nhu hinh 1.2, dau tién 1a qua trinh tong hop hai hat alpha.

oto = *Be

Sau do °Be tiép tuc phan ¢ng vai a dé hinh thanh **C qua phan ung:

®Be (a, Y) 2c

Tuy nhién két qua ly thuyét qua hai phan tng trén khdng cho két qua phu
hop vai s6 lidu thuc nghiém vé do giau caa *C [2] néu cac hat nhan ®Be va **C tao
thanh & trang thai co ban. Khi nghién ctru vé mau thuin nay vao nam 1953 Hoyler
nhan thiy rang néu phan ang ®Be (o , v) **C qua cong huong caa séng s (" = 0%)
(ham séng mo ta chuyén dong twong ddi giita hai hat a va °Be) gan ning luong
ngudng Ey, = 7.68 MeV s& c6 su phi hop gitta Iy thuyét va thuc nghiém. Trang thai
0* nay sau d6 d4 duoc thuc nghiém kiém ching.

Budcl: a +a = °Be
Jr

E
E-=|Q| > | 0 O‘J F=68eV
0=-92 keV / sBe
o+ o
Budc 2: ®Be (o, y) Y*C
E(keV) I

T«(12C) = 8,5 eV
7654 0+

- —» E=287 keV—>»
Er(3(x) 379 keV Trag = 3,7)( 103 eV

Q= 7367 ke vogen-e
Q=7275 keV Bera i
3 4439 L
0 v O
12C

Hinh 1.2. Qua trinh hinh thanh Cacbon
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Trong hinh v& 1.2 md ta qua trinh hinh thanh hat nhan **C qua hai phan tng
lién tiép. O giai doan thir nhit hat nhan ®Be duoc hinh thanh & trang théi kich thich,
Vi X&c suat phan rd nguoc thanh cac hat nhan alpha tu do nhé hon xac xuat phan
ing tao ®Be tir phan tng thuan. Do d6 ®Be dugc tich liy cho dén mét lic nao d6 s&
xay ra qua trinh can bang giita s6 ®Be sinh ra va s6 ®Be bi phan ra. O budc ké tiép
mot hat nhan ®Be s& bat mot hat alpha dé hoan thanh qué trinh tao tao thanh hat
nhan *C. Trong hinh v& 1.2 cac dai luong I, 1a @6 rong phén ra alpha cia *°C, T, Ia
d6 rong phan ra dién tir dé tro vé trang thai co ban cua hat nhan *2C. Ngoai ra con
c6 cac qua trinh phan rd tao cap e’e” vé&i d6 rong Ty . DO rong toan phan T dugc
dinh nghia la:

=T, + T, + Dy

Trong ly thuyét tinh tc do phan ung xay ra trén cac sao dugc nhiéu nha
khoa hoc quan tam va tién hanh cac tinh toén, thuc hién cac thi nghiém kiém chang
ma noi bat la cac tinh toan ctia Fowler [4] d4 tinh cho rat nhiéu cac phan tng, trong
d6 co bai toan phan ung ba alpha. Dya trén cac tinh toan nay, NACRE d4 tong hop
cac két qua tinh toan. Sé lieu ma NACRE tap hop duoc chap nhan rong réi va sir
dung céac két qua nay nhu nhitng gia tri chuan.

Ngoai gia thuyét vé sy hinh thanh **C qua hai phan ung trén, trong mot sb
nghién ciu méi day, nguoi ta dd van dung phuong phap CDCC trong tuong tac
luong tir ba hat dé giai bai toan téng hop truc tiép tir ba hat alpha thanh hat nhan *?C
ma khong qua hai phan tng lién tiép nhu trong gia thiét cua Salpeter va Opik. Duéi
day s& gioi thiéu tong quan vé phuong phap CDCC.

1.1.2. Van dung phwong phap CDCC dé giai bai toan 3 alpha.

Bai toan nay dugc mot nhom cac nha vat ly nguoi Nhat la T. Matsumoto, T.
Kamizato, K.Ogata, Y. Iseri, E. Hiyama, M. Kamimura, and M. Yahiro [12] xa&y
dyng va tinh toan phuc tap dugc giai bang cac chuong trinh dac biét trén mot he
théng may tinh. Trong twong tac cua ba hat alpha, ning lwong twong ddi giira o, va
a, duoc ky hiéu 1a €;,, nang luong twong ddi cia hat o3 vai khdi tam cua hai hat oy

va a, duoc ky hiéu 1a g5, con nang lugng toan phan trong hé quy chiéu khdi tam
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cua hé 3 alpha Ia E. Véi viéc giai truc tiép phuong trinh Schrodinger cho hé ba hat,

ta c6 thé tinh duoc toc do phan ung cho hé 3 alpha [12].

Hinh 1.3. h¢ 3 alpha

Phuong trinh Schrodinger cho hé ba hat c6 dang:

[T, + T +v(r) +v(R,) +Vv(R,) — E]1¥(r,R) =0 (1.1)

Trong phuong trinh trén T, va Ty la toan tor dong nang twong ung véi cac
vector toa do r va R, va v 1a thé twong tac (co bao gdm ca thanh phan lrc hat nhan
va thé Coulomb) giira hai hat alpha tuong @ng.

Trang thai cia hé o, va a, duge xac dinh boi sé séng k va moment xung
lwgng [ trong chuyén dong twong d6i cua hai hat nay. Ung véi mdi gia tri cua l, ta
s€ chia ham mo ta trang thai lién tuc cta hé a; va o, thanh nhiing trang thai riéng
biét twong Gtng voi gia tri k; < k < k;_,, va nhitng ham mo ta trang thai phan tng
lién tuc trong khoang thir i dwoc lay trung binh véi ham trong s6 f£;;(K).

V6i cach phan chia nay, tor phuong trinh (1.1) ta s€ thu dugc mot hé cac
phuong trinh lién két theo cac ham trang thai (da duoc lay trung binh va dic trung
cho mdi khoang). Giai hé phuong trinh nay, ta ¢ thé tim dwgc ham séng toan phan
cho hé 3 alpha, tir d6 ta c6 thé tinh dugc toc do phan wng toan phan.

1.2. Céc thi nghiém do **C.

O 18i nhitng ngdi sao c6 khdi luong 16n gap 1,5 lan khdi luong Mat troi tro
I&n s& c6 nhiét o cao, du dé cho ba hat alpha két hop véi nhau tao thanh *2C. Bén
canh d6 viéc xac dinh toc 6 phan tng thi dac biét quan trong dé xac dinh do giau

ctia cac nguyén td, ciing nhu kich thudce 18i st trong cac ngdi sao. Hat nhan *2C c6
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thé dugc hinh thanh qua hai viing phan tng khéng cong huéng hoic cong huéng
cua phan tng tdng hop tir cac hat nhan *He. Vi vay viéc tién hanh do cac murc cong
huong va do rong caa ching 1a rit quan trong dé c6 thé tinh duoc toc d6 phan ung
toan phan. Dudi ddy chiing ta s& diém qua mot vai thi nghiém nhu thé.

1.2.1. Thi nghiém xac dinh trang thai kich thich thi¢r nhat caa “*C (4.44
MeV).

Trang théi kich thich thir nhét cua *C (4.44 MeV) duoc hinh thanh tir phan
rd y cua trang thai 0" tai mac E = 7,65 MeV dugc W. Kaina, V. Soergel, W. Trost
va G. Zinser [14] xac nhan qua phan tich phd phan rd B cua *?B va **N vao nam
1981. Ho nhan thay rang pho thuc nghiém phan rd p hoan toan phl hop véi nhiing
kénh tuong tic yéu tao thanh nhitng trang thai kich thich cia '“C, dic biét 1a voi
trang thai kich thich 4,44 MeV [14].

1.2.2. Thi nghiém caa Hans O. U. Fynbo, Christian Aa. Diget, Uffe C.
Bergmann.

M6t thi nghiém khac cua nhém cac nha vat ly géom cac thanh vién Hans O.
U. Fynbo, Christian Aa. Diget, Uffe C. Bergmann... [8] thuc hién cac phép do va
phan tich tai CERN va JYVASKYLA ciing do cac muc cong hudng va do rong cac
muc cong hudng tir phan rd nguoc cia **C thanh 3 hat alpha.

Trong thi nghiém tai JYVASKYLA, N duoc hinh thanh qua phan tng
2C(p,n)**N boi mot chum tia proton ning lugng 40 — MeV, hat nhan **N tao thanh
c6 chu ky ban rd 11,0ms s& phan ra p dé tao thanh *2C ¢ trang thai kich thich. Trong
khi d6 tai CERN ngudi ta ding mot chum tia proton nang lugng 1 GeV dé ban pha
Ién bia Taltalum. Két qua sau khi bin phé, san phdm thu dugc c6 chira B ¢ trang
thai kich thich. Hat nhan B ¢ trang thai kich thich sau d6 s& phan p dé tao thanh
'2C ¢ trang thai kich thich.

Phén tich ph6 nang lwgng phan rd B cua ca B va N, so sanh céc gia tri Qg
(nang lwong ngudng) trong hai phan rd ngudi ta co thé tim duoc cac mirc kich thich
khéc nhau caa **C. Phan tich két qua thi nghiém, ho d4 tim thdy mic cong huong

gan 11 MeV, nhung chua x4c nhan dugc cong huong & mac 9,1 MeV. Bén canh d6
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qua thi nghiém nay ho con nhan thay su giao thoa & hai ving cong huong dd anh
huong toi phép do phd cua ho. Hinh vé 1.4 dudi diy mo ta két qua thi nghiém caa
ho, trong d6 vét mau nam doc theo dudng chéo caa hai hinh 1a va hinh 1b mé ta hat
o birc Xa tryc tiép tir hat nhan *2C ¢ trang théi kich thich (sau phan ra p tir B va
'2N), con vét mau nam bén trai cua duong chéo trong hinh 1a va hinh 1b mé ta ning

lwong hai hat a buc xa tir ®Be (0" va 2°).

L 1 1511V 1Y Q b ngring
< 14 N Q F nzving _
& B TRk 7 12,71 MeV 1* ]
a1 ] ]
! ~ — -]
ST V4 1 10MeV (024 .
10 . -

12 I ’ "I IWT ]

2 [0 BB 4 7semev 0t [ LIN(B)

|:| 2 4 6 0o+ + |:| 2 4 ﬁ
Eyyz (MeV) Ey1z (MeV)

Hinh 1.4. Po cong huong *2C tir phan rad p cia B va N [8]

Véi céc s6 liéu do dugc nhom céac nha khoa hoc nay d tinh lai toc do phan
ing 3 alpha trong viing nhiét d6 tir 107 K t¢i 10K, két qua 1a c6 mot su khéc biét
dang ké tir s6 liéu téc do phan tng cua nhém nay so vai s liéu chuan caa NACRE
(Nuclear Astrophysics Compilation of Reaction Rates).

Cu thé & nhiét do thdp hon 5. 107 K thi sb liéu caa nhém nay Ién hon so voi
s6 liéu chuén caa NACRE, trong khi & nhiét d6 16n hon 10°K téc do phan tng ba
alpha ciia nhém lai nho hon nhiéu so véi téc do phan (ng tir NACRE dugc mé ta
qua hinh vé 1.5.

Trong hinh v& 1.5 duong nam ngang & vi tri 0 1a duong chuan so véi gia tri
ciia NACRE, Vi & d6 s/ rso(NACRE) = 1, do d6 logio(fsd/ s(NACRE)) = 0. Budng

cong trén hinh vé chi ra gia tri tinh toan bang thyc nghiém.
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é —j - theo 56 ligu cia NACRE
1. N
E 05
::::; L . theo thc nghifm cia nhdém
v 10l Hans O T Fynbo, Christian Aa Diget,
= Tite C. Bergmann
-1,5 | 1 1 | 1 1 1 | 1 1 I 1
-2 -1 1] 1

log)o(T9)
Hinh vé 1.5. Téc d6 thuc nghiém so véi NACRE
Qua nhiéu céc thi nghiém, nguoi ta ¢4 xac dinh duoc mot s tinh chat tir cac
trang thai cong huong cho cac trang théi kich thich caa **C duoc tém tit qua bang
1.1 [15] duéi day:
Béang 1.1. C4c tinh chét caa cac muac cong huong *2C [15]

E: (MeV) J I, °Be (0") °Be (2°)
7,6542 0" 8,5 eV > 96% < 4%
4,44 2" 1,1 keV chua xac dinh % | chua xac dinh %
9,641 3 34 keV > 96% <4%
10,3 0" 3 MeV > 90% < 10%
10,849 1 315 keV Pa s6 Co xayra
11,828 2 260 keV Khong xay ra Co xayra
12,710 17 18,1 eV Khong xay ra Co xayra
13,352 2 375 keV Khong xay ra Co xayra
14,083 4* 258 keV 17% 83%
15,110 17 43,6 eV Khong xay ra Co xayra
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Trong bang 1.1

- Cot 1: Nang luong cac muc cong huong.

- Cot 2: Spin — chan 18.

- Cot 3: BJ rong muc cong huong.

- Cot 4: Phan ré cua '°C theo kénh ®Be (0%

- Cot 5: Phan ré cua **C theo kénh ®Be (2%)

Trong bang 1.1, cA&c mic cong huong 11,828 MeV, 12,710 MeV, 13,352
MeV va 15,110 MeV c6 chan Ié khdng ty nhién (unnatural parity) s& duoc tim hiéu

trong chuong 2.
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CHUONG 2
CO SO LY THUYET TINH TOC PQ PHAN UNG.

Trong chuong nay chung ta sé di xay dung cong thirc xac dinh téc d6 phan
g hat nhan trong long cac ngdi sao. Vi téc do phan tng 1a dai lwong rat quan
trong trong vat Iy thién vian hoc hat nhan, dua vao dai lugng nay ta ¢ thé xac dinh
duogc thanh phan céc nguyén t6 trong 1ong céc ngdi sao... Vi vay trong chuong nay
sé trinh bay hé thdng nhiing kién thirc co ban vé su phu thudc cia tdc do phan ting
vao dang phan bd van téc, vao tiét dién phan ung cia cac phan ing cong huong va
khong cong huong...

2.1. Co sé ly thuyét.

Xét mot phan ung: A; + Ay — Az + Ay + Q trong d6 Aq la hat t&i véi van
téc v, A, la hat bia coi nhu diang yén.Vé mat hinh hoc, hat A; s& twong tac vai Ay
néu hat A; nam trong tiét dién twrong tac

oc=n(R+R,)" . (2.1)
trong d6 Ry va R, lan luot 12 ban kinh caa hat nhan téi A; va hat nhan bia A,.

Kha nang tuong tac giira hai hat s& cao néu tiét dién o nay cang lén, o duoc
goi la tiét dien phan @ng.Trong thuc té, kha ning twong tac ciia cac hat con phu
thudc vao nhiéu yéu td nhu dién tich, tdc do, ... cia cac hat tham gia twong tac. Do
d6 tiét dién phan tmg dugc xac dinh bai cong thirc [3]:

o =1 (2.2)
2 - m+m, h
m, (2mE,)

la budc song De — Broglie (2.3)

1/2

Trong d6 m; va m, lan luot 1a khdi lwong caa hat téi va hat nhan bia, con E;
1a nang lwong caa hat téi. Vi E; 12 ham theo bién van toc v nén tiét dién phan ung
oc=0(V)

Pé don gian ta xét mot khdi khi chi gom hai loai hat nhan A; va A,. Goin, la
s6 hat nhan A; c6 trong 1cm® va n, 1a sé hat nhan A, c6 trong 1cm?®. Gia sir mot hat

A; chuyén dong vai van toc v toi twong tac vai n, hat bia A, dung yén, kha nang dé
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mot hat A; phan ing véi n, hat A, s& 1a F =n, o (v). Bay gio néu c6 mét dong hat
A; voi mat d¢ dong hat J =n, v téi tuong tac voi n, hat A, thi s6 phan ung trong 1
cm® trong 1 s (ky hiéu 1a r) dugc goi 1a toc d6 phan Gng.
r=J.F=nn,o(v)v (2.4)
Do hat t6i A; c6 van toc thay doi trong khoang tir 0 dén co nén néu goi @ (v)

la ham phén b6 van toc cua hat t6i thi dai luong (V) & (2.4) duge xac dinh bai:

(ov)

Dai lugng (ov) trong (2.5) md ta tdc do phan tng cho mot cap hat. Cong

Tq)(v)a(v)vdv (2.5)

0

thire (2.4) dugc viét lai:
r=J.F =nn,(oV) (2.6)

Vi tich s ny n, 1a s6 cap hat nhan A; A, trong 1 cm®. Vay

r—JF= nn, )<GV> 2.7)

O day xuat hién &, do truong hop cac hat A; va A, 1a dong nhat.

Trong cong thac (2.7), n, = pNA%, X (i=12..) (2.8)

Trong d6 X; la ti 1¢ phﬁn tram vé khdi luong cua hat nhan loai A;, duoc goi la
d6 gidu cia nguyén td A;, Na = 6,023 10% 1a s6 Avogadro.

Tur céc cdng thic (2.5) ta co thé nhan thay téc do phan tng phu thudc vao
ham phan b @ (v)va tiét dién phan tng o (V). Dudi déy ta s& lan lugt khao sat hai
yéu t6 nay.

2.2. Phan bo Maxwell — Boltzmann.

Vit chét hat nhan trong long cac ngdi sao 1a mot hé nhiét dong va o trang
thai can bang nhiét dong. Do d6 phan b tdc do cna cac hat nhan trong long cac

ngdi sao tuan theo phan bé Maxwell Boltzmann [2].
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3/2 2
m mv
®(v)=4nVv° exp| — 2.9
(v) (27szj p[ 2ij (29)
Cx o x , mv?
hay co thé biéu dien phan bo Maxwell — Boltzmann theo nang lugng E =
112
®(E) =(8—m) %Eexp(—i) (2.10)
T (kT) KT
4 B(E)
Bax 1
& (E) ~exp (-EKT)
&(F) ~E
l{IT nang lhrong E'

Hinh 2.1. Phan b6 Maxwell — Boltzmann theo ning lugng
Trong mot hé cac hat A, va A, déu chuyén dong tuong dén tuong tic véi
nhau. Trong trudng hop nay dé don gian ta sé giai bai toan trong hé quy chiéu khdi

tam. Nhu vay néu goi v 1a van tc twong ddi giita cac hat, khdi luong rit gon caa

c4C hat tham gia tuong tic i u=—"2_ thi t5c do phan ang trén mot cap hat
m, +m,

<0V> trong phuong trinh (2.5) duoc viét lai:

o0 00

(ov)=[[®(v;)®(v,)o (v)vdvdy, (2.11)
00
Trong do:
3/2 9
®(v,)=4nv? (2:#) exp[— r;\g_ j (2.12)
312 9
D (v,)=4rnv,’ (2:#) exp[— r;\k/'?' j (2.13)

la ham phan bd van téc Maxwell — Boltzmann cho hai loai hat tham gia tuong tac.
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Van téc vy va v, cua cac hat co lién hé vai téc do tuong ddi v va toc do
chuyén dong cua khdi tam V. Nhu vay ta c6 thé doi bién v, va v, trong cac cong
thirc (2.12) va (2.13) sang cac bién s6 v va V. Nhu vay ta ¢d thé biéu dién cong thirc
(2.11) theo v va V dudi dang:

(ov)=[[@(V)D(v)o(v)vdvdV (2.14)
00
Ham phan bd da duoc chuan hoa, nghia 1a:

o0

[o(V)dv=1 (2.15)

0

Phuong trinh (2.14) tré thanh:

(ov)

Tir hai phuong trinh (2.9) va (2.14) ta suy ra toc d6 phan (ng cho mét cap

T(D(v)o(v)vdv (2.16)

0

hat trong hé quy chiéu khdi tam c6 dang:

<0v>:47r(27::(_|_j Tv3a(v) exp[—%}dv (2.17)

Hay theo nang lugng E = %uvz c6 dang:

(o) = [ijm 1 TG(E) Eexp(—%}dE (2.18)

T (kT )3/2 .
Su phu thudc caa toc do phan tng vao tiét dién s& duoc xem xét chi tiét khi

nghién ctiu vé cac phan tng khong cong hudng va cong huong céc hat mang dién.
2.3. Phan wng khong cong hwéng cac hat mang dién.
Xét mot hat nhan A; mang dién tich Z, chuyén dong doc theo tryc x véi nang
luong E t6i tuong tac voi hat nhan bia A, dang yén mang dién tich Z, . Thé ning

Z,2,6°
r

twong tac gitra hai hat la thé Coulomb V = . Ham séng mé ta cho chuyén

dong hat t6i 1a séng phang [1].
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@ = pgierkn) _ pgnl EAETIEVD) (2.19)

Khi E > V céc hat tham gia twong tic c6 thé vuot qua rao thé Coulomb, do
d6 xac suat xuyén rao bang 1.
Trong truong hop E < V (E — V< 0) giai phwong trinh Schrodinger ta cd thé

tinh dugc X4c suat xuyén rao dugc tinh theo biéu thirc [2]:

1/2
arctan| = -1
R, R
P =exp<—-2KR, T —— (2.20)
R, R
g
1/2
trongdé K = l% (E. — E)l véi E 1a ning luong cia hat t6i. (2.21)
2
Vi R, = % 1a vi tri xuyén rao (2.22)
2 r
E. = Zli%e |4 rao thé Coulomb (2.23)

Rn = Ry +R; =1,3 . (A" +A,®) 10™(cm) 14 tdng hai ban kinh cua hai

hat nhan tham gia twong tac.

-y

- Vl]

Hinh 2.2. Thé xuyén rao Coulomb caa mét hat mang dién.
O niang lugng thap E << E. tuong ung véi R, >> R, cdng thic (2.20) cd the
viét lai dugi dang tuong dwong [3]:
P =exp(-27n) (2.24)
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Dai luong n = 2,2,¢" % la tham sé6 Sommerfeld (2.25)
Vi tiét dién phan ung ti 1¢ vgi thé xuyén rao nén:

o (E)~exp(-27n) (2.26)
Theo cdng thire (2.2) va (2.3), tiét dién phan tng ti 1& nghich véi E.

o(E) ~é (2.27)

Tir (2.26) va (2.27) ta suy ra tiét dién phan tng duoc tinh theo cong thic:
o(E)= S(E)éexp(—Zmy) (2.28)

Trong d6 S(E) (MeV.barn) 1a hé sb thién vin , n6i chung 13 phu thuc vao
nang lugng cua hat toi.
Pé don gian cho c4c bién doi sau nay, ta dat

EY? = 0,9897,7,A"? (MeV)* (2.29)
trong d6 Eg , duoc goi 1a nang lugng Gamow. A= Ak la s6 khéi rut gon cua hé
+

hai hat tham gia tuong tac.
V6i cach dat nay phuong trinh (2.28) dugc viét lai:

o (E) = S(E)éexp[—(E—;jﬂzJ (2.30)

Tir phuong trinh (2.18) va (2.30) téc d6 phan tng dugc tinh bai cong thic:

(ov) = ( % J“Z (le)m IS(E)exp[—%—(EEGJUZJdE (2.31)

Trong cbng thuc téc do phan @ng (2.31), thanh phan exp(—%) mo ta sy

phu thuoc vao phan bd Maxwell — Boltzmann, trong khi d6 thanh phan

1/2
exp[—(%} J md ta sy phu thudc caa toc d6 phan tng vao thé xuyén rao
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Coulomb. Nhu vay téc do phan (ng cia mot cap hat s& phu thudc vao tich sb caa

hai thanh phan va dugc biéu dién qua hinh vé 2.3 dudi day:

Phin ha
Maxwell Bolizmann

Xac suiiphin img < gy >

KT E.., Ning lepng  E
Hinh 2.3. Binh Gamow noi x4c suat phan ing xay ra 16n nhat.

Mot van d¢é nira ciing can duoc quan tam Ia ta phai di xac dinh nang luong E,
ma & do toc do phan tng trén mot cap hat dat gia tri cuc dai. Pé tim duoc gia tri nay
ta di giai phuong trinh dao ham bac nhat theo nang lugng cua (2.31). Ciing can chu
y la trong viing phan ung khong cong huong thi hé s thién van thay doi rat cham
va c6 thé coi 12 hang s6. Do d6 S(E) = S(Eq) va S(E) c6 thé dua ra ngoai dau tich
phan trong phuong trinh (2.31).

Phuong trinh (2.31) c6 thé viét lai duéi dang:

<0v>:(%Tzﬁs(E)Texp[—%—(%jllszE (2.32)

0
. N . R A d<av> .
Vi vay viéc giai phuong trinh dao ham bac nhat - 0 theo nang lugng

S€ tro nén don gian hon.

vzt )"
Ta xac dinh dugc E, =£ GZ J (MeV) (2.33)

Hay dudi dang s6 E, = 0,12204(212222A)1/ 1,23 (MeV) (2.34)
Trong cong thie (2.34) thi To = T.10° K
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Nhan thay phan gach chéo trong hinh 2.3 xap xi dang Gauss. Nén ta cd thé

biéu dién dinh Gamow tuong dwong véi ham Gauss nhu sau [2]:

exp[—%—(%} J= | exp[—(EA_/EOJ J (3.35)

trong d6 | = EXP (—%) =exp(-7) (2.36)

Vo =36 (2.37)
KT

hay c=4,2487(2223A) T, (2.38)

Trong cong thirc (2.36) thi Inax 12 gia tri cuc dai cia tich phan

) 1/2
[exp —E—(Ej dE (2.39)
5 KT E
Trong hinh vé 2.3, A 1a d6 rong ciua dinh Gamow. Giai phuong trinh dao
ham bac hai theo nang lugng (2.35) nguoi ta xac dinh duoc gia tri [2]:

1/2
=) (2.40)

= (e

Phan gach chéo trong hinh vé& 3.2 mé ta sy phu thudc téc do phan tng vao
nang lugng E, tdc do phan (ng toan phan s& dat gia tri Ion nhét tai nang luong Eo .
Pa sb cac phan ung xay ra trong ving gisi han tir Eq — A/2 dén Ey + A/2.

Bay gio ta di xét riéng tich phan (2.39). Theo tinh chat d6i xang cia ham
Gauss, di¢n tich gach chéo trong hinh 2.4 gidi han boi tich phan (2.39) véi truc
hoanh s& gan bang véi dién tich cia mot hinh chit nhat ¢ chiéu cao ey, do rong A.

Dién tich hinh chir nhat trong hinh vé 2.4 duogc tinh:

4 3E,) 4

A'Imaxzﬁ(EOkT) exp(—ﬁ):ﬁ(EokT) exp(-7) (2.41)

Dé dién dién tich gisi han bai tich phan (2.39) bang vai dién tich cua hinh

chit nhat A.l_ thi ta phai nhan dién tich hinh chir nhat d6 véi mét hé s6. Dé biéu

Jr

thirc toén hoc c6 dang don gian thi hé sé d6 dugc chon c6 dang F (1)7
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¥

‘-

&
Hinh 2.4. Ham Gauss va phép tinh gan dung.
Tich phan (2.39) duoc viét lai dudi dang tuong duong:

12
¥ E (E, Jr
exp| ———-| = dE =F(7)—.A.exp(— 2.42
gp[kT(EjJ () Axp(—r) 0.)
Khai trién hé sé F(7)theo chudi Maclaurin duéi dang [2]:
51 351
F(r)=1l+—=-—""— 4. 2.43
(7)1 5T 28877 (2.43)

Trong mot vai phan Gng, gia tri cua F(r) 6 gia tri xap xi 1.

p+p F(7)=1,030,
p +“N F(r)=1,0068,
at+*C F(r)=1,0032,

0+ %0 F(r)=1,00076,

Nhu vay tir (2.31), (2.42) va (2.43) ta suy ra téc ¢ phan (ng:
1/2
2 A 5 j
oV)=|—| ——=S(E;)|1+—+... [exp(-7 (2.44)

< > [,uj (kT )3/2 ( 0)( 121 ( )

Vi phan tir S(E) 12 ham bién d6i cham theo nang luong. Do d6 dé don gan, ta
s& khai trién S(E) thanh chudi Maclaurin quanh nang lrong 0 va bo qua cac sé hang

I16n hon bac hai.
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S(E)=S(0)+S'(0)E+S"(0)E* +... (2.45)

Hay s(E)=s(0)[1+ S0 S"(O)E“--} (2.46)

S(0) S(0)
Thay cac cong thic (2.42); (2.43) va (2.46) vao cong thuc (2.31); tasuy ra
cong thirc (2.48) néu nhu ta dat:

S, (E,) = S(O){1+i+i°)(50 +%kTJ+%lO)£E§ .89 kTﬂ

12z S(0) S(0) 36E,
(2.47)
Vay téc do cua phan tng khong cong hudng duoc xac dinh bai cong thuc:
1/2
ov)=(2] s (Bl 249
m) (KT)

2.4. Phan wng qua kénh cong hwéong hep — riéng biét.
M4t cong huong don trong phan ang A; + A, - C — Az + Ay + Q duoc
biéu dién theo mot ham phy thude nang lugng, cong thic Breit — Wigner [2]:
2 2J +1 r,r,

(23,+1)(23,+1) (1+512)(E g,/ +(r/2) (2.49)

o=7nl

Trong cong thac (2.49) E; 1a nang lugng cong huong duoc tinh trong hé quy
chiéu khdi tam caa hat 1 va 2, I, 1a d6 rong riéng phan trong phan ra nguoc dé tao
thanh hat 1 va 2, con I, 1a d6 rong riéng phan trong phan ré cua hat 3 va 4, con do
rong toan phan I' 1a téng cac do rong riéng phan.

[ =T+ + ...
Mot trang thai cong huong 1a hep néu I' < E,

Mt khac nhu ta biét nang luong E va xung lugng p lién hé theo cong thirc:

E-P (2.50)
2
trong do p =7k =% (2.51)

Tur (2.49) va (2.50) va (2.51) tasuy ra
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wh? 2] +1 rr
o= +6 ab 2.52
ZuE(2J1+1)(2J2+1)( 12)(E—Er)2+(F/2)2 (2:52)

2J +1
Pat = S 2.53
¢ @ (2J1+1)(2J2+1)( * ) (2:53)
2

vay h ol I, (2.54)

o= 2 2
2uE (E-E,) +(T'/2)
Gia tri cua 7A? trong cong thirc (2.49) trong hé quy chiéu khi tam, tinh theo
nang lwong E (MeV) va tiét dién phan ung o duoc tinh theo don vi (barn) 1a [4]:
10,6566
AE
0,6566 ol
o= 2 2
AE (E-E,) +(r'/2)

A (2.55)

(2.56)

vay

Tuy nhién du phan ing co xay theo kénh cong huong hay khéng cong huang
thi cac dinh luat bao toan tinh chan Ié va momen dong luong van phai duoc thoa
man. Néu goi J;, J, 1 spin caa cac hat & kénh vao cia phan ¢ng, | 1a momen quy
dao twong d6i caa ching va J 1a momen dong luong cua & trang théi kich thich caa
hat nhan hop phan thi:

I +3,+1=1 (2.57)

V6i nhiing hat ¢6 spin bang 0 (J; = J; = 0) thi J = I. Ap dung dinh luat bao
toan tinh chan I¢ ta cd cong thic lién hé:

(-1) #(3,)7(3,)=7(3) (2.58)

O day «(J;)va = (J,)tinh chin I¢ cia cac hat tham gia twong tac, = (J)la
tinh chan 1¢ cua trang théi cong huong. Véi nhitng hat ¢6 spin 0 thi 7 (J,)= 7 (J,)
=+1. Khi d6 (—1)I = (J). Nhu vay tinh chan 1¢ cua trang thai kich thich duoc xac
dinh b&i momen qu¥ dao I, nhitng trang thai nay duoc goi la cd tinh chin I¢ ty nhién
(natural parity). Nguoc lai néu (—1)I = m(J) thi trang théi kich thich s& khong dugc

hinh thanh va ta n6i n6 ¢6 tinh chan 1é khdng tu nhién (unnatural parity). Vai tiét
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dién phan @ng (2.54), téc d6 phan ung cho mot cap hat duoc xac dinh bai cong

thuc:
s &(E) CEng hordng hep
Do | ¥
e Dosne
cong rong
} e -
kT Er ningleongE

Hinh 2.5 . Cong hudong hep

(av}:(i} ( 13,2IGBW )Eexp(—%)dE (2.59)

o KT)
Trong cdng thuc (2.59) oy, (E)la tiét dién theo cong thuc Breit — Wigner

(2.54). Dbi véi cac ving cong huong hep (hinh vé ), ham phan bé Maxwell —
Boltzmann ~ exp(—%} thay doi rat it khi di qua ving cong huong.

Tbc do phan Gng trén mot cip hat duoc xac dinh bai:

1/2
8 1 E
= — E)EdE 2.60
<GV> (”ﬂ} (k.l.)s/z eXp( kTJJ.GBW ) (2.60)
Tich phan
7 n° 1
ooy (E)EAE =2 I, T dE 2.61
{ ou (E) 2u IE E. ) +(T/2) (251)
© 212
suy ra [ou (E)EdE =T - pLals (2.62)
0 H
r.r
dat = —ab 2.63
a 7="T (2.63)

Mt khac theo phuong trinh (2.54), tiét dién phan g dat cuc dai tai E = E,.

Khi d6 tiét dién cong huong duoc xac dinh bai cong thirc:
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2
a,:a(E=Er)=Z”Z % (2.64)
u

Tir céc cong thuc (2.54), (2.60), (2.63) va (2.64) ta suy ra téc d6 phan ang

cho mot cap hat:

(oV)= [%} 1 (wy), exp[—kE—Tfj (2.65)

Khi phan wng c6 nhiéu kénh cong huong hep, cong thuc (2.65) duoc viét lai:

2

(ov)= (ﬂ%f? hzzi:(a)y)i exp(—f—_li_j (2.66)
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CHUONG 3
CAC PHUONG PHAP TiNH TOC PQ PHAN UNG
CHO PHAN UNG BA ALPHA

Trong chuong nay ching ta s& di tim hiéu hai phuong phap duoc sir dung dé
tinh tc do phan tmg ba alpha. Pau tién chlng ta s& tim hiéu vé &p dung phuong
phap CDCC (9) dé giai bai toan phan ng truc tiép ba alpha. O phan ké tiép s& la
giai lai bai toan tinh tc do phan ung ba alpha dya theo cach tinh cua Fowler.

3.1. Ap dung phwong phap CDCC dé giai bai toan ba alpha.

Phuong phap CDCC(continuum discretized coupled channels) doi hoi nhiing
hé thong va ky thuat tinh toan phuc tap va chuwong trinh may tinh chuan nhat hién
nay. V&i nhitng kho khan nhu trén nén trong phan nay chi tom tit nhiing nét chinh
cia phuong phap va dua ra nhitng két qua ma cac nha khoa hoc Nhat Ban 1a K.
Ogata, M. Kan, and M. Kanimura [9] 4 cong bé trén cac tap chi khi ho tinh toc d6
phan tng truc tiép cua 3 hat alpha.

Trong phuong phap CDCC, khi hai hat t&i lién két yéu, trang thai cua hai hat
nay duoc xac dinh bai s6 song k va moment xung luong I trong chuyén dong twong
d6i cua hai hat. Trong phuwong phap ndy cac gia tri cia k va [ dugc gigi han boi
k < kypgy VAL < Lpay , Su gidi han ndy c6 thé xem 1a mot trong nhitng gia thiét co
ban cta phuong phap CDCC.

Dé giai dugc bai toan nay, nguoi ta phai phan chia nhirng kénh lién tuc (duoc
mo ta boi ham song toan phan) thanh nhiing ving riéng ré (duoc mo ta bai nhiing
ham séng dic trung cho timg ving). Véi cach phan chia nhu thé, nguoi ta da xay
duyng ba phuong phap dé giai cac phuong trinh CDCC. D6 1a phuong phap trung
binh Av (average), phuong phap trung diém Mid (midpoint) va phuong phap gia
trang thai PS (Pseudo — state).

Trong phuong phap trung binh [11], [12], gia tri lién tuc cua k nam trong
khoang [0, kpax]. Twong Gng véi mdi gia tri cua l, ta chia k thanh mot sé hiru han

cac khoang, d6 rong moi khoang 1a A;= k; — k;_,. Véi cach phan chia nay thi ham
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s6ng toan phan md ta trang thai lién tuc cua hé twong tac ba hat s& 1a mot to hop
tuyén tinh ciia cac ham séng mo ta trang thai cia mdi khoang phan chia i.
Céac ham mo ta trang thai lién tuc trong khoang thtr i dugc Iy trung binh véi

ham trong sb £;(k). Trang thai 0,(r) duoc biéu dién boi:

ﬂi(r)zvivklji u(k,r) f;(k)dk (3.1)

ki
trong d6 trong sb W2 = J. ‘ f; (k)‘z dk (3.2)

kl—l

Trong twong tac cua ba hat alpha, ning luong twong dbi gitra a; Va o, duoc

Ky hiéu 1a €,,, ning lugng twong dbi cua hat a; véi khéi tam cua hai hat ay va o,
dugc ky hiéu 1 &5, nang luong toan phan trong hé quy chiéu khoi tam cua hé 3
alpha 12 E. Véi viéc giai truc tiép phuong trinh Schrodinger cho h¢ ba hat, ta c6 thé

tinh duoc téc ¢ phan tng cho hé 3 alpha [10].

Hinh 3.1. Hinh vé mo ta hé 3 alpha
Phuong trinh Schrodinger cho hé ba hat cé dang:
[T, + Tp +v(r) + V(Ry) + V(R;) — E]¥(r,R) =0 (3.3)
Trong phuong trinh trén T, va Ty la todn tr dong nang tuwong wng vai Cac
vecto toa do r va R, va v 1a thé twong tac (bao gom ca thanh phan lyc hat nhan va
thé Coulomb) giira hai hat alpha twong ing.
Ham séng toan phan cia hé 3 alpha theo phuong phap CDCC [9] ¢ dang:
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¥ (1 R)= \F3; "nzax“u'( )2 OFER) (3.4)

1
[(\i0 /K\ i=1

Trong do ¥; l°)(R) md ta chuyén dong twong ddi gitra khdi tam o va a, S0

~

VoI ag, kio la s6 song twong ddi giira o, va a, | K, 1a s6 song twong doi giira khoi
tam cta oy Va o, VGi hat ag, con i, dung dé ky hiéu cho kénh vao caa phan ung.
Nhitng phuong trinh cho nhitng kénh lién két i theo )((l")(R) (i=1—1ipa)co
dang:
~ \]~i ~ig
[TR +V, (R)~(E & )}x (R)= XV, (R)Z¢ (R) (35)
1#1
Phuong trinh trén day co6 thé dugc giai cing véi didu kién bién (lién tuc, hitu
...) cua )(( J(R). Trong d6 thé lién két dugc xac dinh boi:

d) ( ) @, 1(7‘)
Vi (R) = - —=|V(Ry) + v(Ry)| -

(3.6)

Xa&c suét dich chuyen tir cyc dién ¢ trang thai 2* (Ia trang thai c6 spin bang 2

va chin I¢ +) ciia qua trinh 3 alpha duoc tinh béi cong thirc [9]:

OV e = 2(%7;)7(%) v

Trong d6 W2 13 ham séng mo ta trang thai 2* cua 2C va M 1a hinh chiéu

2
<‘I’2 ‘OEz“I’k E>

(3.7)

cua spin toan phan, 05 1a toan tir dich chuyén tir cuc dién. Téc do phan ung 3

alpha dugc tinh theo cong thuc [9]:

o, (=S o), foo-E e o

ﬂ(kT) 0 lip=1
;. 2“':’1210
VGi Wi, = —= \/ 1210(E 812'10) (3.9
1o
Ning luong &, duoc tinh theo sb song k [11] theo cong thic:

~  k%?
12 =
2,

(3.10)
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Thé hat nhan v(MeV) [9] giira hai hat alpha dwoc sir dung c6 dang hai ving
Gauss:

V(x) = 100, — 3035~ (38) (3.12)
trong do x (fm) 1a khoang cach gitra hai hat alpha.
Thé lién két V$(R) trong phuong trinh (3.5) ¢6 chtra ca thanh phan Coulomb.
Trong tinh toan [9] nguoi ta thay chiéu cao thé Coulomb cta hé a; — o, ¢ nhitng
khoang chia khong cong husng thap hon nhiéu so véi nhiing khoang cong huong.
Do d6 & nhitng ving khong cong huong hat a; dé dang twong tac voi hé a; — ay.

Hinh v& 3.2 md ta su thay d6i do cao thé Coulomb theo R.

L
S B S~ =86
= 10 | -~ 1
S 0 i=113 ~7
=~ 10" L ~~.
= S e
- -3
1[] 1 1 ||||||| 1 1 ||||||| 1 1 ||||||I 1 1 |||||||
10" 10° 10" 107 10°

R (fmn)
Hinh 3.2. Rao thé Coulomb trong twong tac ba hat [9]
Trong hinh v& 3.2 thi i = 86 ttng véi vung cong huong, con i =53 va i =113
g véi nhitng ving khong cong huéng. Co thé nhan thay la Vi (R) vai nhirng ving
khong cong husng rat nhé so véi nhitng ving cong huong. Vi vay véi nhiing phan
ing khodng cong hudng, hat as dé dang xuyén qua rao thé Coulomb dé tuong tac voi
hé a; — ap. Hé qua cua thé Coulomb rét thap trong viing khdng cong huong la xac
SUAt Xuyén rao sé ting va két qua 1a tc d6 phan mg tang lén dang ké.
Thé phuong trinh (3.11) vao (3.6), sau d6 két hop cac phuong trinh (3.4),
(3.7), (3.8) va (3.9) cac nha khoa hoc Nhat Ban [9] d tinh duogc téc d6 phan @ng
cua phan ng ba alpha trong bang 3.1 dudi day:
Cot 1va 4: Nhiét do tinh theo don vi mudoi triéu do.

Cot 2 va 5: Toc do phan tng ba alpha.
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Cot 3 va 6: Ti s6 giira tdc do phan ung tinh bang phuong phap CDCC so véi

gia tri tr NACRE [8].

Bang 3.1. Téc d6 phan tng 3 alpha (cm®s*mol™) bang phwong phap CDCC

TA0) | {oViaaa U110y | Ve 1o
CDCC/NACRE CDCC/NACRE

1 1.08E-44 3. 7E 26 15 152 E-16 95
15 3.42 E- 38 54E 23 20 1.92E-15 1.9
2 312E-34 57E?21 25 437 E-14 1.0
2.5 1.73E-31 1.6 E20 30 451 E-13 0.99
3 244 E-29 1.7E 18 35 2.29E -12 0.98
4 1.10E-25 21E 15 40 7.37TE-12 0.98
5 341 E-23 3.3E 13 50 341E-11 0.99
6 1.63E-21 14E 12 60 856 E-11 0.99
7 256 E-20 85E 10 70 154 E-10 0.99
8 201 E-19 2.1E09 80 226 E-10 1.0
9 9.89E-19 39EO07 90 293 E-10 1.0
10 352E-18 1.5E06 100 348 E-10 1.0

Phuong phép nay méi duoc xay dung, tinh toan va céng bb vao nam 2009.

Do d6 can c6 thuc nghiém kiém chung, danh gid mirc do chinh xac cua phuong

phap tinh nay.

3.2. Giai lai bai toan téc @9 phan wng ba alpha theo Fowler.

Vi phuong phap CDCC dugc gigi thiéu trong 3.1 Ia rat méi va can dugc thyc

nghiém kiém chimg. Do d6 trong luan vin nay s& tap trung vao cach giai bai toan ba

alpha dua vao cac tinh toan cta Fowler va caia nhdm K. Nomoto, F.-K. Thielemann,
and S. Miyaji [10].

Trong 1ong nhitng ngdi sao, khi nhiét d6 Ién hang triéu do, qué trinh tong

hop ba hat nhan “He thanh "2C 1a mot qua trinh rit dac biét va phai duoc xem xét

k§. Qua trinh nay dugc cho 1a xay ra theo hai phan @ng lién tiép:
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‘He + *“He = °Be *)
‘He+ °Be 2 'C"(—>*C) (**)
Theo cong thic (2.7) va (2.8), the do phan ng gitra cac hat alpha dé hinh

thanh hat nhan ®Be.
1, X2
rOCOC =Ep NA<GV>aa Af (312)

Trongd6  r,, latdc o phan ung sinh °Be tir hai hat alpha.

X, lado giau cua Heli

Trong khi d6 hat nhan ®Be ¢ trang théi kich thich ciing c6 thé phan rd nguoc

trg lai thanh cac hat alpha tu do. Tdc d6 phan ra duoc tinh theo cong thirc:
r,(°Be) =4, (°Be).ny, (3.13)
Trongdé 1, latdc do phan racua °Be thanh cac hat alpha.

Xo. 12 do giau cua °Be

%Be

N, 12 Mat d¢ hat nhan °Be trong 1 cm’.
_ . r,(*e) .. .
Voi la( Be) - Ia hang so phan ra cia “Be (3.14)

T, (SBe) 1a do rong phan ra °Be thanh cac hat alpha tu do.

Theo cdng thirc (2.8) téc 6 phan ra caa hat nhan ®Be duoc viét lai:

8
r,(°Be)= C Be)pNA X

°Be 3.15
7 A (3.15)

8Be

Khi xay ra qué trinh can bang giita s6 hat ®Be duoc sinh ra va sé hat °Be bi
phan ra thi r,,, =, (°Be)

x2 T,(°Be Xs
» Ag‘= (h )pNA Be (3.16)

Vay %pz N,?; <GV>

8Be

Tu phuong trinh (3.16) ta suy ra
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X8Be h 2 2 )(2

- N Lo 3.17
A Zl"a(SBe)p (V) A2 (319

PN,

8Be

Trong phan tng (**), tc d6 phan &ng tong hop **C duogc xac dinh:

Xy, X
2N 2 a
Curge = P Na 20V (3.18)
®Be

Trong d6 (OV) ag, tdc do phan ing tao hat nhan *2C tr mot cap hat o + Be,

Téng quat néu coi (oV) 14 téc do phan tng hinh thanh '2C tir ba hat a, thi

tdc d6 phan tng hinh thanh *2C tir c4c hat o [4] dwoc tinh theo cong thic :

1 1 X3
r = €n3 <Gv>aaa =€p3Ni Ag <Gv>aaa (319)

Két hop cac cong thirc (3.17), (3.18) va (3.19) ta tinh duoc tdc d6 phan tng

tong hop *°C tir cac hat alpha (fuue =T g, ):

<Gv>aaa = 3

W@’%a (oV), 55 (3.20)

Nhu ta biét tdc do phan ing giira hai hat alpha 1a (oVv)__ . Vay tbc do phan
tng trong 1 mol ¢6 N = 6,02 . 10% hat s 14 N, {oV) . Twong ty tbe do phan ing
trong 1 mol gitra cac hat alpha va ®Be sé la NA<GV>asBe :

Vay téc do phan tng trong 1 mol dé tao *2C tir ba hat alpha s& Ia:

n
NA(OV) o = 3@ Na(oV),, Nalo), o, (3.21)

Trong phan ké tiép ching ta s& dwa vao céc sé liéu thyc nghiém d4 dugc do
tir cac phong thi nghiém dé tinh téc do6 phan tng cho phan tng téng hop **C.

3.3. Lo giai s6 cho toc @6 phan wng 3 alpha.

3.3.1. Toc @b phan ng cong hwéng.

Déi vai phan ting cong huaong, toc do phan tng sé dat gia tri cuc dai tai ving

céng huong. Do d6 tich phan (ov) cling dat cyc dai trong ving cong hudng nay.
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Tir cac cong thire (2.41) va (2.53), néu thay céc gia tri hang sé Bolzmann k =
0,086 MeV K™, tiét dién ¢ tinh theo barn (10*cm) va nhiét do tinh theo 10°K thi :
(ov) = {2,557 x 107 13473/2(wy), 3Ty %exp(—11,605 E,/Ty)  (3.22)

_ __ (wnhL\ _ L (2Jr+1)
(@), = oy, = (2 Z)r =R AT (14 61,) (3.23)

O day E, 1a ning luwong cong huang, A la sé khdi rat gon cua hé cac hat tham
gia twong tac, I' d6 rong toan phan & mac cong huong, I va I lan lugt 1a d6 rong
riéng phan cua kénh vao va kénh ra, J, spin & mic cong huong, J; va J, lan luot 1a
spin cua bia va hat toi.

S6 ligu thuc nghiém tir thi nghiém cua (Ajzenberg — Selove 1984) [10] cho
két qua:

+ Dbi v6i phan ing “He + *He:

E.(aa) =91,78 (keV), I =1, =T,(®Be) =68x17(eV) , y =], =
Jr=0

+ Pi voi phan tng *He + °Be:

E.(a ®Be) = 2877 (keV), I,(**C) =85+x12(eV), [} = 144 =
(3,7+05)x 1073 (eV), J; =J, =J, = 0.

Thay cac gia tri nay vao phuong trinh (3.22) va (3.23) ta dugc cong thuc tinh
téc ¢ phan tng cho cac phan ung cong husng:

Véi phan ung *He + *He s ®Be

(0V) g r = 1,229 x 107 18T 3/ 20xp(—1,065/T,) (cm3s™1) (3.24)

Véi phan ting *He + ®Be s 'C*

(0V), 85, = 2,172 x 10722Ty~*2exp(—3,339/T;) (cm3s~1) (3.25)
trong céc cong thuc (3.24) va (3.25) thi (V) 12 toc do phan ung cong huong
gitra hai hat alpha va (ov), s, , 1a toc d6 phan tng cong huéng giita hat alpha va

8Be.
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3.3.2. Toc @ phan ng khong cong huéng.

Nhu & phan co sé Iy thuyét & chuong 1, theo cac cong thirc (2.26), (2.30),
(2.33), (2.36), (2.37). néu thay céc gia tri hing s6 Bolzmann k = 0,086 MeV K™, tiét
dién o tinh theo barn (10%*cm) va nhiét do tinh theo 10°K, cong thirc tinh tdc do
phan ung khdng cong huong:

(av) = {1,3006 x 107 14(Z,Z,/A)V3S, ;1 }Ts " 3exp (—1)  (3.26)

E;Y? = 0,989487,7,AY2 (MeV"?) (3.27)
_ 5 s'(o) 35

18" (2, 89

2500 (EO + 36EOkT) ] (MeV.barn) (3.28)
T = 4,2487(2,22,24) 1,713 (3.29)
Ey = 0,12204(Z,22,%4)°T,2*(MeV) (3.30)

Véi phan tng *He + *He s ®Be ¢0Z, =Z7,=2; A= Al—:l: = 2, thé céac
1 2

gia tri nay vao cac biéu thuc (3.26) dén (3.30) ta tinh dugc:
T = 13,4897, 1/3
E, = 0,3874T,%3 (MeV)

vay S =S(0) (1 +0,0317,1% + 03874597 4 00838227,
ay eff ) 9 ) 5(0) 9 ) 5(0) 9

+0,075%T9‘" 3 4 0,04125%@’ %) (3.31)
va
(0V)aqnr = 1,6386 x 1071 x Ty 3 x S, -+ x exp(—13,489T,"%)  (3.32)
Trong cong thic (3.32) thi (oV) 44 nr 12 the d6 phan ng caa phan tng khong
cong huong cho mot cap hat alpha.
V6i phan ung *He + ®Be 5 '%C* ¢6 Z, = 2,Z, = 4; A = 8/3, thé cac gia
tri nay vao cac biéu thirc (3.26) dén (3.30) ta tinh duoc:
T = 23567T, /3
E, = 0,6767T,%* (MeV)
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/3
VaY  Serr =S(0) (1 +00187,° + 06767507, +

02295 (0) 3 40,0725 Q (0)T5/3) (3.33)

va

(OV), 850y = 18758 x 1071 x Ty™#3 x S, x exp(—23567T, %)  (3.34)
Trong cdng thirc (3.34) thi (oV), sy, . 12 tc @0 phan Gng cta phan tng

khong cong huong cho mét cap hat a va ®Be.

Theo [10] cac cong thic (3.32) va (3.34) 1a nhitng ham chi theo mot bién T,
nhu sau:
(OV)aqnr = 6,914 X 10715 x Ty ™% x exp (13,4897, /%)

x (1+ 0,031T5 + 8,000T,s +

+1,732T, + 49,883T,s + 27,426T9§) (cm3s™1)  (3.35)

(OV),, 850 = 4,168 x 10717 x T,"2/3 x exp(—23,567T9‘1/3)
1 2
x (1 + 0,018Ty3 + 5,249T4s +

+0,650T, + 19,176T9§ + 6,034T9§) (cm3s™1) (3.36)

Trong khai trién chudi Maclaurin cia S(E), ngudi ta chi lay téi bac 2 va bo
qua c4c sb hang bac cao hon. Chudi nay s& phan ky néu ning luong twong tac giita
cac hat cang cao va vi vay S, ¢, ciing phan ky khi nang luong ting cao. CO thé minh
hoa Vé su khac biét giira gia tri S(E) ¢ trén va gia tri thuc cta nd [5] nhu sau: Khi
nang luong E nho hon gia tri nang lugng cong huong E, (nang lwong tai mac cong
hudng), gia tri cia S(E) nho hon gié tri thuc cta no, tai gia tri cong huong gia tri
nay van nhé hon gia tri thuc mot cht va né chi bang véi gia tri thuc khi nang luong
hat khoang %Er [6] va gia tri S(E) tiép tuc tang trong khi gi tri thuc cia nd giam.
Vi vay ching ta can mot hé sé bo chinh dé gia tri S(E) nhan gié tri phi hop trong
toan dai nang lwong va hé sé nay ¢ lién quan tgi gia tri nang lwong cong huong E,..

Theo Fowler [5] hé sé nay phai c6 dang:
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— (T z
f= exp[ (Tm) ] (3.37)
trong do Toco = 2346 7 E::Z (3.38)

(2,%22,2A 1n4)
Vay téc do phan img khong cong huang xét cho mot mol (3.35); (3.36) duogc

viét lai:

2
Np{oV)aq nr = 4,164 % 10° x T9_2/3 X exp <_13,489T9_1/3 - (T_g) >

0,098

x (1+0,0317;5 + 8,009T;5 + 1,732T, +
4 5
+49,883T,5 + 27,426T9§) (cm3s~1mol~1) (3.39)

-2/3 -1/3 To \2
Na(OV) 50 pr = 2510 % 107 x T, ™23 x exp <—23,567T9 - (=) )

0,235

1 2
x (1 + 0,018Ty5 + 5,249T,5 + 0,650T, +

+19,176T,5 +6,034T,3) (cm*s~'mol) (3.40)
3.3.3. Toc @6 phan ng toan phan.
Téc d6 phan tng toan phan trén mot mol 14 tong cua hai thanh phan cong
huong va khdng cong huong dugc biéu dién bai biéu thie dudi day:
Ny{oV) = Ny(oV), + Np{oV)y, (3.41)
Tir cong thirc (3.24) va (3.39), toc do phan tng toan phan tao ®Be:
Ny{oV) gq ¢ = 7,402 x 105T, 32 exp(—1,065/T,) + 4,164 x 10° x

2
x T, ™23 x exp <—13,489T9"1/3 - (=) )

0,098

1 2
x (1+0031T,s + 8,009T,s + 1,732T, +

+ 49,8837, +27,426T,5) (cm?s™*mol ™) (3.42)
Tir cong thic (3.25) va (3.40), tbe do phan wng toan phan tao *2C:
Ny{oV), 85, , = 1,308 x 102T,*/?exp(—3,339/T,) + 2,510 x 107 x

2
x Ty ™23 x exp <—23,567T9‘1’3 - (i) )

0,235
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1 2
x (1 + 0,018Ty5 + 5,249T,5 + 0,650T, +

+19,176T,5 + 6,034T9§) (cm?s~tmol1) (3.43)

Trong phuong trinh (3.42) va (3.43) dai luong Ny(oV) 44 ¢ 12 tdc d6 phan Gng
toan phan giira cac hat alpha, con N(oV), s, , 12 téc d6 phan Gng toan phan giita
céc hat alpha va °Be.

Thay cac phuong trinh (3.42) va (3.43) vao phuong trinh (3.21) ta suy ra toc
d6 phan ung toan phan:

Ny (0V)gaa = 2,904 % 10720N, (V)4 Ns{0oV),, 55,( cM®s~Imol=2)

(3.44)
O nhiét do Ty > 4, do anh huong bai céc trang thai cong huong ta phai bo
xung thém mot thanh phan cong huong:
AN, 2(0V) e = 2,812 % 1078T5 3 exp(—4.404/T,)( cmPs~'mol~2)
(3.45)
trong d6 4.404 = Ej;,/ k.
Vay téc do phan ung toan phan la

N0V gaar t = 2,904 % 10710N,(aV) o Na{oV), 55, ( cmPs~tmol=2) véi Tg <4

Na {0V aaa e = Na®(0V)aga + AN2*(0V)gqe( cM®s™ mol=2) Ty >4
Twong tng véi mdi gid tri cua Ty ta ¢6 téc do phan ang toan phan tuong tng
dugc ghi nhan trong bang 3.2 sau:
Trong do:
- Cot 1 Tq la nhiét @o tinh theo don vi ti do.
- Cot 2 la tbe do phan tng toan phan “He + *He.
- Cot 3 1a tdc do phan tng toan phan “He + °Be.

- Cot 4 1a tbc 6 phan tng cua ba alpha.
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Bing 3.2. Téc do phan ing toan phan dugc toi tinh lai theo Fowler (cm®s™mol?)

T9 NA<O-V>aa t NA(GV)@: 8Be t NA2<O-V>aaa t
0.01 8.66278E-17 2.18169E-39 5.48842E-71
0.011 5.90986E-16 6.37054E-38 1.09333E-68
0.012 3.23713E-15 1.26408E-36 1.18831E-66
0.013 1.48251E-14 1.8305E-35 7.88071E-65
0.014 5.85303E-14 2.04161E-34 3.47017E-63
0.015 2.03971E-13 1.82837E-33 1.083E-61
0.016 6.39193E-13 1.3585E-32 2.52167E-60
0.017 1.82822E-12 8.59685E-32 4.56419E-59
0.018 4.83046E-12 4.73285E-31 6.63908E-58
0.02 2.761E-11 1.00975E-29 8.09608E-56
0.025 9.12783E-10 4.67678E-27 1.23968E-51
0.03 1.60263E-08 5.08256E-25 2.36544E-48
0.04 1.79393E-05 4.77227E-22 2.48615E-42
0.05 0.003073344 6.26361E-20 5.59026E-38
0.06 0.09452338 2.60151E-18 7.14103E-35
0.07 1.076360588 6.44471E-17 2.01446E-32
0.08 6.594302431 4.91287E-15 9.40808E-30
0.09 26.75680086 3.78738E-13 2.94286E-27
0.1 81.43857829 1.3075E-11 3.09221E-25
0.11 201.2344747 2.35478E-10 1.3761E-23
0.12 425.5010003 2.59226E-09 3.20314E-22
0.13 798.3816558 1.95454E-08 4.53161E-21
0.14 1364.218237 1.09525E-07 4.33904E-20
0.15 2163.485642 4.84271E-07 3.04256E-19
0.16 3229.85455 1.76707E-06 1.65742E-18
0.18 6255.64612 1.50502E-05 2.73407E-17
0.2 10537.06878 8.21334E-05 2.51325E-16
0.25 26340.85612 0.001656772 1.26733E-14
0.3 4744492258 0.011674277 1.60848E-13
0.35 71089.86145 0.045429487 9.37869E-13
0.4 95133.47536 0.122530966 3.38513E-12
0.45 118225.3108 0.259612101 8.91317E-12
0.5 139633.138 0.465516321 1.88764E-11
0.6 176350.0316 1.07778552 5.51956E-11
0.7 205054.3661 1.893982966 1.12782E-10
0.8 226882.6192 2.814078313 1.8541E-10
0.9 243186.2062 3.749828909 2.64818E-10
1 255167.5581 4.639791543 3.43812E-10
1.25 272096.8455 6.473740764 5.11535E-10
15 277719.1491 7.686547914 6.19917E-10
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1.75

2.5

3.5

=
OLOOO\ICDU'I-h

277347.6572
273779.2979
262449.8279
249513.3018
236857.6655
225084.1155
204580.5554
187712.9824
173730.3058
161984.566
151983.3084
143360.6798

8.383334584
8.709798604
8.702700164
8.270963486
7.694647723
7.095621455
5.999718613
5.101477661
4.383310301
3.808106662
3.342879539
2.962080223

6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10




44

Bing 3.3. Téc do phan g toan phan lay tir NACRE (cm®s*mol?):

. Gidi han dudi cua | Gia tri chap nhan caa Gi6i han trén caa
9
NA2<O-V>aaa NA2<O-V>aaa NA2<O-V>aaa t
0.01 213 E-71 293 E-71 3.89E-71
0.011 4.32 E -69 5.94 E -69 7.90 E -69
0.012 479 E -67 6.59 E -67 8.75 E -67
0.013 3.24 E -65 4.46 E -65 5.92 E -65
0.014 1.46 E -63 2.01 E -63 2.66 E -63
0.015 4.65E -62 6.40 E -62 8.50 E -62
0.016 1.11 E -60 1.53 E -60 2.03 E -60
0.018 3.07 E -58 4.22 E -58 5.61 E -58
0.02 3.96 E -56 5.45 E -56 7.23 E -56
0.025 0.81 E -51 1.11E-51 1.47 E -51
0.03 1.10 E -47 1.46 E -47 1.86 E -47
0.04 4.04 E -41 531E 41 6.67 E -41
0.05 0.79 E -36 1.04 E -36 1.32 E -36
0.06 0.91E -33 1.20 E -33 1.52 E -33
0.07 2.33E -31 3.00E -31 3.75E-31
0.08 8.18 E -29 9.68 E -29 11.2 E-29
0.09 2.18 E -26 252 E -26 2.87 E -26
0.1 2.05E -24 2.38E -24 2.70E-24
0.11 8.34 E -23 9.64 E -23 109 E -23
0.12 1.79E -21 207E-21 235E-21
0.13 2.35E -20 2.72 E -20 3.09 E -20
0.14 2.10E -19 243 E -19 2.76 E-19
0.15 1.38 E -18 1.60 E -18 1.82 E-18
0.16 7.11 E -18 8.22 E -18 9.34 E -18
0.18 1.05E -16 1.22 E -16 1.38 E -16
0.2 0.88 E -15 1.02 E -15 1.16 E -16
0.25 3.65E-14 422 E -14 479 E -14
0.3 3.95E -13 457 E -13 5.18 E -13
0.35 2.01E-12 2.33E-12 264 E-12
0.4 6.48 E -12 749 E -12 8.50 E -12
0.45 154 E -11 1.78 E -11 202 E-11
0.5 298 E -11 3.45E -11 391 E-11
0.6 7.46 E -11 8.62 E -11 9.79 E -11
0.7 1.34 E -10 155E -10 1.75E-10
0.8 1.96 E -10 2.27E -10 258 E-10
0.9 254 E -10 293 E -10 3.33E-10
1 3.01E -10 3.48 E -10 3.95E-10
1.25 3.71 E -10 430 E -10 489 E -10
1.5 3.87 E -10 449 E -10 5.12 E-10
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1.75 3.72E -10 437 E -10 5.02E-10
2 3.44E-10 416 E -10 4.87 E -10
2.5 2.86 E -10 3.92E-10 499 E -10
3 245E-10 416 E -10 5.90 E-10
3.5 2.22E-10 4.77 E -10 739 E-10
4 2.11E-10 5.55E-10 9.10E-10
5 2.05E-10 7.04E -10 12.2 E-10
6 2.05E-10 8.03E -10 143 E-10
7 201E-10 8.48 E -10 153 E-10
8 1.94E-10 8.52E -10 155E-10
9 1.84E -10 8.28 E -10 151 E-10
10 1.73E-10 790E -10 145E-10

Céc so liéu trong cac bang 3.2 va 3.3 ¢6 mot s6 chénh léch nguyén nhan Ia
do cac cong thirc duoc tinh theo céc sé liéu thuc nghiém khac nhau. Cu thé 1 trong
bai toan ba alpha, khi tinh lai tdc do phan mg ba alpha t6i ¢4 dya vao sé liéu thuc
nghiém ciia Ajzenberg — Selove 1984 véi trang thai cong huong cia °Be ¢ mirc E, =
91,78 keV va do rong I'= 6.8 eV, ciia °C 14 E, = 2877 keV, d6 rong ' = 8,5 eV, do
rong trong phan rd y cia “C la I, = 3,7.10%V. Trong khi d6 cac so liéu trong
NACRE la su tong hop cac tinh toan tir s6 liéu thyc nhiém caa S. Wustenbecker, H.
W. Becker, H. Ebbing, W.H. Schlte, ...(WU92) trang thai cong huéng caa ®Be ¢
muc E, = 92,03 keV va do rong I'= 5,57 eV, cua *C 1 E, = 287,7 keV, d6 rong I' =
8,3 eV, do rong trong phan rd y cia “C 1A T, = 3,7.10%V va theo s6 li¢u thuc
nghiém cua J.Benn, E. B. Dally, H. H. Muller, R. E. Pixly, H. H. Staub va H.
Winkler nam 1986 (BE68) thi trang thai cong huong caa 8Be & muc E, = 92,12 keV
va do rong I'= 6,8 eV, cua *C 1A E, = 287,7 keV, d6 rong I' = 8,3 eV, do rong trong
phan rdy cia “C 1aT, = 3,7.10%V.
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CHUONG 4
TOC PO PHAN UNG CHO PHAN BO LEVY
4.1. Hiéu chinh phan bé Maxwell — Boltzmann.

Trong luan vin cua Nguyén Hoang Phiic chiing t6i da dé cap kha nang Dy

giai thich van dé thong luong hep tir mat troi. Ham phan bé Maxwell-Boltzmann ¢4
duoc hiéu chinh dé md ta cac proton nang lwong cao tir mat troi. Viéc hiéu chinh
nhu vay dan dén kha nang xay ra cac phan ang p+p — D+z", chinh z* phan ra
sinh ra céc neutrino, cac neutrino nay co thé giai thich viéc gia tri thuc nghiém caa
céc thi nghiém do thong luong hep I6n hon gia tri ly thuyét. Trong khi néu xét dén
qua trinh Oscillation thi gia tri thuc nghiém phai thap hon gia tri ly thuyét. Ching

t6i hiéu chinh ham phan b Maxwell-Boltzmann theo cong thirc sau.

O(E) =D (E) + P, (E) (4.1).
, (B L E g E
trong do CI)(E)MB _[ﬂuj (kT )uz T exp[ ij (4.2)

CD(E)Levy = 8[87“)1/2 (le)Uz exp[—(%)j (4.3)

Trongddalahésé 0<a <1.

Dic diém cua ham phan bé ®(E), _la véi diéu kién nhiét do cho trusc thi
®(E),,, cO gia tri cuc dai tai E=KT, khi E ting (E>kT) thi ®(E), . giam rat nhanh
theo ham s6 mii, co nghia 1 X4c Suat ton tai cAc hat ning lugng E>>KT rét thap gan
nhu bang 0. Con ®(E),,,, 9iam cham hon so véi®(E), ;. do do khi ning luong
trong ving E>>KT, thi mac du xac suat xuat hién cac hat nang lwong cao nhé nhung
van du dé xay ra cac phanting p+p > D+x".

Vay van dé dat ra 1a dbi vai cac phan tng cac hat mang dién c6 Z 16n, lic

Z,Z,€°

nay thé Coulomb V. s& Ién, vi vay cac hat mang dién nay mudn

oulomb —
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xuyén rao thé Coulomb dé tuong tac hat nhan thi phai c6 ning luong twong ddi cao
S0 V6i gia tri KT = 1,3 keV. Trong khi nhu chiing ta biét néu van diing ham phan b
Maxwell-Boltzmann , ¢ nhiét do thap (T khoang vai triéu do) thi xac suat xuat hién
cac hat nang luong cao (E Ién hon vai chuc keV) gan nhu bang 0, dan dén téc do
phan @ng rat nho. Con néu sir dung ham phan bd da duoc hiéu chinh thi mac du xac
suat xuat hién cac hat nang lugng cao nhoé nhung van Ién hon nhiéu so véi ham
phan bé Maxwell-Boltzmann. Luc nay ham phan b duoc hiéu chinh chu yéu do
®(E)

Lo dong gop va tdc do phan ng ciing sé thay doi rat nhiéu(ting). Ching ta

s& khao sat sy thay d6i nay cho truong hop phan wng hinh thanh **C.
Nhu vay toc do phan tng toan phan s& la tong cua toc d6 phan ¢ng tinh theo
phan bé Maxwell Boltzmann va téc d6 phan tng tinh theo phan bd Lévy.
Ny(oV) = Ny{oV)up + Na(oV)evy (4.4)
Vi vay trong luan van nay sé tinh toc do phan tng cho phan ung ba alpha khi
&p dung phan bd mai nay.

Tir ¢dng thuc (4.3) phan b Lévy c6 dang:

®(E),, = B[%‘jﬂzﬁexp[_(%y}

trong d6 h¢ s6 B = 1077 - 1073° va @ = 0.1 — 0.34, céc sb liéu nay duoc ching
t6i xac dinh va trinh bay trong luan vin caa Nguyén Hoang Phuc. Trong luan vin
nay sé tinh cho mat vai gia tri cu thé cua o va B.

Duéi day la nhitng tinh toan cu thé cho phan ng 3 alpha.

4.2. Toc @9 phan ing cho phé Levy.

8 1/2 1 E
Phéanbo Lévy: ®(E),, = B[%) Wexp[—(ﬁj J

8 ) 1 E
hay CD(E)LeVy=BkTu[Ej Wexp[—[ﬁjJ (4.5)

Cong thirc (4.5) dugc bién do6i cho xuat hién hé sb giéng vai hé sb cua phan

bd Maxwell Boltzmann dé tién cho cac tinh toan sau nay.
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4.2.1. Téc @9 phan ng cong hwéng cho phd Levy.
Theo cac cong thire (3.26) va (3.27) cho phan bé Maxwell — Boltzmann:
(ov), = {2,557 x 107 34732(wy), }Ts > ?exp(—11,605 E,/T)

_ _ (L) _ O (2)r+1)
(wy)r - wTVT - ( r )r - rr (2]1+1)(2]2+1) (1 + 512)

Tuong tu dbi véi phan bd Lévy, ching ta cd biéu thic:
(oV), = Bku{2,557 x 10~ 3473/2(wy),}Ty " Y? E, exp(—11,605%“E2/T,%)
(4.6)

. _ _ (onhL _ O (2)p+1)
VO" (wy)r - wryr - ( r )r - FT (2]1+1)(2]2+1) (1 + 512)

+ Voi phan tng a + a: A = 2,E,(aa) = 91,78 keV,I; = I = I( °Be) =
6,8+ 17eV,J; =/, =/, = 0[10]. Thay cac gi4 tri nay vao cdng thirc (4.6), toc do
phan (g cong huang theo phan bé Lévy dugc tinh theo cong thirc:

N,(ov), . =N,Bx2,012x10*T;" exp[—l’ (T)iS j (4.7)

9

trong cong thirc (4.7) (ov) 1 toc do phan ing cong huong gitra céc hat alpha
trong 1 cm® trong mot giay.

+ Voi phan ing a + °Be [10]: A =2, E,(a ®Be) = 287,7 keV, [,(**C) =
85+12eV, [, =L, =(37+05)x103eV,J, =], =], =0. Thay cac gia tri
nay vao cong thirc (4.6), toc do phan tng cong hudng theo phan bb Lévy dugc tinh

theo cong thuc:

(4.8)

N, (o) op,. = N, Bx1,485x10 T, 2 exp£—3’339 j

Ty
trong cdng thirc (4.8) (ov) ... l1atéc do phan tng cong hudng gitra céc hat alpha
va ®Be trong 1 cm® trong mot don vi thoi gian.

4.2.2. Téc @9 phan wng khdng cong hwéng cho pho Levy.

Tbc @6 phan (ng theo phan bé Maxwell - Boltzmann [2] duoc x4c dinh theo

cong thuec:
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(ov) = B[:ﬂ jyz (le)glz Is(E)exp[—(EEG)m —%} dE

J s/ N
trong d6 S(E) = S(0) (1 + S(((;))) E _,_% S(g;) EZ)

Tuong tu cho phan bé Lévy:

(ov)= B(%’Jmﬁjés (E)exp[—(%)m —%J dE (4.9)

— s'(0) 15"(0) >
S(E) = 5(0) (1 + S B+ E ) (4.10)

Trong bai bédo Fowler 1975 [5], nhu da noi ¢ trén, do su phén ky cua S(E) &

To?
2
Toco

nhiét do cao, nén ta phai dwa vao hé s Cutoff f = exp (— ) Hé s nay khong

phu thudc vao dang phan bé [5], vi n6 chi phy thudc va tiét dién tan xa.
19.92 3/2

trong doé T9CO = WE,.
172>

(ov)= B(%)UZW&S (E)exp[(E—;)m %(TT—QH dE  (411)

9co

, tasuyra

Muén tinh dugc tbe do phan ung ching ta phai xac dinh dugc céc gia tri

S(0); 5°(0), $(0) cia S(E) tir thuc nghiém. Tuy nhién sé liéu vé cac dai

5(0)" s(0)

lwong nay cho phan ung ba alpha khdng tim thdy & dang tuong minh trong cac

bang sé liéu caa Fowler, NACRE ...
Tir biéu cong thuc (2.47):

Sert (Eo) = s(o){1+1i+M(Eo +3_5ij+1&[5§ . 89 kTﬂ

2c " 5(0) 36 ) 25(0) 36E,

(4.12)
va cac cong thirc (2.38) va cong thuc (2.34) cho:

r=4,2487(2222A) T,

VA Eo = 0,12204(2,22,24)° T3 (MeV)
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Vay
252 A\ Yrus 252 1’35'(0) 213
Ser (Eo) =S (0)] 1+0,098(Z7ZZA) " T,° +0,122(27ZZA) WT9 +
1 2 Q1
+%—SS ). +1(o,122(zfz§A)ﬂ3) SO e,
0) = 2 5(0)
89 252 ”35"(0) 5/3
+50,122(2122A) 500) KT, (4.13)

Trong [10] tac gi4 ciia bai béo d& dua ra biéu thire tudong minh cho Sen(E):
+V6i phan tng a + «
S, (E) =S (0)(1+0,031T,” +8,009T;" +1,732T, + 49,883T,"° + 27,426 T, )

(4.14)
Mt khéac hé sé cua ham exp trong cong thirc (2.35) ¢6 chira thanh phan S(0).
Do d6 dé néu lay hé ciia ham exp trong phuong trinh (3.35) chia cho hé sé caa
phuong trinh (3.32) ta s& dugc thanh phan S(0) cho phan ing a + a.
-15
5 (0) = 8:914x10

=22 0,422
1,638x10
Pong nhat hé s6 hai cong thire (4.13) va (4.14) ta c6 thé xac dinh dugc
S0 _50,68; 3700) _ggs.
5(0) 5(0)
Vo6i phan tng a+a ta c6 2, = Z, = 2; A—i—4; thi

A+A
EJ? =5,5973MeV 2, va nhu vay téc do phan tng khéng cong husng cho phan ang
a + a dugc xac dinh boi céng thuc sau:

Na(ov)  =N,Bx3,3x10°T;*x

aa

0 a a 2
xj(20,68+é+665E)exp[11’605 E —5'597—( Ty NdE (4.15)
0

T EY2 (0,098
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trong cdng thac trén (ov) la toc do phan Gng trung binh cua phan ung khong

ac

cong huong cia mot cap hat alpha.

+V6iphan ing o +°Bec6 2, = 2; Z, = 4; A= 8
A+A 3

Theo [10] dang tuong minh cua Se(E) cho phan ung o + Be c6 dang:
S« (E)=S (0)(1+ 0,018T,% +5,249T7* +0,650T, +19,176T,”* +6, 034T95’3)
(4.16)
Hé sé cua ham exp trong phuong trinh (3.36) chia cho hé s6 caa phuong
trinh (2.32) ta s& dugc thanh phan S(0) cho phan ung « + ®Be

(0)- 4,168x107"
1,638x107"
Pong nhat hé s6 (4.16) va (4.13) ta tinh duoc:
S0 _ 7,756; s7(0) =83,84; EJ* =12,926 MeV"?,
5(0) 5(0)

Nhu vay téc do phan wng khéng cong hudng duogc xac dinh béi cong thuc:

Na(oV) o =N,Bx1987x10T; "% x

=2,54x107°

a®Benr

© ar-a 2
xj(7,756+£+83,84Ejexp (LS E 1B [ L e (a17)
0 E Ty E 0,235

trong cdng thurc trén (ov) la tc do phan tng khéng cong hudng giita cac hat

a®Benr
alpha trong mot cm?® trong mot giay.

4.2.3.Toc do phan fng toan phan cho phan bo Levy.

Tbc do phan ¢ng toan phan cho phan bb Levy duoc xac dinh bai cong thic:

h
NA(OV) 0 = 3@ Na(oV),, Na{ov), o,

Ni(ov) ~=2,904x10"°N,(ov) N,(oV) (4.18)

aaa a ®Be

Trong do N, <GV>aa =N, <GV>aa N, <GV>

aa nr
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va NA<GV>a 8B — NA<GV>aSBer + NA<GV>a 8Benr

Céc tich phan trong cac phuong trinh (4.15) va (4.17) c6 thé tinh toan dé

dang v&i cac phan mém tinh toan nhu Mathematica, Matlab, Maple, ... Tuong ting

véi mdi cap gid tri cla ava B, sau khi tinh toan, ta dugc mot bang gia tri te do

phan {rng toan phan ng véi mdi gia tri nhiét &6 nhu sau, két qua tinh todn duoc cho

trong cac bang trong phu luc:
Trong cac bang sé liéu trong phan phu luc dudi day;
+Cot 1: T, 1a nhiét do tinh theo don vi ti do.

+ Cot 2: la tdc do phan ung ba alpha tinh cho phan bé Levy.

+ Cot 3: 1atéc do phan tng ba alpha tinh cho phan bé Maxwell Boltzmann.

+ Cot 4: latde do phan tng toan phén (ov) = (oV)up + (0V)Levy

+ Cot 5: la ti s6 gitra phan bd Levy so vaéi pho toan phan, cot nay dung dé

danh gia dong gdp ciia phan bé Levy cho phan tng ba alpha.
4.3. Két qua bai toan — thao luan.

Pau tién ta cd nhan xét vé ham phan bé Maxwell Boltzmann:

Ham nay s& giam rat nhanh vé 0 khi nang lugng E >> KT.

Trong cong thirc tinh xac suat xuyén rao (2.20):

R 1/2
arctan [Rc —lj
—2KR, n _Ry

P =exp Trong

_ ZyZ,e?
E

1/2
Vi K = l%(EC - E)l R,

cao thé Coulomb.

la vi tri xuyén rao, E. =

Z1Z,e?

Rp

do
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Nhu vay c6 thé dé dang nhan thay ¢ nhiét o thap thi xac suat dé cac hat co
dién tich hat nhan Z 16n c6 thé xuyén rao thé Coulomb va xay ra phan ung Ia rat
thap

Vi hai i do trén ta c6 thé nhan thay theo phan bo Maxwell Boltzmann thi
X4c suat dé xay ra cac phan ang hat nhan cho nhitng hat c6 dién tich hat nhan Z Ién
la rat thap.

Trong khi d6 néu ta hiéu chinh phan bé Maxwell Boltzmann bang céch cong

thém vao phan bé Levy c6 dang:

®(E),, = B[%‘jﬂzﬁexp[_(%y}

Trong phan b Levy, hé sé a = 0,1 — 0,34 va B = 10" — 10 va nhu vay
ham phan bd Levy giam rat cham so véi ham phan bé Maxwell Boltzmann. Chinh
vi vay, mac di x4c suat xuyén rao d6i voi cac hat c6 dién tich hat nhan Z 16n 1a nho,
nhung téc d6 phan ung tinh theo phan bd Levy van 16n hon nhiéu so voi phan b
Maxwell Boltzmann.

Khi ap dung phan bb Lévy d& nghién cau trong luan vin caa Nguyén Hoang
Phic vao luan van nay dé tinh téc d6 phan ung ba alpha, két qua thu dugc cho thay
téc do phan tng ba alpha tang dang ké tir 20 dén hon 30 bac so vai cac so lidu tir
NACRE [7] (giai véi phan bé Maxwell - Boltzmann). Su chénh léch nay la rat dang
chi y va ciing pht hop véi du doan ban dau cia ching ta. Néu cac thuc nghiém cac
phép do vé pho thong luong neutrino trong tuong lai khang dinh sy ding dan trong
gia thiét ciia chung toi dua ra, thi ching ta phai tinh lai toc d6 phan wng cho mot s6
cac phan ung caa nhitng hat nhéan cé Z Ion.

Trong cac bang s liu két qua tinh toan, néu dé y ching ta s& thay la téc do
phan @ng tinh cho phan b Levy cd ton tai gia tri cuc dai ¢ nhiét do khoang 100
triéu d6. Vay dau 1a 1y do 1am xuét hién dinh nay? Nhu ta da biét, trong khai trién
ctia hé sb thién van S(E) ta chi d bo hét cac phan tir c6 bac 16n hon hai. Do d6 ham

S(E) 1a ham tang theo ning lugng E cuia hat. Bé hiéu chinh sy sai léch nay nguoi ta
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2
d4 dua vao phan tir f . =exp _(Tczﬁj . Chinh phan tir f,r NAy chinh la
9

nguyén nhan 1am xuat hién dinh cuc dai trong két qua tinh tbc do phan ung.

Tuy nhién trong qué trinh thyc hién luan van nay, vi li do thoi gian ma toi
chua thé danh gia dugc sai s6 tir thyc nghiém anh huong dén cac két qua tinh toan.
bay 1a mot trong nhitng tran trg cda tdi khi trinh bay luan van nay. Téi cling hy

vong rang trong thoi gian téi t6i c6 thé giai quyét duoc van dé nay.
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PHU LUC

Véia=01vaB=31x10"3%°

Ty NZ(oV)aaalevy | NE(oV)aauMB | NE(OV)gaa Tilé
MB + Levy | (Levy+MB)/MB

0.01 2.9815E-26 5.48842E-71 2.9815E-26 5.43234E+44
0.011 3.95828E-26 1.09333E-68 3.95828E-26 3.6204E+42
0.012 5.1246E-26 1.18831E-66 5.1246E-26 4.3125E+40
0.013 6.49571E-26 7.88071E-65 6.49571E-26 8.24254E+38
0.014 8.08636E-26 3.47017E-63 8.08636E-26 2.33025E+37
0.015 9.9108E-26 1.083E-61 9.9108E-26 9.15126E+35
0.016 1.19827E-25 2.52167E-60 1.19827E-25 4.75188E+34
0.017 1.43151E-25 4.56419E-59 1.43151E-25 3.13639E+33
0.018 1.69204E-25 6.63908E-58 1.69204E-25 2.54861E+32
0.02 2.29962E-25 8.09608E-56 2.29962E-25 2.84041E+30
0.025 4.36974E-25 1.23968E-51 4.36974E-25 3.52488E+26
0.03 7.30155E-25 2.36544E-48 7.30155E-25 3.08676E+23
0.04 1.58886E-24 2.48615E-42 1.58886E-24 6.39086E+17
0.05 2.78004E-24 5.59026E-38 2.78004E-24 4.973E+13
0.06 4.19961E-24 7.14103E-35 4.19961E-24 58809661372
0.07 5.68913E-24 2.01446E-32 5.68913E-24 282415194.3
0.08 7.06969E-24 9.40808E-30 7.0697E-24 751449.8723
0.09 8.17748E-24 2.94286E-27 8.18042E-24 2779.750687
0.1 8.89271E-24 3.09221E-25 9.20193E-24 29.75842749
0.11 9.15668E-24 1.3761E-23 2.29177E-23 1.665409277
0.12 8.97456E-24 3.20314E-22 3.29289E-22 1.028017991
0.13 8.40603E-24 4.53161E-21 4.54001E-21 1.001854978
0.14 7.54775E-24 4.33904E-20 4.33979E-20 1.00017395
0.15 6.51277E-24 3.04256E-19 3.04262E-19 1.000021406
0.16 5.41122E-24 1.65742E-18 1.65743E-18 1.000003265
0.18 3.35569E-24 2.73407E-17 2.73407E-17 1.000000123
0.2 1.81809E-24 2.51325E-16 2.51325E-16 1.000000007
0.25 2.26962E-25 1.26733E-14 1.26733E-14 1

0.3 1.36045E-26 1.60848E-13 1.60848E-13 1

0.35 4.06713E-28 9.37869E-13 9.37869E-13 1

0.4 6.20308E-30 3.38513E-12 3.38513E-12 1

0.45 4.89761E-32 8.91317E-12 8.91317E-12 1

0.5 2.02189E-34 1.88764E-11 1.88764E-11 1

0.6 5.05865E-40 5.51956E-11 5.51956E-11 1

0.7 1.00907E-46 1.12782E-10 1.12782E-10 1

0.8 1.64158E-54 1.8541E-10 1.8541E-10 1




58

0.9
1.25
15
1.75
2.5

3.5

© 00 N o O &~

2.21002E-63
2.48844E-73
7.38389E-81
3.53691E-86
1.70772E-92
8.3811E-100
3.8883E-117
1.4895E-117
1.3146E-117
1.1794E-117
9.83E-118
8.4651E-118
7.4565E-118
6.6783E-118
6.058E-118
5.551E-118

2.64818E-10
3.43812E-10
5.11535E-10
6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

2.64818E-10
3.43812E-10
5.11535E-10
6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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Véia=016vaB=18x10"3¢

T NA(oV)aaal VY | NZ(0V)gqaMB | NE{0V)qq Tile
MB + Levy (Levy+MB)/MB

0.01 3.46791E-39 5.48842E-71 3.46791E-39 6.31859E+31
0.011 4.67362E-39 1.09333E-68 4.67362E-39 4.27467E+29
0.012 6.13103E-39 1.18831E-66 6.13103E-39 5.15944E+27
0.013 7.86293E-39 7.88071E-65 7.86293E-39 9.97745E+25
0.014 9.89177E-39 3.47017E-63 9.89177E-39 2.85051E+24
0.015 1.22391E-38 1.083E-61 1.22391E-38 1.13011E+23
0.016 1.4926E-38 2.52167E-60 1.4926E-38 5.91908E+21
0.017 1.79727E-38 4.56419E-59 1.79727E-38 3.93777E+20
0.018 2.13984E-38 6.63908E-58 2.13984E-38 3.2231E+19
0.02 2.94607E-38 8.09608E-56 2.94607E-38 3.63889E+17
0.025 5.74298E-38 1.23968E-51 5.74298E-38 4.63261E+13
0.03 9.78132E-38 2.36544E-48 9.78132E-38 41350973433
0.04 2.18728E-37 2.48615E-42 2.1873E-37 87979.45429
0.05 3.90005E-37 5.59026E-38 4.45908E-37 7.97650508
0.06 5.97526E-37 7.14103E-35 7.20078E-35 1.00836751
0.07 8.18459E-37 2.01446E-32 2.01454E-32 1.000040629
0.08 1.02625E-36 9.40808E-30 9.40808E-30 1.000000109
0.09 1.19597E-36 2.94286E-27 2.94286E-27 1

0.1 1.30888E-36 3.09221E-25 3.09221E-25 1

0.11 1.35517E-36 1.3761E-23 1.3761E-23 1

0.12 1.33463E-36 3.20314E-22 3.20314E-22 1

0.13 1.25542E-36 4.53161E-21 4.53161E-21 1

0.14 1.13155E-36 4.33904E-20 4.33904E-20 1

0.15 9.79742E-37 3.04256E-19 3.04256E-19 1

0.16 8.16566E-37 1.65742E-18 1.65742E-18 1

0.18 5.0915E-37 2.73407E-17 2.73407E-17 1

0.2 2.77134E-37 2.51325E-16 2.51325E-16 1

0.25 3.49121E-38 1.26733E-14 1.26733E-14 1

0.3 2.10688E-39 1.60848E-13 1.60848E-13 1

0.35 6.33191E-41 9.37869E-13 9.37869E-13 1

0.4 9.69855E-43 3.38513E-12 3.38513E-12 1

0.45 7.68471E-45 8.91317E-12 8.91317E-12 1

0.5 3.18206E-47 1.88764E-11 1.88764E-11 1

0.6 8.00016E-53 5.51956E-11 5.51956E-11 1

0.7 1.6019E-59 1.12782E-10 1.12782E-10 1

0.8 2.61402E-67 1.8541E-10 1.8541E-10 1

0.9 3.53789E-76 2.64818E-10 2.64818E-10 1

1 3.51667E-80 3.43812E-10 3.43812E-10 1
1.25 1.72246E-84 5.11535E-10 5.11535E-10 1
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8.35377E-90
4.07388E-96
2.016E-103
5.9819E-112
5.2678E-112
4.7251E-112
4.2965E-112
3.6587E-112
3.2033E-112
2.8596E-112
2.5898E-112
2.3716E-112
2.191E-112

6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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Véia=02vaB=37x1073*

T NZ(oV)aaaleVy | NA(OV)eaaMB | NZ(0V)aqa Tile
MB + Levy | (Levy+MB)/MB
0.01 1.18359E-40 5.48842E-71 1.18359E-40 2.15653E+30
0.011 1.69217E-40 1.09333E-68 1.69217E-40 1.54772E+28
0.012 2.33936E-40 1.18831E-66 2.33936E-40 1.96864E+26
0.013 3.14464E-40 7.88071E-65 3.14464E-40 3.9903E+24
0.014 4.12777E-40 3.47017E-63 4.12777E-40 1.1895E+23
0.015 5.3088E-40 1.083E-61 5.3088E-40 4.90195E+21
0.016 6.70785E-40 2.52167E-60 6.70785E-40 2.66008E+20
0.017 8.34503E-40 4.56419E-59 8.34503E-40 1.82837E+19
0.018 1.02404E-39 6.63908E-58 1.02404E-39 1.54244E+18
0.02 1.48846E-39 8.09608E-56 1.48846E-39 1.8385E+16
0.025 3.23557E-39 1.23968E-51 3.23557E-39 2.61E+12
0.03 5.98942E-39 2.36544E-48 5.98942E-39 2532053372
0.04 1.51237E-38 2.48615E-42 1.51262E-38 6084.191028
0.05 2.93989E-38 5.59026E-38 8.53016E-38 1.525894821
0.06 4.81027E-38 7.14103E-35 7.14584E-35 1.00067361
0.07 6.94318E-38 2.01446E-32 2.01446E-32 1.000003447
0.08 9.08925E-38 9.40808E-30 9.40808E-30 1.00000001
0.09 1.09843E-37 2.94286E-27 2.94286E-27 1
0.1 1.24022E-37 3.09221E-25 3.09221E-25 1
0.11 1.31948E-37 1.3761E-23 1.3761E-23 1
0.12 1.33105E-37 3.20314E-22 3.20314E-22 1
0.13 1.27914E-37 4.53161E-21 4.53161E-21 1
0.14 1.17534E-37 4.33904E-20 4.33904E-20 1
0.15 1.03557E-37 3.04256E-19 3.04256E-19 1
0.16 8.76939E-38 1.65742E-18 1.65742E-18 1
0.18 5.62347E-38 2.73407E-17 2.73407E-17 1
0.2 3.13537E-38 2.51325E-16 2.51325E-16 1
0.25 4.14308E-39 1.26733E-14 1.26733E-14 1
0.3 2.59205E-40 1.60848E-13 1.60848E-13 1
0.35 8.01524E-42 9.37869E-13 9.37869E-13 1
0.4 1.25664E-43 3.38513E-12 3.38513E-12 1
0.45 1.01535E-45 8.91317E-12 8.91317E-12 1
0.5 4.27515E-48 1.88764E-11 1.88764E-11 1
0.6 1.10452E-53 5.51956E-11 5.51956E-11 1
0.7 2.25965E-60 1.12782E-10 1.12782E-10 1
0.8 3.75254E-68 1.8541E-10 1.8541E-10 1
0.9 1.23307E-76 2.64818E-10 2.64818E-10 1
1 2.64267E-78 3.43812E-10 3.43812E-10 1
1.25 1.32773E-82 5.11535E-10 5.11535E-10 1
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6.56389E-88
3.24981E-94
1.6282E-101
2.5711E-107
2.2936E-107
2.0786E-107
1.906E-107
1.6446E-107
1.4542E-107
1.3084E-107
1.1925E-107
1.0979E-107
1.0189E-107

6.19917E-10
6.75209E-10
6.92477E-10

6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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Véia=026vaB=78x10"%

T NA(OV) o LEVY | NZ(0V)eaaMB | NZ(0V)qea Tile
MB + Levy (Levy+MB)/MB
0.01 5.12322E-37 5.48842E-71 5.12322E-37 9.33461E+33
0.011 8.66933E-37 1.09333E-68 8.66933E-37 7.92931E+31
0.012 1.39308E-36 1.18831E-66 1.39308E-36 1.17232E+30
0.013 2.14445E-36 7.88071E-65 2.14445E-36 2.72114E+28
0.014 3.18362E-36 3.47017E-63 3.18362E-36 9.17423E+26
0.015 4.58229E-36 1.083E-61 4.58229E-36 4.23112E+25
0.016 6.42138E-36 2.52167E-60 6.42138E-36 2.54648E+24
0.017 8.79102E-36 4.56419E-59 8.79102E-36 1.92609E+23
0.018 1.17906E-35 6.63908E-58 1.17906E-35 1.77593E+22
0.02 2.0121E-35 8.09608E-56 2.0121E-35 2.48528E+20
0.025 6.05825E-35 1.23968E-51 6.05825E-35 4.88693E+16
0.03 1.44343E-34 2.36544E-48 1.44343E-34 6.10218E+13
0.04 5.29864E-34 2.48615E-42 5.29864E-34 213126099.9
0.05 1.35033E-33 5.59026E-38 1.35038E-33 24155.94028
0.06 2.72353E-33 7.14103E-35 2.79494E-33 39.13918081
0.07 4.65376E-33 2.01446E-32 2.47983E-32 1.231018177
0.08 7.01003E-33 9.40808E-30 9.41509E-30 1.000745108
0.09 9.54601E-33 2.94286E-27 2.94287E-27 1.000003244
0.1 1.19527E-32 3.09221E-25 3.09221E-25 1.000000039
0.11 1.39261E-32 1.3761E-23 1.3761E-23 1.000000001
0.12 1.52297E-32 3.20314E-22 3.20314E-22 1
0.13 1.5736E-32 4.53161E-21 4.53161E-21 1
0.14 1.5439E-32 4.33904E-20 4.33904E-20 1
0.15 1.44407E-32 3.04256E-19 3.04256E-19 1
0.16 1.29172E-32 1.65742E-18 1.65742E-18 1
0.18 9.12945E-33 2.73407E-17 2.73407E-17 1
0.2 5.53666E-33 2.51325E-16 2.51325E-16 1
0.25 8.66567E-34 1.26733E-14 1.26733E-14 1
0.3 6.17282E-35 1.60848E-13 1.60848E-13 1
0.35 2.118E-36 9.37869E-13 9.37869E-13 1
0.4 3.61885E-38 3.38513E-12 3.38513E-12 1
0.45 3.14482E-40 8.91317E-12 8.91317E-12 1
0.5 1.40991E-42 1.88764E-11 1.88764E-11 1
0.6 4.04014E-48 5.51956E-11 5.51956E-11 1
0.7 8.97819E-55 1.12782E-10 1.12782E-10 1
0.8 1.59628E-62 1.8541E-10 1.8541E-10 1
0.9 8.2985E-69 2.64818E-10 2.64818E-10 1
1 3.16102E-70 3.43812E-10 3.43812E-10 1
1.25 1.71566E-74 5.11535E-10 5.11535E-10 1
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8.9939E-80
4.66527E-86
2.4298E-93
1.16981E-96
1.06345E-96
9.7802E-97
9.07551E-97
7.9739E-97
7.14566E-97
6.49577E-97
5.96961E-97
5.53329E-97
5.16455E-97

6.19917E-10
6.75209E-10
6.92477E-10

6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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Véia=03vaB=49x10"2

T NA(OV)aaalevy | NE(oV)aooMB NZ(0V)aaq Tile
MB + Levy (Levy+MB)/MB

0.01 1.16496E-29 5.48842E-71 1.16496E-29 2.12257E+41
0.011 2.29332E-29 1.09333E-68 2.29332E-29 2.09756E+39
0.012 4.2183E-29 1.18831E-66 4.2183E-29 3.54982E+37
0.013 7.33454E-29 7.88071E-65 7.33454E-29 9.30696E+35
0.014 1.21631E-28 3.47017E-63 1.21631E-28 3.50503E+34
0.015 1.93722E-28 1.083E-61 1.93722E-28 1.78876E+33
0.016 2.97983E-28 2.52167E-60 2.97983E-28 1.18169E+32
0.017 4.44667E-28 4.56419E-59 4.44667E-28 9.74253E+30
0.018 6.46124E-28 6.63908E-58 6.46124E-28 9.73213E+29
0.02 1.27433E-27 8.09608E-56 1.27433E-27 1.57401E+28
0.025 5.14977E-27 1.23968E-51 5.14977E-27 4.1541E+24
0.03 1.54207E-26 2.36544E-48 1.54207E-26 6.51919E+21
0.04 7.9525E-26 2.48615E-42 7.9525E-26 3.19872E+16
0.05 2.59452E-25 5.59026E-38 2.59452E-25 4.64113E+12
0.06 6.33775E-25 7.14103E-35 6.33775E-25 8875124612
0.07 1.2645E-24 2.01446E-32 1.2645E-24 62771505.2
0.08 2.16763E-24 9.40808E-30 2.16764E-24 230401.7706
0.09 3.29601E-24 2.94286E-27 3.29896E-24 1121.003244
0.1 4.54184E-24 3.09221E-25 4.85106E-24 15.68799233
0.11 5.75741E-24 1.3761E-23 1.95184E-23 1.418387
0.12 6.78769E-24 3.20314E-22 3.27102E-22 1.021190717
0.13 7.50359E-24 4.53161E-21 4.53911E-21 1.001655834
0.14 7.82709E-24 4.33904E-20 4.33982E-20 1.000180388
0.15 7.74209E-24 3.04256E-19 3.04264E-19 1.000025446
0.16 7.29038E-24 1.65742E-18 1.65743E-18 1.000004399
0.18 5.64585E-24 2.73407E-17 2.73407E-17 1.000000206
0.2 3.70652E-24 2.51325E-16 2.51325E-16 1.000000015
0.25 6.81046E-25 1.26733E-14 1.26733E-14 1

0.3 5.49024E-26 1.60848E-13 1.60848E-13 1

0.35 2.08125E-27 9.37869E-13 9.37869E-13 1

0.4 3.86309E-29 3.38513E-12 3.38513E-12 1

0.45 3.60197E-31 8.91317E-12 8.91317E-12 1

0.5 1.71634E-33 1.88764E-11 1.88764E-11 1

0.6 5.44113E-39 5.51956E-11 5.51956E-11 1

0.7 1.31147E-45 1.12782E-10 1.12782E-10 1

0.8 2.49439E-53 1.8541E-10 1.8541E-10 1

0.9 1.72601E-58 2.64818E-10 2.64818E-10 1

1 6.83026E-60 3.43812E-10 3.43812E-10 1

1.25 3.98145E-64 5.11535E-10 5.11535E-10 1
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1.5
1.75

2.20406E-69
1.19414E-75
6.49468E-83
4.68316E-85
4.30989E-85
4.00103E-85
3.7405E-85
3.32326E-85
3.00191E-85
2.74535E-85
2.53488E-85
2.35852E-85
2.20821E-85

6.19917E-10
6.75209E-10
6.92477E-10

6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

6.19917E-10
6.75209E-10
6.92477E-10

6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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Véia=032vaB=43x10""

To NA{oV)aaaleVy | NZ{oV)qaaMB NZ (V) qaa Til¢
MB + Levy (Levy+MB)/MB

0.01 7.55683E-24 5.48842E-71 7.55683E-24 1.37687E+47
0.011 1.61987E-23 1.09333E-68 1.61987E-23 1.4816E+45
0.012 3.21486E-23 1.18831E-66 3.21486E-23 2.7054E+43
0.013 5.98614E-23 7.88071E-65 5.98614E-23 7.59594E+41
0.014 1.05641E-22 3.47017E-63 1.05641E-22 3.04426E+40
0.015 1.78103E-22 1.083E-61 1.78103E-22 1.64454E+39
0.016 2.8868E-22 2.52167E-60 2.8868E-22 1.14479E+38
0.017 4.52146E-22 4.56419E-59 4.52146E-22 9.90639E+36
0.018 6.87206E-22 6.63908E-58 6.87206E-22 1.03509E+36
0.02 1.47002E-21 8.09608E-56 1.47002E-21 1.81572E+34
0.025 7.00651E-21 1.23968E-51 7.00651E-21 5.65185E+30
0.03 2.38475E-20 2.36544E-48 2.38475E-20 1.00817E+28
0.04 1.4877E-19 2.48615E-42 1.4877E-19 5.98393E+22
0.05 5.57318E-19 5.59026E-38 5.57318E-19 9.96943E+18
0.06 1.51537E-18 7.14103E-35 1.51537E-18 2.12206E+16
0.07 3.29726E-18 2.01446E-32 3.29726E-18 1.6368E+14
0.08 6.07607E-18 9.40808E-30 6.07607E-18 6.45836E+11
0.09 9.82707E-18 2.94286E-27 9.82707E-18 3339291648

0.1 1.42868E-17 3.09221E-25 1.42868E-17 46202686.75
0.11 1.89856E-17 1.3761E-23 1.89856E-17 1379670.35
0.12 2.33438E-17 3.20314E-22 2.33441E-17 72878.81952
0.13 2.68003E-17 4.53161E-21 2.68049E-17 5915.088655
0.14 2.89308E-17 4.33904E-20 2.89742E-17 667.7553289
0.15 2.95266E-17 3.04256E-19 2.98309E-17 98.04528397
0.16 2.86147E-17 1.65742E-18 3.02722E-17 18.26461481
0.18 2.3324E-17 2.73407E-17 5.06647E-17 1.853086949

0.2 1.60076E-17 2.51325E-16 2.67333E-16 1.063692627
0.25 3.2179E-18 1.26733E-14 1.26765E-14 1.000253912

0.3 2.78054E-19 1.60848E-13 1.60849E-13 1.000001729
0.35 1.11471E-20 9.37869E-13 9.37869E-13 1.000000012

0.4 2.16761E-22 3.38513E-12 3.38513E-12 1

0.45 2.10272E-24 8.91317E-12 8.91317E-12 1

0.5 1.0369E-26 1.88764E-11 1.88764E-11 1

0.6 3.47971E-32 5.51956E-11 5.51956E-11 1

0.7 8.78015E-39 1.12782E-10 1.12782E-10 1

0.8 1.73509E-46 1.8541E-10 1.8541E-10 1

0.9 3.61931E-51 2.64818E-10 2.64818E-10 1
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1.25
15
1.75

1.46102E-52
8.8607E-57

5.05593E-62
2.80637E-68
1.58433E-75
3.63098E-77
3.36183E-77
3.13521E-77
2.9416E-77

2.62736E-77
2.38218E-77
2.18463E-77
2.02146E-77
1.88402E-77
1.76638E-77

3.43812E-10
5.11535E-10
6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

3.43812E-10
5.11535E-10
6.19917E-10
6.75209E-10
6.92477E-10
6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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Voia=033vaB=9x10"17

T NA(OV)aaalevy | NZ{(oV)aooMB NZ(OV)aaa Tile
MB + Levy (Levy+MB)/MB

0.01 3.08039E-20 5.48842E-71 3.08039E-20 5.61253E+50
0.011 6.90525E-20 1.09333E-68 6.90525E-20 6.31581E+48
0.012 1.42628E-19 1.18831E-66 1.42628E-19 1.20025E+47
0.013 2.75299E-19 7.88071E-65 2.75299E-19 3.49333E+45
0.014 5.01965E-19 3.47017E-63 5.01965E-19 1.44651E+44
0.015 8.71935E-19 1.083E-61 8.71935E-19 8.05113E+42
0.016 1.45262E-18 2.52167E-60 1.45262E-18 5.76053E+41
0.017 2.33368E-18 4.56419E-59 2.33368E-18 5.11302E+40
0.018 3.63154E-18 6.63908E-58 3.63154E-18 5.46995E+39
0.02 8.10623E-18 8.09608E-56 8.10623E-18 1.00125E+38
0.025 4.2127E-17 1.23968E-51 4.2127E-17 3.3982E+34
0.03 1.53332E-16 2.36544E-48 1.53332E-16 6.48219E+31
0.04 1.05674E-15 2.48615E-42 1.05674E-15 4.25051E+26
0.05 4.25557E-15 5.59026E-38 4.25557E-15 7.61247E+22
0.06 1.22377E-14 7.14103E-35 1.22377E-14 1.71371E+20
0.07 2.7862E-14 2.01446E-32 2.7862E-14 1.3831E+18
0.08 5.33194E-14 9.40808E-30 5.33194E-14 5.66741E+15
0.09 8.90593E-14 2.94286E-27 8.90593E-14 3.02628E+13
0.1 1.33149E-13 3.09221E-25 1.33149E-13 4.30596E+11
0.11 1.81353E-13 1.3761E-23 1.81353E-13 13178759145
0.12 2.27931E-13 3.20314E-22 2.27931E-13 711587272.7
0.13 2.66895E-13 4.53161E-21 2.66895E-13 58896245.45
0.14 2.93314E-13 4.33904E-20 2.93314E-13 6759890.489
0.15 3.04284E-13 3.04256E-19 3.04284E-13 1000093.727
0.16 2.99347E-13 1.65742E-18 2.99349E-13 180611.3796
0.18 2.50604E-13 2.73407E-17 2.50631E-13 9166.950118
0.2 1.76023E-13 2.51325E-16 1.76274E-13 701.3792184
0.25 3.70837E-14 1.26733E-14 4.9757E-14 3.926132534
0.3 3.32249E-15 1.60848E-13 1.64171E-13 1.020656062
0.35 1.37143E-16 9.37869E-13 9.38006E-13 1.000146228
0.4 2.73235E-18 3.38513E-12 3.38514E-12 1.000000807
0.45 2.70586E-20 8.91317E-12 8.91317E-12 1.000000003
0.5 1.35842E-22 1.88764E-11 1.88764E-11 1

0.6 4.6961E-28 5.51956E-11 5.51956E-11 1

0.7 1.21361E-34 1.12782E-10 1.12782E-10 1

0.8 2.44693E-42 1.8541E-10 1.8541E-10 1

0.9 8.54453E-47 2.64818E-10 2.64818E-10 1

1 3.48485E-48 3.43812E-10 3.43812E-10 1
1.25 2.1574E-52 5.11535E-10 5.11535E-10 1
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15
1.75

1.25051E-57
7.0289E-64
4.08252E-71
1.59588E-72
1.48202E-72
1.38524E-72
1.302E-72
1.16592E-72
1.05903E-72
9.72495E-73
9.00777E-73
8.40204E-73
7.8825E-73

6.19917E-10
6.75209E-10
6.92477E-10

6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10

6.19917E-10
6.75209E-10
6.92477E-10

6.6328E-10
5.99303E-10
5.29265E-10
4.63801E-10
3.56444E-10
2.78091E-10
2.21144E-10
1.79135E-10
1.47541E-10
1.23317E-10
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